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Chapter 1

Glycosphingolipids

Glycosphingolipids (GSLs) are essential structural components of mammalian cell membranes and
play a role in many (patho)physiological processes including cellular signaling, cell
adhesion/recognition processes, and modulation of sighal transduction processes.! Glycosphingolipids
are composed of carbohydrates linked to the 1-hydroxyl group of ceramide (1) which itself consists of
a sphingoid base which is N-acylated with a fatty acid (see Scheme 1). The most abundant sphingoid
base in mammals is sphingosine (2) containing 18 carbons and one double bond (d18:1), while
sphingoid bases encompassing 12 to 26 carbons also exist.! Of all mammalian GSLs, over 90% are
derived from glucosylceramide (GlcCer, 3, also known as glucocerebroside), while the remainder is
derived from galactosylceramide (GalCer).%?

The first step in the biosynthesis of ceramide (1), the precursor from which GlcCer is formed,
comprises’? (Scheme 1) condensation of the amino acid L-serine and an acyl-CoA thioester (usually
palmitoyl-CoA) into 3-ketosphinganine. The resultant 3-ketosphinganine is then reduced into
sphinganine, acylation of which gives dihydroceramide, and desaturation then gives ceramide. After
completing its synthesis at the cytosolic side of the ER membrane, ceramide 1 is transported to the
cytosolic side of the cis-Golgi apparatus membrane where it is transformed into GlcCer 3 by the
membrane bound glucosylceramide synthase* (GCS) using UDP-glucose as the donor glycoside. The
synthesized GlcCer 3 is then transported to the luminal side of the Golgi membrane, where it is
galactosylated to form lactosylceramide (LacCer). LacCer is an important branching point from which a
series of complex glycosphingolipids such as the gangliosides, neolactosides, and lactosides are
synthesized by stepwise elongation with various monosaccharides.

In humans, the catabolism of GlcCer (3) is mainly mediated by the lysosomal retaining exo-B-
glucosidase, GBA1. The resultant ceramide 1 is further processed into sphingosine 2 and a free fatty
acid by acid ceramidase (ASAH1) inside the lysosome. The generated sphingosine is exported from
lysosomes and can be reused in the cytosol for regenerating ceramide via the salvage pathway.
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Scheme 1. A brief schematic representation of GSLs biosynthesis and catabolism. Metabolic enzymes in blue.
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Mammalian cells may contain several retaining exo-B-glucosidases. All cells express the lysosomal
GBA1, many cell types express the cytosol-facing membrane-associated GBA2 and specific cells express
the cytosolic GBA3. These retaining B-glucosidases all hydrolyze GlcCer 3 through a Koshland double
displacement mechanism, which involves the formation of a covalent glucosyl enzyme intermediate.®
The hydrolysis process (Figure 1) commences with attack of the nucleophilic carboxylic acid residue
towards the substrate anomeric center, while simultaneously the catalytic acid/base protonates the
aglycon, thereby making it a better leaving group. As the result, an intermediate of covalent glycosyl-
enzyme adduct is formed with inversion of the anomeric configuration of the substrate glycoside. The
aglycon then leaves the enzyme active site, generating space for a water molecule to enter. In a reversal
of steps, the covalent enzyme-substrate intermediate is then hydrolyzed, during which the water
molecule is deprotonated by the catalytic acid-base residue. The stereochemistry at the anomeric
position of the glucose moiety is again inverted, resulting in a net retention of anomeric
stereochemistry.®® In this process, the substrate B-glucopyranoside adopts a S; skew-boat
conformation in the initial Michaelis complex with the enzyme active site, placing the aglycon in an
axial position allowing for ensuing nucleophilic displacement. During this first Sy2 displacement, the
sugar is distorted to a *Hs half-chair transition state (TS) conformation from which after formation of
the covalent enzyme-substrate acylal adduct the pyranose conformation turns to #C1.>!° Notably,
retaining B-glucosidases have the intrinsic capacity to transfer glucose from their substrate to water
(giving hydrolysis process A of Figure 1), but also to other acceptor alcohols, leading to an overall
transglycosylation event. For instance, GBA1 as well as GBA2 has been shown to be able to transfer
glucose from GlcCer to cholesterol (see Figure 1 process B) to give, also with net retention of anomeric
configuration, cholesterol B-glucoside as the transglycosylation product.*
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Figure 1. Koshland double-replacement catalytic mechanism of retaining B-glucosidases. Process A: hydrolysis,
process B: transglycosylation.

Gaucher disease, a common lysosomal storage disorder caused by genetic deficiency in GBA1

Lysosomal storage disorders (LSDs) are rare inherited metabolic disorders that are caused by
dysfunction of specific lysosomal metabolic processes.’*** Lysosome dysfunction may result from
defects in the formation or stability of lysosomes, export of degradation products or defects in specific
enzymatic activities. Often, dysfunction of lysosomes is caused by the mutation of a gene encoding a
specific glycosidase that is responsible for the hydrolysis of substrates inside lysosomes, or that of
related lysosomal activator proteins, lysosomal transporters, or integral membrane proteins.

Gaucher disease (GD) is the most common LSD,® and was first described by Phillipe C. E. Gaucher,
who in his doctoral thesis described a patient with an unexplained hepatosplenomegaly in 1882. GD is
caused by genetic deficiency in lysosomal acid B-glucosidase GBA1 (Enzyme Commission (EC) number
3.2.1.45), resulting in accumulation of GlcCer (3) in lysosomes of tissue macrophages that then
transform into lipid-laden Gaucher cells. As a consequence of accumulating GlcCer, also
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glucosylsphingosine (GlcSph 4) levels increase through the action of acid ceramidase (Scheme 1),1%7
and GlcSph, which is present in very low levels in healthy individuals, is now viewed as a valuable GD
biomarker.'® GD storage macrophages are thought to underlie characteristic symptoms of GD patients
such as hepatosplenomegaly and pancytopenia (shortage of red blood cells and platelets). GD has an
average frequency of 1 in 50,000-200,000 births and occurs at a much higher frequency among the
Ashkenazi Jewish population (1:1,000).2

The clinical phenotype of GD patients is heterogenous, even in some cases of homozygotic twins.?
The common visceral symptoms include hepatosplenomegaly, thrombocytopenia, abnormalities in
coagulation, anemia, and skeletal manifestations (for instance, bone pain and bone fractures). Three
different clinical types of this disorder are generally discerned. Type | GD is the most common form.
This chronic non-neurological phenotype is characterized by organomegaly, bone disease (for instance,
avascular necrosis, bone pain) and cytopenia. Type Il GD patients show acute neurological
manifestations already in the first year of life, while type Il GD patients develop sub-acute, progressive
neurological symptoms at a later age. The distinction of GD in these three phenotypes is not very strict
and nowadays the existence of a continuum of phenotypes is proposed.?

Therapeutic strategies to treat GD

There has been considerable progress in the development of therapeutic strategies to treat GD in
the past decades, making GD perhaps the best-studied LSD from a clinical perspective. Yet, no curative
treatment for this disease exist and as well neuropathological (type Il , 1ll) manifestations of the disease
are difficult to treat by any of the developed therapies.'>14?122 Two therapeutic strategies are clinical
practice and comprise enzyme replacement therapy (ERT) and substrate reduction therapy (SRT).
Besides these, several alternative strategies are in (pre)clinical experimental phases, including
pharmacological chaperone therapy (PCT). The concept of ERT is to complement endogenous,
defective enzyme with a functional, recombinant one.®* Macrophages, including GD cells, express
mannose receptors on the surface, which can be utilized to bind high-mannose type N-glycans in
recombinant GBA1 which are then delivered to lysosomes. ERT has been approved for GD by the U.S.
Food and Drug Administration (FDA) and the European Medicines Agency (EMA). The available
therapeutic enzymes include Imiglucerase?, Velaglucerase alfa?*, and Taliglucerase alfa.”® ERT is
however effective only for the non-neuronopathic phenotype (type I) and does not prevent
neurological symptoms in patients with types Il and Ill, this because recombinant enzyme is unable to
penetrate into the brain. The concept of SRT is to use small molecules to inhibit the build-up of storage
molecules in lysosomes by (partially) blocking their biosynthesis.’® In the context of GD, the registered
small-molecule drugs imiglustat and eliglustat, both glucosylceramide synthase (GCS) inhibitors, have
been approved for the treatment of type | Gaucher disease.?® SRT drugs have the advantage over
recombinant enzymes (which are administered intravenously) that they are oral medications. However,
small compound SRT drugs have a slower onset of efficacy than ERT. The concept of PCT is to use small
molecules to improve the folding of misfolded protein in patients.?’” These small molecules (named
pharmacological chaperones) can favorably interact with mutant proteins by assisting folding in the ER.
In an alternative version merging PCT with ERT, small molecule pharmacological chaperones are used
to stabilize recombinant enzyme in circulation, thereby elevating protein levels that end up in disease
tissue.'® Migalastat as a competitive inhibitor of a-galactosidase A is the first approved PCT drug by the
FDA,? but there is no approved PCT drug for GD at present. Other therapies in development include
gene therapy, both in vivo transduction (termed AAV therapy) and ex vivo transduction (termed
lentiviral gene therapy).%222
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Figure 2. Therapeutic strategies to treat GD.
Properties of retaining exo-B-glucosidases in human cells

Human cells contain four reported retaining exo-B-glucosidases. The lysosomal acid B-glucosidase
GBA1 (glucosylceramidase; glucocerebrosidase; GCase, EC. 3.2.1.45, GH30), is encoded by the GBA1
gene located on locus 1921 of the human chromosome 1. GBA1 is a 497 amino acid glycoprotein with
four N-linked glycans and has a characteristic (a/B)s TIM barrel catalytic domain.® In this domain, Glu
340 and Glu 235 are employed as catalytic nucleophile and acid/base residues.?! Nascent GBA1 that
emerges from ER-associated ribosomal protein synthesis undergoes N-glycosylation to yield, within the
ER lumen, newly formed glycoprotein featuring three to four high mannose-type N-glycans. After
proceeding through the ER quality control system (the calnexin-calreticulin cycle) and the Golgi
apparatus, at which stage three of the high-mannose-type N-glycans are trimmed and reglycosylated
to yield complex N-glycans, the GBA1 protein is shuttled to lysosomes by means of the mannose 6-
phosphate independent receptor. During this process, GBA1 associates with the lysosomal integral
membrane protein 2 (LIMP2) chaperone, from which it detaches once in the acidic environment of
lysosomes.3? GBA1 has an optimal catalytic activity at around pH 5.2 ex vivo®® and requires the
sphingolipid activator protein, saposin C, to hydrolyze GlcCer located in the lysosomal membrane.3* As
described above, deficiency of GBA1 as caused by inherited mutations of the GBA1 gene are at the
basis of GD. Of note, clinical and genetic evidence has shown that GBA1 mutations are also a risk factor
for the development of Parkinson Disease.3>3¢

The non-lysosomal B-glucosidase GBA2 (EC 3.2.1.45, GH116) is thought to locate closely to the cell
plasma membrane® and on the cytosolic surface of the ER and Golgi apparatus.®® It is a protein
encompassing 927 amino acids and is encoded by the GBA2 gene located on human chromosome 9 at
position p13.3.3° The enzyme employs E527 as catalytic nucleophile and D677 as acid/base and a
retaining mechanism in catalyzing B-glucoside hydrolysis.3! Ex vivo, GBA2 shows an optimal hydrolysis
ability at around pH 5.8.%° In humans, GBA2 is mainly expressed in brain, heart, skeletal muscle, kidney
and placenta and at lower levels also in liver, spleen, small intestine and lung. GBA2 has been
considered to play a compensatory role in GD through hydrolysis of accumulating GlcCer. GBA1
deficient mice and cells from GD patients show elevated GBA2 levels as well as an increase in in vitro
GBA2 activity.**? The action of GBA2 in GBA1 deficient GD patients may actually be harmful and
inhibition of GBA2 may be beneficial. GBA2 deletion in type | GD mice has been reported to rescue the
disease phenotype, despite an increase in GlcCer and GlcSph levels.”* The mechanism for the observed
beneficial action of GBA2 deletion in GD mice is not fully understood yet. Mutations in GBA2 have
furthermore been associated with spastic paraplegia and cerebellar ataxia.***¢
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The cytosolic B-glucosidase GBA3 (EC 3.2.1.21, GH1), also referred as non-specific f-glucosidase,
broad-specificity B-glycosidase, and Klotho related protein (KLrP), is a retaining B-glucosidase
composed of 469 amino acid and having a broad substrate specificity.*’ GBA3 is encoded by the GBA3
gene located in locus 4p15.2, and is expressed as cytosolic protein in human liver, kidney, intestine, and
spleen. GBA3 employs E373 as catalytic nucleophile and E165 as catalytic acid/base3*® and has an
optimum pH at around 6 to 7. It has been reported that GBA3 can efficiently hydrolyze the artificial C6-
NBD-GlcCer but natural GlcCer only at a very low rate.*® Besides B-glucosides, GBA3 is also able to
hydrolyze B-D-galactosides, [B-D-fucosides, a-L-arabinosides and [p-D-xylosides. However, the
endogenous substrates of GBA3 in human are not known. Beyond GBA1, GBA2 and GBA3, intestinal
lactase-phlorizin hydrolase (LPH, EC 3.2.1.23/62, GH1) exclusively found on the brush border of the
mammalian small intestine, features retaining B-glucosidase activity.”*>? This enzyme was not subject
of the research described in this Thesis.

Table 1. General overview of the human retaining exo-B-glucosidases, GBA1, GBA2 and GBA3.

Enzyme GBA1 GBA2 GBA3
GH family 30 116 1
lasma membrane3’
Sub-cellular P . /
o lysosome cytosolic surface of ER, cytosol
localization 38
Golgi
brain, heart, skeletal . . . .
. o - . liver, kidney, intestine,
Tissue distribution ubiquitous muscle, kidney and
and spleen
placenta
Optimum pH 5.2 5.8 6.0-7.0
Additives for
, additives needed® no additives® no additives
activity
Associated with spastic
Gene mutant . .
Gaucher Disease paraplegia and cerebellar unknown

consequence .
ataxia

Chemical tools for studying retaining exo-B-glucosidases

Over the past decades, a series of chemical tools have been developed for retaining exo-B-
glucosidase (activity) detection, inhibition, and visualization, including fluorogenic substrates,
inhibitors, and activity-based probes (ABPs).>**> The artificial substrate, 4-methylumbelliferyl-B-D-
glucopyranoside 5 (4-MU-B-D-Glc) is composed of a glucose and a 4-methylumbelliferone (4-MU)>®
group (which is non-fluorescent when attached to the sugar). It can be employed to reflect the B-
glycosidic bond hydrolysis activity of retaining exo-B-glucosidases through detecting the released,
fluorescent 4-MU.
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Figure 3. 4-Methylumbelliferyl-B-D-glucopyranoside 5 fluorogenic substrate.

Small molecule B-glucosidase inhibitors have received considerable attention in studying the
mechanism and active site residues of retaining B-glucosidases, as well as their potential value for
therapeutic application. Conduritol B epoxide (CBE 6) and cyclophellitol (CP 7) have been reported as
retaining B-glucosidase-selective inhibitors decades ago (see for their chemical structures Figure 4).
CBE 6 and CP 7 both are cyclitol epoxides that covalently and irreversibly reacts with the catalytic
nucleophile of retaining B-glucosidases.>”*® CBE 6 and cyclophellitol 7 are close structural homologues
and their mode of action in inhibiting retaining B-glucosidases is very similar. The inactivation involves
attack of the catalytic nucleophile at the pseudo-anomeric position, resulting in opening of the epoxide
and the formation of a stable and irreversible enzyme-inhibitor ester adduct. This process is facilitated
by protonation of the epoxide by the general acid/base residue (Figure 4B). Compared to CBE 6, CP 7
has an extra methylene, breaking the symmetry inherent to CBE 6. As a result, and in contrast to CBE
6, CP 7 has considerable selectivity for retaining beta-glucosidases (note that rotation of CBE over the
axis bisecting C3-C4 and C1-C6 yields a close alpha-glucoside analogue, explaining the inhibitory effect
of CBE also on retaining a-glucosidases). An important class of competitive GBA1-3 inhibitors are the
N-alkylated deoxynojirimycins such as N-butyl-1-deoxynojirimycin (NB-DNJ, Miglustat, 8) and N-
adamantanemethyloxypentyl-deoxynojirimycin (AMP-DNM, 9), both originally developed as GCS
inhibitors that were subsequently shown to be effective GBA2 inhibitors as well.6%6? Activity-based
probes (ABPs) finally are powerful chemical tools®*® to investigate, retaining B-glucosidases in vitro
(also in cellular extracts), in cells and in living organisms (see Figure 4).54%° They are composed of a
reactive chemical warhead (to react within the enzyme active site to form a covalent and irreversible
enzyme-inhibitor adduct), a recognition element (here a glucopyranose-like structural element) and a
reporter tag (fluorescent tag or affinity tag for visualization or purification). The design of B-glucosidase
ABPs exploits the scaffold of cyclophellitol 77%7! onto which a reporter (fluorescent or affinity tag) at C8
of cyclophellitol (for GBAL selectivity) or at he nitrogen atom of cyclophellitol aziridine (for broad-
spectrum reactivity towards retaining B-glucosidases) is grafted. C8-modified cyclophellitol ABPs 10
and 11 potently and selectively label GBA1 over other the other two human retaining B-glucosidases,
GBA2 and GBA3.5072 Selective labelling of GBA1 by these ABPs was observed in all tested lysates, except
in those of the small intestine, in which LPH, and fragments thereof, where also found to be modified.”?
Vocadlo and co-workers designed fluorogenic substrates equipped with a fluorophore at C6 of a B-
glucoside, the aglycon of which carried a fluorescence quencher, compounds that proved to be efficient
GBAl-selective substrates able to image GBA1 activity in situ.>® Artola and co-workers generated
cyclophellitol-C8-modified inhibitors (12, 13) that proved to be potent and selective GBA1 inhibitors
both in vitro and in vivo.®® Considering that the other two retaining B-glucosidases did only accept C8-
modified cyclophellitols, cyclophellitol aziridine scaffolds were developed in which the nitrogen atom
of the aziridine was utilized to introduce a fluorescent reporter group (Cy5, BODIPY).”® Cyclophellitol
aziridine ABPs 14 and 15 proved to be broad-spectrum retaining B-glucosidase ABPs that label, besides
GBA1, also GBA2, GBA3, and LPH.”>’* These ABPs report on retaining B-glucosidases irrespective of
their origin, this due to the result of conservation of the catalytic pockets. This has allowed the study
of retaining B-glucosidases in plants,”’® zebrafish (Danio rerio),®® and mice.”>’® At the onset of the
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studies presented in this Thesis, however, no mechanism-based, covalent and irreversible inhibitors,
and ABPs derived thereof, selective for either GBA2 or GBA3 were known.

(A) CBE and CP (B) mechanism of inhibition
acid/base acid/base
OI; (‘;EO
i
- y - . o ) ) HO.  xH
OH HO 3 HO
conduritol B epoxide  cyclophellitol (CP 7) HOA%’ HO "
(CBE 6) 4 H 3 4
Numbering Hs o__0O o 0
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Figure 4. Retaining B-glucosidase inhibitors and ABPs. (A) Structure of CBE 6 and CP 7. (B) Mechanism by means
of which cyclophellitol and cyclophellitol aziridine inhibit retaining B-glucosidases. (C) The competitive GBA1-3
inhibitors Miglustat 8 and AMP-DNM 9. (D) Structure of B-glucosidase ABPs. (E) Cyclophellitol-C8-modified GBA1-
selective inhibitors 12 and 13.
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Thesis outline

The overall aim of the research described in this Thesis was to employ activity-based protein
profiling (ABPP) to study retaining B-glucosidases. Part of the research comprises the discovery and
application of inhibitors and activity-based probes (ABPs) for each of the three human retaining B-
glucosidases, GBA1, GBA2 and GBA3. These studies are complemented by research in which the
inhibitors and probes are used to study homologous retaining B-glucosidase activities from other
species. Chapter 2 comprises a study in which three structurally and configurationally closely related
cyclitol epoxides and aziridines, namely those derived from conduritol B epoxide, [B-D-xylo-
cyclophellitol and cyclophellitol, are compared for their activity and selectivity as GBA1 inhibitors and
activity-based probes. Chapter 3 studies B-D-arabinofuranose-configured cyclophellitol aziridine ABPs
as selective reporters of mammalian GBA2 activities in vitro and in situ. Chapter 4 concerns the
exploration of potential GBA3-selective fluorogenic substrates and fluorescent ABPs. Chapter 5 reports
on the use of the established cyclophellitol-based ABPs to probe Caenorhabditis elegans (C. elegans)
samples for B-glucosidase activities and to establish similarities and differences between these and the
mammalian enzymes (GBA1, GBA2). Chapter 6 utilizes the same set of ABPs to study the activity of a
putative B-glucosidase (termed B56) from the tobacco plant Nicotiana tabacum. Chapter 7 discusses
the results of the experiments described in Chapters 2-6 and presents some prospects for future
research. This thesis is concluded with Appendices that include a list of publications and a Curriculum
vitae of the author.
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Chapter 2

Abstract

Glucocerebrosidase (GBA1), a lysosomal retaining B-D-glucosidase, has recently been shown
to hydrolyze B-D-xylosides and to transxylosylate cholesterol. Genetic defects in GBA1 cause
the lysosomal storage disorder Gaucher disease (GD), and also constitute a risk factor for
developing Parkinson’s disease. GBA1 and other retaining glycosidases can be selectively
visualized by activity-based protein profiling (ABPP) using fluorescent probes composed of a
cyclophellitol scaffold having a configuration tailored to the targeted glycosidase family. GBA1
processes [B-D-xylosides in addition to B-D-glucosides, this in contrast to the other two
mammalian cellular retaining B-D-glucosidases, GBA2 and GBA3. Here it is shown that the
xylopyranose preference also holds up for covalent inhibitors: xylose-configured cyclophellitol
and cyclophellitol aziridines selectively react with GBA1 over GBA2 and GBA3 in vitro and in
vivo. As well, it is shown that the xylose-configured cyclophellitol is more potent and more
selective for GBA1 than the classical GBA1 inhibitor, conduritol B epoxide (CBE). Both xylose-
configured cyclophellitol and cyclophellitol aziridine cause accumulation of
glucosylsphingosine in zebrafish embryo, a characteristic hallmark of GD, and it can be
concluded that these compounds are well suited for creating such chemically induced GD
models.
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Xylose-configured cyclophellitols

Introduction

The lysosomal retaining B-D-glucosidase, glucocerebrosidase (GBA1) receives considerable
interest given its role in several pathologies.! Gaucher disease (GD), an autosomal recessive
lysosomal storage disorder, is caused by mutations in the GBA1 gene that result in reduced
lysosomal GBA1 activity. In GD patients, tissue macrophages excessively store in their
lysosomes glucosylceramide (GlcCer), an ubiquitous glycosphingolipid.? Part of the
accumulating GlcCer is converted into glucosylsphingosine (GlcSph) by lysosomal acid
ceramidase.® The water-soluble GlcSph is able to leave cells and is prominently elevated in
plasma and tissues of GD patients.* This striking abnormality is exploited for diagnosis.””
Recently, it has been recognized that carriers of mutations in the GBA1l gene are at an
increased risk for developing Parkinson’s disease (PD), in which excessive GlcSph is speculated
to promote harmful a-synuclein aggregation.>°

The current therapies for the treatment of GD are enzyme supplementation based on
chronic intravenous administration of macrophage-targeted human recombinant GBA1, also
known as “enzyme replacement therapy”, and “substrate reduction therapy” founded on the
inhibition of GlcCer synthesis.!! Gene therapy approaches are presently actively studied in pre-
clinical and clinical settings.’>** GBA1 has been extensively examined and its life cycle and
structural features have been elucidated by various techniques.! The catalytic mechanism of
GBA1 involves a Koshland double-displacement mechanism in which E340 and E325 serve as
nucleophile and acid/base catalytic residues, respectively.!* Conduritol B epoxide (CBE)¥
reacts with the catalytic nucleophile of GBA1 to form a covalent and irreversible bond, thereby

1617 and is used extensively in GD'"%° and PD research.?

irreversibly inactivating the enzyme,
2 Cyclophellitol and its analogues react in the same manner (Figure 1A), but are much more
potent GBAL1 inhibitors.1®?* Based on the cyclophellitol scaffold two classes of GBA1-reactive
activity-based probes (ABPs) were recently developed: one with the reporter group
(fluorophore or biotin) connected via the cyclophellitol 08 and one with the reporter group
grafted onto the nitrogen of cyclophellitol aziridine.?>2® The cyclophellitol-based ABPs react in
a highly specific manner with GBA1 and allow its selective and sensitive visualization in
organisms and intact cells, even in individual lysosomes.?”?® The cyclophellitol aziridine-based
ABPs on the other hand react with all the cellular retaining B-D-glucosidases: lysosomal GBA1,
cytosol-facing, membrane bound GBA2 and cytosolic GBA3.%

Recent investigations have revealed that GBA1l is catalytically more versatile than
previously considered. Besides hydrolysis of [-D-glucosides, the enzyme catalyses
transglucosylation, a process in which glucose is transferred, with retention of anomeric
configuration, from GlcCer to an acceptor hydroxyl such as the one in cholesterol.3%%! In
addition, GBA1 hydrolyses B-D-xylosides, including 4-methylumbelliferyl-B-D-xylopyranoside
and plant derived B-xylosides like cyanidin-B-xyloside from plums and berries, as well as
xylosylceramide.3? GBA1 is also able to use B-xylosides as donors in transglycosylation
reactions, generating xylosylcholesterol and di-xylosylcholesterol, again with retention of
configuration with respect to the anomeric centre of the transferred xylose residues.® In
contrast to GBA1, GBA2 is not active towards B-xylosides and the activity of GBA3 towards
these substrates is very low.?? It thus appears that the presence of the pendant CH,OH group
that distinguishes B-glucosides from B-xylosides is a prerequisite for affinity for GBA2 and

GBAS3. The flexibility of GBA1 for substrates with a modification at the glucose-C6 is also
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reflected by its selective reactivity towards O8-modified cyclophellitol-based inhibitors and
ABPs and with those of glucose-C6 modified substrates.3*3’

In the study described in this chapter, it was examined whether xylose-configured
cyclophellitol and cyclophellitol aziridines can react with GBA1, GBA2 and/or GBA3 in vitro and
in vivo, by applying activity-based protein profiling (ABPP) and fluorogenic substrate hydrolysis
readouts. These studies reveal that xylo-cyclophellitol is a highly effective GBA1 inhibitor that
is both more potent and more selective than the widely applied GBA1 inhibitor, CBE.
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Figure 1. (A) Irreversible inhibition by cyclophellitol and cyclophellitol-aziridine configured compounds.
(B) Structures of cyclophellitol configured epoxide and aziridines subject of the research described in

this chapter.
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Results

In vitro affinity and selectivity of cyclophellitol- and xylo-cyclophellitol-based inhibitors and
ABPs towards human B-glucosidases

The synthesis of B-xylo-cyclophellitol 1, B-xylo-cyclophellitol aziridines 2 and 5 and ABPs 6
and 7%3° cyclophellitol aziridine 4%°, conduritol B aziridine 14%, a-D-xylose-configured
cyclophellitol 11 and cyclophellitol aziridine 12 was published previously®, whereas that of
ABP 8 can be found in the appendix and is based on synthetic procedures reported
previously.*

In the first instance, the inhibitory potency of 1 and 2 for GBA1, GBA2, and GBA3 was
assessed by competitive activity-based protein profiling (cABPP). For this, HEK293T cells were
generated that contain endogenous GBA1 and overexpressed GBA2 and GBA3. Cell lysates
were incubated with 1 or 2 at different concentrations before treatment with the broad-
spectrum retaining B-glucosidase ABP 10.*? As can be seen in Figure 2, B-xylo-cyclophellitol 1
is able to compete ABP labelling of GBA1 but not that of GBA2 or GBA3 at 10-100 puM. B-Xylo-
cyclophellitol aziridine 2 similarly competes labelling of GBA1 with 10 at lower concentrations
(1-10 uM), and also competes ABP labelling of GBA2 at a higher concentration (100 uM). GBA3
was found to be very insensitive towards both compounds, 1 and 2. GBA1-selectivity was not
observed for cyclophellitol 3 nor cyclophellitol aziridine 4 when assessed in the same cABPP
assay: both inhibitors block ABP labelling of GBA1 and GBA2 at equal concentrations (0.1-1
uM) (Figure 2) and, though with less potency, also that of GBA3. Compound 5 comprises an
extended version of compound 2 bearing an azido-octyl moiety at the aziridine, and it
appeared that this hydrophobic extension greatly enhances inhibitory potency against GBA1
and GBA3, but not against GBA2. Conduritol B epoxide 13 (CBE), which is often used to block
GBAL1 in situ or in vivo,*®37*3 showed less GBA1 selectivity: both GBA1 and GBA2 were shown
to be inhibited at close concentrations.

B-xylo-cyclophellitol aziridine

-xylo-cyclophellitol 1 -Xylo- i iridi -
B-xylo-cyclopl B-xylo-cyclophellitol aziridine 2 azido-octyl 5
~ ~ N
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Figure 2. Selectivity of compounds 1-5 towards GBA1, GBA2 and GBA3 as visualized by competitive ABPP.
Lysates of HEK293T cells expressing human GBA1, GBA2 and GBA3 were incubated with compounds 1-
5 at indicated concentrations for 30 min, following by treatment with ABP 10, separation of the

denatured protein content by SDS-PAGE and fluorescence scanning of the wet gel slabs.
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ABPP was next used to assess the GBA1/GBA2/GBA3 activity and selectivity of B-xylo-
cyclophellitol aziridine ABPs 6 and 8 in comparison to those of GBA1-selective ABP 9 and ABP
10. Surprisingly, the labelling pattern of GBA1 and GBA2 with xylo-cyclophellitol ABP 6 was
very similar to that of the broad-spectrum retaining B-glucosidase ABP 10 (Figure 3): both
probes label the two enzymes equally well, while ABP 6 labels GBA3 tenfold less efficiently
than ABP 10. ABP 8 gives a similar labelling pattern of GBA1 and GBA2 but has a higher affinity
for GBA3, similar to that of ABP 10 (Figure S4). Cyclophellitol ABP 9 proved to be the most
selective ABP towards GBA1 over GBA2 and GBA3, in line with previous results.3® The
unexpected reaction of GBA2 with 6 happens at the catalytic nucleophile (E527) and not at
other sites of GBA2, since the GBA2 E527G mutant and the E527G/D677G double mutant did
not yield a fluorescent band upon treatment with 6 (Figure 3B). This result is consistent with
the observed labelling pattern from the glucose-configured cyclophellitol aziridine ABP 10
(Figure S5).
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Figure 3. (A) Lysate of HEK293T cells expressing human GBA1, GBA2 and GBA3 was incubated with
indicated ABPs (6, 9 or 10) for 30 min at pH 6.0. ABP-reacted proteins were visualized after SDS-PAGE
by fluorescence scanning of the wet gel slabs. (B) Labelling with ABP 6 of wild type, catalytic nucleophile
mutant (E527G), catalytic acid/base mutant (D677G) or double (E527G/D677G) mutant GBA2 in
HEK293T cell extracts.

Apparent ICso values for xylo-cyclophellitols (1, 2, 5-8), in comparison with Glc-
cyclophellitols (3, 4), as inhibitors of GBA1, GBA2 and GBA3 were next determined in
fluorogenic substrate assays as follows. Either recombinant, isolated GBA1 (imiglucerase),
lysate of GBA1/GBA2 knockout (KO) HEK293T cells overexpressing GBA2, or lysate of
GBA1/GBA2 KO cells overexpressing GBA3 were incubated for 30 min with varying
concentrations of each of the inhibitors 1-14 followed by treatment with the fluorogenic
substrate, 4-methylumbelliferyl-B-D-glucopyranoside (4-MU-B-D-Glc) and fluorescence
readout. In agreement with the cABPP results, compounds 1 and 2 proved to be potent
inhibitors of GBA1 (apparent ICso of 2671 nM and 719 nM respectively) while only modestly
inhibiting GBA2 and GBA3 (apparent ICso > 25 uM), whereas cyclophellitol 3 and aziridine 4 are
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equally potent against GBA1 and GBA2.** A somewhat decreased potency against GBA3 was
also noted from 1 and 2 over 3 and 4, consistent with the cABPP results. N-octyl xylo-
cyclophellitol aziridine 5 proved to be a much more potent GBA1 and GBA3 inhibitor with 600-
fold increased potency for GBA1 and over 40-fold increased potency for GBA3, when
compared to the unsubstituted xylo-cyclophellitol aziridine 2. In contrast, its potency as GBA2
inhibitor proved to be only five-fold higher than that of 2 (Table 1). Compound 5 is therefore
an even more GBA1-selective inhibitor in vitro when compared to 2 (ICs ratio GBA2/GBA1 =
5317, GBA3/GBA1 = 486). The xylo-cyclophellitol aziridine ABPs 6-8 also selectively inhibit
GBA1 over GBA2 and GBA3, but their selectivity window between GBA1 and GBA2 is less than
that of 5.% Neither a-D-xylo-configured epoxide 11 nor aziridine 12 show significant inhibition
of either of the three retaining B-glucosidases (Table S1), in contrast to the observed affinity
of a-glucose configured cyclophellitol aziridines, both of which have been shown to react with
GBA1 and GBA2.%

Table 1. In vitro apparent ICso values (nM) of compounds 1-8 and 13 towards B-glucosidases rhGBA1,
GBA2 and GBA3. Apparent ICso values were derived from the average of three individual experiments
as measured by enzymatic assays using 4-MU-B-D-Glc as the fluorogenic substrate. Inhibitors were
incubated with enzymes for 30 min, following addition of 4-MU-B-D-Glc for 30 min incubation. Error

ranges =+ SD, n = 3 replicates.

inhibitors rhGBALE! GBA2U! GBA3l (Ratio) (Ratio)
GBA2/GBA1  GBA3/GBAL
1 2671+94.5 > 5x10* > 5x10* >19 >19
2 719 + 196 31587 + 926 > 2.5x10° 44 >35
3(CP) 400+ 12.4 148+7.51 51499 4013 0.4 129
4 341 +5.82 279+ 44.5 33817 + 2428 0.8 99
5 1.20 £ 0.06 6380 ¢ 1155 583 + 202 5317 486
6 6.44 + 0.49 544 + 110 10055 + 1003 84 1561
7 164 +22.1 4827049014 25267 + 5007 295 155
8 2.70 £ 0.45 61.212.0 522 + 209 23 193
13 (CBE) 34902 + 1668 > 5105 > 5x10° > 14 > 14

RIrhGBA1 = isolated, recombinant human GBA1 (Imiglucerase). PIGBA2 = lysate of GBA1/GBA2 KO
HEK293T cells with GBA2 overexpression. [/GBA3 = lysate of GBA1/GBA2 KO HEK293T cells with GBA3

overexpression.

Affinity and selectivity of xylose-configured cyclophellitol epoxide 1 and aziridine 2 towards
human B-glucosidases in vivo

The activity of 1 and 2 towards the three human B-glucosidases in intact HEK293T cells was
investigated next. For this experiment, HEK293T cells expressing endogenous GBA1, and
overexpressing GBA2 and GBA3 were treated with varying concentrations of 1 or 2 for 24 h,
after which lysates were subjected to ABPP using the broad-spectrum B-glucosidase ABP 10,
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followed by SDS-PAGE, fluorescence scanning of the gels and quantification of the fluorescent
bands. Compounds 1 and 2 show low ICsg values (5.7 nM and 42.2 nM, respectively) for GBA1
and good selectivity for this enzyme relative to GBA2 and GBA3 (Figure 4).
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Figure 4. Inhibitory effect of B-D-xylo-cyclophellitol 1 and B-D-xylo-cyclophellitol aziridine 2 on B-
glucosidases in intact HEK293T cells expressing endogenous GBA1, and overexpressing GBA2 and GBA3.
(A) Representative gel images of cABPP where cells were treated for 24 h with varying concentrations
of the indicated inhibitor. Lysates were then prepared and labelled with fluorescent ABP 10.
Fluorescently labelled proteins were visualized after SDS-PAGE (1 set from n = 3 replicates), and [Cso
values were determined by quantification of fluorescence intensity of the bands. (B) I1Cso curves (C) ICso

values for compounds 1 and 2 as GBA1, GBA2 and GBA3 inhibitors as derived from this cABPP assay.

The affinity of xylo-configured cyclophellitols 1 and 2 for retaining B-glucosidases in living
animals was then investigated using zebrafish (Danio rerio) embryos, which express
homologues of both human GBA1 and GBA2. Following exposure for 5 days, fish larvae were
sacrificed and lysed, and treatment with ABP 10 was used to detect residual active B-
glucosidase molecules in the lysates and for ICso determination. Epoxide 1 selectively
abrogates ABP labelling of GBA1 without targeting GBA2 at 150 uM (Figure 5A). Aziridine 2 is
also selective against GBA1 over GBA2, albeit with a narrower selectivity window (Figure 5A-
C). The apparent ICs in zebrafish embryo is much lower than that observed in intact cells
despite the longer incubation time, which could be a result of poor bioavailability of the
cyclophellitol-related structures in whole animal, as noted earlier.?” It was also observed that
xylo-cyclophellitol 1 has a better GBA1:GBA2 selectivity window over CBE 13 in zebrafish
embryo using the same experimental setup, but still do not outperform the previously
reported novel GBAl-selective inhibitors based on cyclophellitol functionalized with
hydrophobic moieties at C8 (cyclophellitol numbering, the primary carbon corresponding to
C6 in glucose).’® Finally, as revealed by quantification of LC-MS/MS, treatment of zebrafish
embryos with compound 1 or 2 in zebrafish embryos led to increased levels of GlcSph (Figure
5D) when compared to non-treated embryos, reflecting functional inactivation of GBA1.
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Figure 5. In vivo inhibitory activity of B-D-xylo-cyclophellitol 1 and B-D-xylo-cyclophellitol aziridine 2
towards GBA1 and GBA2 in zebrafish (Danio rerio) larvae. (A) Larvae were exposed to the indicated
inhibitor for 5 days. Larvae were harvested, lysed and incubated with fluorescent ABP 10. Fluorescently
labelled proteins were visualized after SDS-PAGE. (B) Apparent ICsovalues towards -glucosidases (GBA1
and GBA2) were determined by fluorescence quantification. (C) In vivo inhibition curves. (D)
Glucosylsphingosine (GlcSph) levels in zebrafish larvae were determined by quantification of LC-MS/MS,

n = 2 replicates.

Comparison of B-D-xylo-cyclophellitol (aziridine) and conduritol B epoxide (aziridine)

Prompted by the observation that B-D-xylo-cyclophellitol 1 has a better in vivo GBA1:GBA2
selectivity profile than CBE (compound 13), these compounds were compared head-to-head
as inhibitors of GBA1 and GBA2 in an in vitro setting. For comparison, recombinant, isolated
GBA1 (imiglucerase), or lysate of GBA1/GBA2 KO HEK293T cells overexpressing GBA2 were
used to incubated with compound 1, 2, or 13 for 3 h. In addition, CBE-aziridine 14 was
synthesized*® to allow comparison with B-D-xylo-cyclophellitol aziridine 2 in this setting. Using
a fluorogenic substrate assay (hydrolysis of 4-MU-B-D-Glc) as readout, a marked increase of
potency was observed towards GBA1 for 1 compared to CBE 13, leading to a seven-fold
increase in GBA1:GBA2 selectivity window (as calculated by ICso ratio of GBA2/GBA1, Table 2).
Xylo-cyclophellitol aziridine 2 also has a slightly larger (three-fold increase) GBA1:GBA2
selectivity window when compared to that of conduritol B aziridine 14 (Table 2), however it is
apparent that aziridines 2 and 14 are not as selective towards GBA1 as their epoxide analogues
1 and 13. In addition, the cABPP assays reveal the poor reactivity of all these compounds
towards GBA3 (Figure S3).
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Table 2. Inhibition of GBA1 and GBA2 by conduritol B epoxide 13 and aziridine 14 in comparison with
B-D-xylo-cyclophellitol 1 and aziridine 2. In vitro apparent ICso of 1, 2, 13 and 14 as determined by
using recombinant GBA1 or lysates of GBA1/GBA2 KO HEK293T cells expressing GBA2. Enzymatic assays

were performed for 3 h incubation, n = 3 replicates.

Ap'i’c""sroe”t Inhibitors thGBAL ! GBA2 GlfAiA;/t .
13 2.63 +0.34 uM 105.3 + 5.85 uM 40
I vitro 14 1.63 +0.07 uM 10.79 +3.30 uM 6.6
(3h) 1 0.45 +0.02 uM 122.3 +30.20 uM 272
2 0.24 £ 0.03 uM 5.31+0.12 uM 22

el hGBA1 = recombinant human GBA1, Imiglucerase. [?) GBA2 = lysate of GBA1/GBA2 KO HEK293T cells

with GBA2 overexpression.

Discussion

Following the observation that GBA1 is able to hydrolyze B-D-xylosides®, the question
arose whether xylose-configured cyclophellitols can be exploited as GBA1 selective inhibitors.
The here-described study reveals that xylo-configured cyclophellitol 1 is indeed a potent GBA1
inhibitor that poorly reacts with GBA2 and GBA3 in vitro, in intact cells, and in zebrafish larvae.
In zebrafish larvae, it functionally inhibits GBA1 as demonstrated by elevated levels of
glucosylsphingosine (GlcSph). These data highlight that compound 1 has the required features
for the generation of GBA1 chemical knockouts in cells and animals in the context of Gaucher
and Parkinson disease research.

The xylo-configured cyclophellitol aziridine 2 and its N-octyl derivatives 5-8 are also all
potent GBA1 inhibitors, however their concomitant increase in potency towards GBA2 renders
them less GBA1:GBA2 selective compared to xylo-cyclophellitol 1. The labelling of GBA2 by a
xylo-configured cyclophellitol aziridine 2 is somewhat surprising given the finding that GBA2
does not hydrolyze 4-methylumbelliferyl-B-D-xylopyranoside.3® Neither the catalytic
nucleophile mutant (E527G) nor a combined substitution of catalytic nucleophile and
acid/base residue (E527G/D677G) were shown to react, suggesting that the labelling proceeds
via the catalytic nucleophile, identical to that of the broad-spectrum B-glucosidase
cyclophellitol aziridine ABP 10.

Finally, it was demonstrated in a head-to-head comparison that xylose-configured
cyclophellitol 1 is more potent and selective against GBA1 than conduritol B epoxide (CBE, 13),
which is the compound commonly used to generate chemical knockdown GD models in cells
and even organisms such as mice.'®3743 Xylo-cyclophellitol aziridine 2 is similarly more potent
and selective against GBA1 than conduritol aziridine 14, again demonstrating the superiority
of the xylo-configuration over the CBE configuration in terms of GBA1l selectivity. Xylo-
cyclophellitol 1 may therefore be a suitable compound for generating improved chemical GBA1
knockout cells and animal models for the study of Gaucher disease and Parkinson’s disease.
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Experimental procedures
Materials

Recombinant human GBA1 (rhGBA1, Imiglucerase) was obtained from Sanofi Genzyme
(Cambridge, MA, USA). 4-Methylumbelliferyl-B-D-glucopyranoside was purchased from
Glycosynth (Warrington Cheshire, UK). HEK293T (CRL-3216™) cells were purchased from ATCC
(Manassas, VA, USA), and cultured in DMEM medium (Sigma-Aldrich), supplied with 10% (v/v)
FCS, 0.1% (w/v) penicillin/streptomycin and 1% (v/v) Glutamax, at 37°C under 7% CO..
Zebrafish (strain AB/TL) were housed at Leiden University, The Netherlands, and maintained
and handled in compliance with the directives of the local animal welfare committee (Instantie
voor Dierwelzijn, Leiden) and guidelines specified by the EU Animal Protection Directive
2010/63/EU. Polytron PT 1300D sonicator (Kinematica, Luzern, Switzerland) and potassium
phosphate buffer (25 mM KH,PO4-K;HPO,4, pH 6.5, supplemented with protease inhibitor
cocktail (EDTA-free, Roche, Basel, Switzerland) and 0.1% (v/v) Triton X-100) were used for
lysing cells and homogenizing zebrafish larvae. Protein concentration was measured using the
Pierce BCA assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Harvested cells (cell pellets)
and cell lysates not used directly were stored at -80 °C.

Cyclophellitol and xylose-configured inhibitors and ABPs 1, 2, 11 and 123%; 4 and 14%; 5, 6
and 7%; 3,9, 10 and 1334’ were synthesized as described in the literature. Synthetic methods
and NMR characterization of compound 8 can be found in the appendix (Scheme S1).
Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) if not otherwise indicated.
Conduritol B epoxide (CBE) was purchased from Enzo Life Sciences (Farmingdale, NY, USA).

Generation of cells genetically modified in B-glucosidase expression

For overexpression of the different B-glucosidases, use was made of HEK293T cells lacking
both GBA1 and GBA2. To this end the CRISPR/Cas9 system and the PX330 plasmid were used
in order to generate knockout HEK293T cells for both GBA1 and GBA2 genes in these cells.*®
First the GBA1 knockout cells were generated using the annealed oligonucleotides (top strand:
5’-CACCGCGCTATGAGAGTACACGCAG-3’, bottom strand: 5’- AAACCTGCGTGTACTCTCATAGCGC-
3’) after ligation in the Bbsl site of the px330 and subsequent transfection into HEK293T cells.
Single cells were created and the different clones were analyzed for lack of expression of GBA1
with enzyme activity assays and ABPP and subsequent genomic sequence analysis. GBA1
knockout cells were next used to create the GBA1/GBA2 double knockout cells using the px330
and the following annealed and ligated oligonucleotides (top strand: 5-
CACCGGACGGACTGCTGCAATCCGG-3’, bottom strand: 5-AAACCCGGATTGCAGCAGTCCGTCC-
3’). Double GBA1/GBA2 knockout cells were selected using fluorogenic substrate and ABPP
assays and used for transfection with either human GBA2 or human GBA3 constructs. The
design of cloning primers was based on NCBI reference sequences NM_020944.2 for human
GBA2 and NM_020973.3 for human GBA3.

The HEK293T cells with either overexpressed GBA2 or GBA3 (in the GBA1/GBA2 KO
background) were generated for 4MU fluorogenic assays as described below. GBA1/2 KO
HEK293T cells with GBA2 overexpression were generated by transfecting the double GBA1 and
GBA2 gene knockout HEK293T cells with human GBA2 constructs. GBA1/2 KO HEK293T cells
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with GBA3 overexpression were generated by transfecting the double GBA1 and GBA2 gene
knockout HEK293T cells with human GBA3 constructs.

To generate HEK293T cells expressing all cellular B-glucosidases (GBA1, GBA2, and GBA3)
for ABPP assays, wild-type HEK293T cells containing endogenous GBA1 and GBA2 were first
transfected with human GBA2 constructs to overexpress GBA2, then the GBA1 endogenous
and GBA2 overexpressed cells were transfected with human GBA3 constructs to overexpress
GBA3.

HEK293T cells expressing GBA2-E527G, GBA2-D677G, or GBA2-E527G/D677G mutants
were generated as described previously for COS-7 cells.*

Cell lysis

HEK293T cells were cultured with the method described above to 80-90% confluency, and
were detached from the culture dishes by trypsin treatment after which some DMEM medium
was added. The cells were collected by pipetting and DMEM medium was removed by
centrifuging. The cells were washed 3 times with cold PBS (phosphate-buffered saline), after
which they were centrifuged to remove PBS and lysed in potassium phosphate buffer for
immediate use by sonication on ice with a sonicator. After sonication, lysed mixtures were
centrifuged at 10,000 x g for 3 min at 4°C, and the supernatants containing the retaining -
glucosidase activities were used for experiments.

Zebrafish maintaining and homogenization

As earlier described®®, zebrafish embryos and larvae were kept at a constant temperature
of 28.5 °C. Embryos and larvae were raised in egg water (60 pg-L-1 sea salt, Sera Marin).
Synchronized wild-type ABTL zebrafish embryos were acquired after fertilizing adult female
zebrafish (> 3 months old). Larvae were homogenized by using potassium phosphate buffer
and a sonicator.

Enzyme activity assays using 4MU fluorogenic substrate

All assays were performed with either recombinant GBA1 or lysates of HEK293T cells or
zebrafish larvae in 96-well plates at 37 °C. Samples were diluted with Mcllvaine buffer (150
mM citric acid-Na;HPQ,) to a final volume of 25 L, at pH appropriate for each enzyme. Assays
were performed by incubating the samples with 100 pL 4-methylumbelliferyl-B-D-
glucopyranoside substrate diluted in Mcllvaine buffer (with 0.1% (w/v) bovine serum albumin
(BSA)) for a period of 30 min. The substrate mixtures used for each enzyme were as follows:
GBA1: 3.75 mM 4-MU-B-D-glucopyranoside at pH 5.2, supplemented with 0.2% (w/v) sodium
taurocholate, 0.1% (v/v) Triton X-100, 0.1% (w/v) bovine serum albumin (BSA); GBA2:3.75 mM
4 MU-B-D-glucopyranoside at pH 5.8; GBA3: 3.75 mM 4-MU-B-D-glucopyranoside at pH 6.0.
After stopping the enzyme reaction with 200 puL 1M NaOH-glycine (pH 10.3), 4-
methylumbelliferone fluorescence was measured with a fluorimeter LS55 (Perkin Elmer,
Waltham, MA, USA) with Aex 366 nm and Aem 445 nm. Enzyme activities were determined by
subtraction of the background signal (measured for incubations without enzyme).

The ICso values were determined using fluorogenic substrate assays. For GBA1, 3.16 ng (53
fmol) of rhGBA1 was prepared in 12.5 puL Mcllvaine buffer (150 mM, pH 5.2) supplemented
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with 0.1 % (v/v) Triton X-100, and 0.2 % (w/v) sodium taurocholate, 0.1% (w/v) bovine serum
albumin (BSA). The enzyme was incubated with 12.5 uL of inhibitors diluted in Mcllvaine buffer
(150 mM, pH 5.2) at 37 °C for 30 min or 3 h. For GBA2, lysate of GBA1/GBA2 KO HEK293T cells
overexpressing GBA2 was prepared in 12.5 pL Mcllvaine buffer (150 mM, pH 5.8) and
incubated with 12.5 pL of inhibitors diluted in Mcllvaine buffer (150 mM, pH 5.8) at 37 °C for
30 min or 3 h. For GBA3, lysate of GBA1/GBA2 KO HEK293T cells overexpressing GBA3 was
preparedin 12.5 pL Mcllvaine buffer (150 mM, pH 6.0) and incubated with 12.5 pL of inhibitors
diluted in Mcllvaine buffer (150 mM, pH 6.0) at 37 °C for 30 min or 3 h. The enzymatic activities
of GBA1, GBA2 and GBA3 were measured as described above. The ICso value was calculated
using Graphpad Prism 8.0 with the Nonlinear regression (curve fit) - [Inhibitor] vs. response -
Variable slope (four parameters) equation as earlier description.?’

Activity-based protein profiling (ABPP) with SDS-PAGE

Samples containing GBA1, GBA2 or GBA3 (see above for the exact constitution of these
samples) were incubated with excess fluorescent ABPs at optimized conditions. ABPP assays
were performed at 37 °C for 30 min if not otherwise stated, in a total sample volume of 20-40
pL and 0.5-1 % final concentration of DMSO. For ABPP of recombinant GBA1 (Imiglucerase),
samples containing recombinant GBA1 were treated with either 200 nM B-glucose-configured
epoxide ABP 9 or aziridine ABP 10 in Mcllvaine buffer (150 mM, pH 5.2, 0.1 % (v/v) Triton X-
100, 0.2 % (w/v) sodium taurocholate). For ABPP of samples containing GBA1 and GBA2, such
as HEK293T cell lysates containing endogenous GBA1 and overexpressed GBA2, or zebrafish
larvae homogenates containing endogenous GBA1 and GBA2, samples were treated with 200
nM ABP 10 in Mcllvaine buffer (150 mM, pH 5.8). For ABPP of HEK293T cell lysates containing
endogenous GBA1 and overexpressed GBA2/GBA3, samples were treated with 200 nM ABP
10 in Mcllvaine buffer (150 mM, pH 6.0). For testing reactivity of B-xylo-cyclophellitol aziridine
ABP 6 or 8 towards B-glucosidases (GBA1/GBA2/GBA3), ABP 6, 8 and cyclophellitol configured
ABP 9, 10 (for comparison) with varying concentrations were incubated with HEK293T cell
lysates containing endogenous GBA1 and overexpressed GBA2/GBA3 in Mcllvaine buffer (150
mM, pH 6.0). For competitive ABPP, HEK293T cell lysates containing endogenous GBA1 and
overexpressed GBA2/GBA3 were first treated with inhibitors (1-5, 13, 14) in Mcllvaine buffer
(150 mM, pH 6.0), following incubation with ABP 10 to reveal residual active B-glucosidases.
After incubation with ABP, samples were boiled in 5x Laemmli buffer (50 % (v/v) 1 M Tris-HCl,
pH 6.8, 50 % (v/v) 100 % glycerol, 10 % (w/v) DTT, 10 % (w/v) SDS, 0.01 % (w/v) bromophenol
blue) for 5 min at 98 °C, and separated by gel electrophoresis on 10 % (w/v) SDS-PAGE gels
running continuously at 90V for 1-1.5 h. Wet gel slabs were scanned for fluorescence using the
Typhoon FLA 9500 (GE Healthcare) at Aex 473 nm and Aem 2 510 nm for fluorescent ABP 8; and
at Aex 635 nm and Agm = 665 nm for fluorescent ABP 6, 9 and 10. ABP-emitted fluorescence was
quantified using ImageQuant software (GE Healthcare, Chicago, IL, USA) and curve-fitted using
Prism 8.0 (GraphPad Software). After fluorescence scanning, SDS-PAGE gels were stained for
loading control of proteins with Coomassie G250 and scanned on a ChemiDoc MP imager (Bio-
Rad, Hercules, CA, USA).?°
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Assessment of inhibitor activity in cultured cells

Confluent HEK293T expressing human GBA1 and overexpressing both GBA2 and GBA3
were cultured in 24-well plates in triplicates with or without inhibitors for 24 h at 37 °C under
7% CO2. Next, cells were washed three times with PBS, subsequently lysed in potassium
phosphate buffer (with 2.5 U/ mL Benzonase® nuclease), the thus obtained samples were
incubated for 30 min on ice (for degradation of DNA and RNA by Benzonase® nuclease),
aliquoted, and used. After determination of the protein concentration, lysates containing
equal protein amount (4-8 g total protein per measurement) were adjusted to 4 pL with
potassium phosphate buffer and subjected to residual activity measurements and/or
detection of remaining active enzyme molecules using ABP labelling (n = 3 biological
replicates).

Inhibition of enzymes in zebrafish larvae

Experiments were performed with 5 dpf (days post fertilization) larvae. For inhibitor
treatment, a single fertilized embryo was seeded in a well of a 96-wells plate and exposed to
200 pL inhibitor with varying concentrations in egg water (60 pg-L-1 sea salt) for 115 hours at
28.5 °C. Per condition, n = 24 embryos were used. At 115 hours, larvae were collected, rinsed
three times with egg water, fully aspirated, snap-frozen in liquid nitrogen and homogenized in
96 pL 25 mM potassium phosphate buffer per 24 individuals. Lysis was conducted by
sonication on ice with a sonicator at 20% power, three times for three seconds. Samples
containing 5-20 g total protein were used for ABPP assays.

Sphingolipid extraction and analysis by mass spectrometry in inhibitor treated zebrafish
larvae

Zebrafish embryos were seeded in 96-well plates (1 fish embryo/well, 200 uL egg
water/well) and treated with inhibitors at various concentrations for 103 hours at 28.5 °C.
Thereafter, zebrafish larvae were washed three times with egg water, and collected in clean
snap-cap Eppendorf tubes. Lipids were extracted and measured according to the methods
below which were adapted from the literature.* Briefly, after removing the supernatant, 20
uL of 3C-GlcSph (0.1 pmol/ L™t in MeOH), 480 puL MeOH, and 250 pL CHCl; were added to the
sample. The samples were then stirred, left for 30 min at RT, sonicated (5 x 1 min in sonication
water bath) and centrifuged for 10 min at 15,700 rpm. Supernatant was collected in a clean
tube, and 250 pL CHCl; and 450 pL 100 mM formate buffer (pH 3.2) were added. The samples
were stirred and centrifuged, after which the upper phase was transferred to a clean tube. The
lower phase was extracted with 500 uL MeOH and 450 pL formate buffer. The upper phases
were pooled and taken to dryness in a vacuum concentrator at 45 °C. The residue was
extracted with 700 puL butanol and 700 uL water, stirred and centrifuged. The upper phase
(butanol phase) was dried and the residue dissolved in 100 uL MeOH. 10 uL of this sample was
used for LC-MS-mediated lipid detection and identification.”* Two-tailed unpaired t-test was
performed in Prism 8.0 software (GraphPad) to determine statistical significance; p value <0.05
was considered significant.
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Figure S1. The HEK293T cell line lysates used for experiments. Lane 1, GBA1/GBA2 knock out; Lane 2,
GBA1/GBA2 knock out with overexpressed GBA2; Lane 3, GBA1/GBA2 knock out with overexpressed
GBA3; Lane 4, GBA1l (endogenous) with overexpressed GBA2; Lane 5, endogenous GBAl with

overexpressed GBA2/GBA3. The cell lysates were incubated with ABP 10 (30 min at pH 6) followed by

SDS-PAGE and fluorescent scanning of the gel.

Table S1. In vitro apparent ICso of cyclophellitol epoxide ABP 9, cyclophellitol aziridine ABP 10, a-xylo-
configured epoxide 11 and aziridine 12. The Inhibition curves are showed in Figure S2. PIrhGBA1 =

recombinant human GBA1 (Imiglucerase). )\GBA2 = lysate of GBA1/GBA2 KO HEK293T cells with GBA2

overexpression. [ GBA3 = lysate of GBA1/GBA2 KO HEK293T cells with GBA3 overexpression.

inI c\:/;tgo HGRA{ GBAZ GBA3H (Rat(ig)l)g S1BA2/ (Ratié% S1BA3/
9  4520+4.54nM > 5 pM 5.78 + 0.08 uM > 111 128
10  810+194nM 215:042nM 854 +1.18 nM 2.6 1
1 > 50 uM > 50 uM > 50 uM / /
12 > 50 M 55.76 + 2.34 M > 50 uM / /
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Xylose-configured cyclophellitols
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Figure S2. Apparent In vitro ICso curves of the different inhibitors (compounds 1-14) as determined by
activity measurements after incubation with the inhibitors. The enzymes used were recombinant GBA1
(Imiglucerase), lysates of GBA1/GBA2 KO cells with overexpression of either GBA2 or GBA3. Incubation
time for enzyme with the inhibitors is 30 min (if not otherwise stated) or 3 h (marked as ‘3 h’ in figure)

at the appropriate pH.
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Figure S3. Competitive ABPP assay to visualize the inhibition of compounds (1-5, 13, 14) on HEK293T
cell lysates (endogenous GBA1 with overexpressed GBA2/GBA3). Lysates were incubated with inhibitor
for 30 min at 37°C in vitro, followed by labelling with ABP 10, SDS-PAGE and fluorescent scanning of the

gels. Coomassie brilliant blue staining (CBB) was performed as a loading control.
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Figure S4. Lysates of HEK293T cells (endogenous GBA1 with overexpressed GBA2/GBA3) were incubated
with indicated ABPs (6, 8, 9 or 10) for 30 min at pH 6.0 in vitro. ABP-labelled proteins were visualized
after SDS-PAGE by fluorescence scanning of the gels. Coomassie brilliant blue staining (CBB) was

performed as a loading control.
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Figure S5. Lysates of HEK293T cells with overexpressed GBA2 variants (either WT, catalytic nucleophile
mutant (E527G), catalytic acid/base mutant (D677G) or the double mutant (E527G/D677G)) were
incubated with ABP 6 or 10 in vitro. ABP-labelled proteins were visualized after SDS-PAGE by
fluorescence scanning of the gels. Coomassie brilliant blue staining (CBB) was performed as a loading

control.
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Figure S6. Live cell in situ inhibition using B-xylo-cyclophellitol epoxide 1 and aziridine 2 in intact HEK293T cells
(expressing endogenous GBA1 with overexpressed GBA2/GBA3) for 24 h. After the incubation the cells were
harvested and lysed, followed by labelling with ABP 10 in vitro. ABP-labelled proteins were visualized after SDS-

PAGE by fluorescence scanning of the gels. Coomassie brilliant blue staining (CBB) was performed as a loading
control.
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Figure S7. Live zebrafish larvae were incubated with B-xylo-cyclophellitol epoxide 1 or aziridine 2 for 5 days in
vivo. The larvae were harvested, and the homogenate was labelled with ABP 10 in vitro. ABP-labelled proteins
were visualized after SDS-PAGE by fluorescence scanning of the gels. Coomassie brilliant blue staining (CBB) was
performed as a loading control.
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5 8

Scheme S1. Synthesis of B-D-xylo-cyclophellitol aziridine BODIPY-FL ABP 8. Reagents and conditions: a) BODIPY
tag-alkyne, CuSOs, sodium ascorbate, DMF/H,0, rt, 16 h, 58% yield.

B-D-Xylo-cyclophellitol aziridine BODIPY-FL ABP 8

Compound 5! (4.4 mg, 14.7 umol) was dissolved in degassed DMF (0.2 mL), then alkyne-BODIPY (1.1 eq),
CuS0s4 (0.2 eq) and sodium ascorbate (0.4 eq) were added and the mixture stirred at rt for 16 h. The reaction
mixture was concentrated and purified by semi-preparative reversed phase HPLC (linear gradient. Solutions used:
A: 50 mM NH4HCOs in H20, B: acetonitrile) yielding the desired product as an orange powder (5.4 mg, 58%).

IH NMR (500 MHz, CD30D): §7.73 (s, 1H), 6.11 (s, 2H), 4.35 (t, J = 6.9 Hz, 2H), 3.60 (d, J
= 8.0 Hz, 1H), 3.38 (m, 1H), 3.05 (dd, / = 9.8, 8.0 Hz, 1H), 3.03 —2.98 (m, 2H), 2.78 (t, J =
7.2 Hz, 2H), 2.44 (s, 6H), 2.38 (s, 6H), 2.30 (dd, J = 13.1, 5.5 Hz, 1H), 2.20 (t, J = 7.3 Hz,
2H),1.92-1.82 (m, 5H), 1.81-1.77 (m, 1H), 1.68 — 1.58 (m, 3H), 1.56 (d, J = 6.3 Hz, 1H),
1.54—1.48 (m, 2H), 1.35—1.20 (m, 7H) ppm. 3C NMR (125 MHz, CD:0D): §153.6, 147.2,
146.6, 140.8, 131.2, 122.0, 121.3, 77.8, 72.7, 66.8, 60.3, 49.9, 48.5, 44.0, 39.7, 32.1,
30.9, 29.9, 29.5, 29.1, 29.0, 28.5, 27.8, 26.8, 25.9, 24.6, 15.2, 13.1 ppm. HRMS (ESI) m/z:
[M+H]* calculated for C33sHa9BF2N6O3 627.4000, found 627.4029.

Supplemental reference

1. S.P.Schroder, C. de Boer, N. G. S. McGregor, R. J. Rowland, O. Moroz, E. Blagova, J. Reijngoud,
M. Arentshorst, D. Osborn, M. D. Morant, E. Abbate, M. A. Stringer, K. Krogh, L. Raich, C. Rovira,
J. G. Berrin, G. P. van Wezel, A. F. J. Ram, B. I. Florea, G. A. van der Marel, J. D. C. Codée, K. S.
Wilson, L. Wu, G. J. Davies and H. S. Overkleeft, Dynamic and functional profiling of xylan-
degrading enzymes in aspergillus secretomes using activity-based probes, ACS Cent. Sci., 2019,
5, 1067-1078.
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Selective labelling of GBA2 in cells with fluorescent -D-
arabinofuranosyl cyclitol aziridines

Taken in part from:
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Abstract

GBA2, the non-lysosomal B-glucosylceramidase, is an enzyme involved in glucosylceramide metabolism.
Pharmacological inhibition of GBA2 by N-alkyl iminosugars is well tolerated and benefits patients
suffering from Sandhoff and Niemann-Pick type C diseases, and GBA2 inhibitors have been proposed
as candidate-clinical drugs for the treatment of Parkinsonism. With the ultimate goal to unravel the
role of GBA2 in (patho)physiology, this chapter describes the development of a GBA2-selective activity-
based probe (ABP). A library of probes was tested for activity against GBA2 and the two other cellular
retaining B-glucosidases, lysosomal GBA1 and cytosolic GBA3. It is shown that B-D-arabinofuranosyl
cyclitol aziridine (B-D-Araf aziridine) reacts with the GBA2 active site nucleophile to form a covalent and
irreversible bond. Fluorescent B-D-Araf aziridine probes potently and selectively label GBA2 both in
vitro and in situ, allowing for visualization of subcellular localization of overexpressed GBA2 using
fluorescence microscopy. The here-presented ABP technology may be useful for further delineating the
role and functioning of GBA2 in disease. As well, the B-D-Araf aziridine scaffold may serve as a good
starting point for the development of GBA2-specific inhibitors for clinical development.
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Introduction

GBA2 (EC3.2.1.45, CAZy! GH116), a retaining B-glucosidase, was first discovered during the analysis
of N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)Jamino]hexanoyl]-B-D-glucosylceramide (NBD-GlcCer)
processing in cultured cells. Ensuing studies demonstrated that GBA2, initially named non-lysosomal
glucosylceramidase, is capable of hydrolyzing glucosylceramide (GlcCer), which until that date was
thought to be the exclusive activity of the enzyme deficient in Gaucher disease (GD), lysosomal
glucocerebrosidase (GBA1, EC 3.2.1.45, GH30).2 GBA2 is now implicated in several inherited metabolic
disorders.>® As well, companies have announced the development of GBA2 inhibitors for the treatment
of Parkinsonism.” Despite this, the physiological role of GBA2, the consequences of cytosolic GlcCer
metabolism and the interplay of GBA2 with lysosomal GlcCer breakdown is unclear.

GBAZ2 is a tightly membrane-bound enzyme whose activity can be assessed in cell and tissue lysates
using the artificial fluorogenic substrate, 4-methylumbelliferyl-B-D-glucopyranoside (4MU-B-D-Glc).
Compared to GBA1, GBA2 is less sensitive to inactivation by conduritol B epoxide (CBE), but more
susceptible to inactivation by various detergents.? The loss of enzymatic activity following its extraction
from membranes complicates its purification, and the enzyme’s identity was definitively elucidated
only after the independent cloning of its cDNA.2° GBA2 homologues are found in several species,
including archaea and bacteria,’®!! and GBA2 proteins degrading glucosylceramide are found, besides
mammals, in plant and fish.1>1> To date mammalian GBA2 has defied resolution of a 3D structure, but
structures of bacterial homologs (such as SSO1353 (GH116) in S. solfataricus and TxGH116 in T.
xylanolyticum®®%18) provide insight in the catalytic machinery of the enzyme.

Human GBA2 is encoded by the GBA2 gene at locus 9p13.3 and is a 927 amino acid B-glucosidase
with E527 as the catalytic nucleophile and D677 as the catalytic acid/base.! It is a retaining glycosidase
processing its substrate following a classical Koshland double displacement mechanism. GBA2 is
initially synthesized as a soluble cytosolic protein that rapidly and tightly associates with membranes
by an unknown mechanism. Various subcellular localizations of (overexpressed, tagged) GBA2 have
been reported, ranging from endoplasmic reticulum, Golgi apparatus, endosomes and the plasma
membrane.>*® The enzyme’s localization possibly varies among cells, perhaps reflecting their metabolic
status. Unlike GBA1, GBA2 is able to hydrolyze both B-glucoside and B-galactoside substrates.? GBA2
can also act as a transglycosidase, transferring glucose from GlcCer to, for instance, cholesterol, further
adding to the mystery of the physiological role of GBA2.1%2°

GBA2 is increasingly considered as therapeutic target for the treatment of a variety of diseases.
Inhibition of GBA2 is a side effect of N-butyl-deoxynojirimycin (Miglustat), a registered treatment for
GBA1-deficient type 1 GD and Niemann Pick disease type C (NPC) patients. Miglustat acts by
pharmacological inhibition of glucosylceramide synthase (GCS).2*% Individuals under this treatment
appear to develop no overt side effects upon long-term therapy. In line with this, inhibition of GBA2
activity with N-adamantanemethyloxypentyl-deoxynojirimycin (AMP-DMN) or its genetic ablation has
been found to increase the life span of NPC mice.?? Tissues of NPC mice show partial increase in GBA2
and partial reduced GBA1 levels suggesting a compensatory mechanism between these enzymes.?® In
type 1 GD mice generated by knockdown of GBA1 in a hematopoietic stem cell lineage, GBA2 gene
deletion was found to exert beneficial effects.?* In addition, increased GBA2 activities have been
documented in leukocytes of GBA1-deficient GD patients.? Finally and importantly, GBA2 knockout (KO)
mice develop no overt pathology besides partially reduced fertility, a phenomenon not observed in
primates,102°

Several classes of GBA2 inhibitors have been identified in the past decades. Competitive GBA2
inhibitors include iminosugars such as AMP-DNM, with an ICso of approximately 1 nM with respect to
GBA2, and N-butyl-deoxynojirimycin (Miglustat), with an ICsp of 150-300 nM for GBA2.2” Mechanism-
based, covalent and irreversible inhibitors, such as cyclophellitol aziridine act on GBA2 but also on GBA1,
and activity-based probes (ABPs) derived from these cannot be used for selective GBA2 detection and
imaging in cells.?

For this reason the aim was to develop a GBA2-selective activity-based probe for in cellulo GBA2
imaging, and the results of studies in this direction are presented here.?® Previous studies showed the
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value of cyclophellitols as GBA1-specific probes,>3° however the closely related cyclophellitol aziridine
ABPs (ABP 7 and 8, Figure 1) label both GBA1 and GBA2.2%3! Some cell types also express a soluble,
cytosolic B-glucosidase with broad substrate specificity, termed GBA3 (EC 3.2.1.21, GH1), which also
reacts with these ABPs.?® Since none of these ABPs react selectively with GBA2, cyclophellitol-type
compounds with varying configurations were investigated on their reactivity with GBA2 and related
cellular retaining B-glucosidases. The findings of these studies, detailed in this chapter, demonstrate
that ABPs with a B-D-Araf aziridine configuration (Figure 1) potently and selectively label GBA2 by
reacting with its catalytic nucleophile.

B-D-arabinofuranosyl cyclitol aziridine ([3-D-Araf aziridine) compounds Inhibitors
GBA1/GBA2 inhibitor

AN S §
3 R
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Figure 1. Chemical structures of B-D-arabinofuranosyl cyclitol aziridine 1-6, cyclophellitol epoxide and aziridine
activity-based probes (ABPs) 7-11, and inhibitors 21 and 22.

Results
In vitro affinity and selectivity of B-D-Araf cyclitol aziridine ABPs towards human B-glucosidases

To identify an ABP that selectively labels human GBA2 over GBA1l and GBA3, a library of
cyclophellitol-based ABPs with varying configurations (Figure S1) was screened for their selectivity
towards human retaining B-glucosidases. For this purpose, the inhibition properties of the compounds
were first assessed using recombinant human GBA1 (rhGBA1, Imiglucerase), lysates of cells
overexpressing GBA2 and lysates overexpressing GBA3, the latter two both in combination with
knockout of the other retaining B-glucosidases. In a preliminary screen, enzymes were pre-incubated
for 30 min with the tested compounds, followed by the addition of the fluorogenic substrate, 4MU-3-
D-Glc, and then quantification of released fluorescent 4MU after 30 minutes. This screening revealed a
set of B-D-Araf cyclitol aziridines as potential GBA2 inhibitors. Pre-incubation of the enzymes with B-D-
Araf cyclitol aziridine 1 did not show inhibitory effect towards any of the B-glucosidases assayed up to
50 uM, whereas N-azido-octyl aziridine 2 displayed inhibition of all three B-glucosidases (apparent ICso:
GBA2 630 nM, GBA1 2730 nM, GBA3 8150 nM) with some selectivity for GBA2 over GBA1 and GBA3
(Table S1). Interestingly, BODIPY green- and BODIPY red-tagged ABPs 3 and 4 exhibited substantial
affinity towards GBA2 (apparent ICsp: 120-160 nM) with clear selectivity (defined as 1Cso Enzyme1/1Cso
Enzyme2) for GBA2 over GBA1 and GBA3 (Figure 2A). In contrast, B-D-Araf ABP 5 equipped with a Cy5
fluorophore inhibited GBA1 and GBA2 with about equal potency (apparent ICsp 250-300 nM). The
biotin-tagged B-D-Araf compound 6 is a poor (apparent ICso > 8 uM) inhibitor of all three glucosidases.
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Arabinofuranosyl cyclitol 12-20 with various configurations (a-L-Araf and B-L-Araf) were also evaluated
(Figure S1). Most of these proved to be poor GBA2 inhibitors (apparent ICso > 20 uM), and none
matched the selectivity of B-D-Araf cyclitol aziridines 3 and 4 for GBA2 (Table S1).

Armed with ABPs 3 and 4, both of which displayed high selectivity for GBA2 over GBA1 and GBA3,
their activity in cell lysates was analyzed next. To this end, lysates of HEK293T cells containing all three
B-glucosidases (endogenous GBA1 with overexpressed GBA2 and GBA3) were treated with ABPs 3, 4,
5 and 7, followed by protein separation by SDS-PAGE and fluorescence scanning of the wet gel slabs.
As depicted in Figure 2B, ABP 7 labelled all B-glucosidases as previously reported.?! In contrast, the B-
D-Araf aziridine ABPs 3 and 4 selectively labelled GBA2 at a concentration of 100 nM, while Cy5 tagged
ABP 5 did so at 500 nM. The GBA2 selectivity of B-D-Araf cyclitol aziridines 3, 4 and 5 was confirmed in
a mixture of a lysate of cells overexpressing GBA2 with rhGBA1 (Figure 2C and Figure S3). In this
experiment, the enzyme mixture was first incubated with B-D-Araf aziridine ABPs 3, 4, or 5 for 30
minutes, after which selective GBA1 ABP 10°? or 11°° was added to label the remaining active rhGBA1
molecules. This experiment revealed the ability of B-D-Araf cyclitol aziridine ABPs, and in particular 3
and 4, to selectively label GBA2 without significant rhGBA1 labelling, with marginal GBA1 labelling
occurring at 10 uM.

The pH and incubation time dependent labelling of GBA2 in HEK293T cells containing all three
retaining B-glucosidases by B-D-Araf ABPs was next investigated (Figure 2D, E and Figure S4). All ABPs
selectively label GBA2 at a pH range of 4.5-7.5. Using 500 nM of ABP 4, GBA2 labelling occurred within
a minute, and maximal labelling was observed after 20-30 minutes. Importantly, no labelling of GBA1
or GBA3 was observed under varying pH and time conditions (Figure S4).
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Figure 2. In vitro ABPP with B-D-Araf aziridine ABPs 3-5. (A) Apparent ICso (nM) of B-D-Araf ABPs, determined by
4MU-B-D-Glc fluorogenic substrate assay, enzyme: [1] GBA2 = GBA1/GBA2 KO HEK293T cell lysates with GBA2
overexpression (OE), [2] rhGBA1 = isolated recombinant Imiglucerase (Cerezyme®). [3] GBA3 = GBA1/GBA2 KO
HEK293T cell lysates with GBA3 OE. Error ranges = + SD, n = 3 replicates. (B) HEK293T cell lysates expressing
endogenous GBA1 and overexpressed GBA2/GBA3 were used as enzyme source. Lysates were treated with ABPs
3-5 for 30 min at pH 6.0. (C) Mixture of GBA1/GBA2 KO HEK293T with GBA2 OE lysate and rhGBA1 were incubated
with B-D-Araf ABPs (3-5) for 30 min at pH 5.8, following addition of 500 nM of ABP 10 (for 3 and 4) or ABP 11 (for
5). (D) In vitro pH-dependent labelling of ABP 4 (500 nM). (E) In vitro time-dependent ABPP assay of ABP 4 (500
nM).

Identification of the catalytic nucleophile of GBA2 reacted with B-D-Araf cyclitol aziridines

GBA2, like TxGH116 (the bacterial homologue of GBA2), induces hydrolysis through a conventional
Koshland two-step double-displacement conformational pathway typical of retaining B-glucosidases,
progressing from 1S3 to *Hs to ultimately adopt the *C; in the covalent complex (Figure 3A).1! In contrast
to cyclophellitol aziridines, which mimic the *Hs transition state, B-D-Araf aziridines adopt an 3E
conformation® which resembles the 1S; initial Michaelis complex conformation (Figure 3B).3* Previous
research had established that E527 (catalytic nucleophile) and D677 (catalytic acid/base) are the
catalytic residues in the human GBAZ2 active site.!” To investigate whether B-D-Araf aziridine ABPs bind
GBA2 in an activity-based manner, firstly mutants of GBA2 were generated by substituting either the
E527 nucleophile or the D677 acid/base. Lysates from cells expressing these mutant GBA2 proteins
were then incubated with B-D-Araf ABPs 3-5 or cyclophellitol ABP 7 and their labelling pattern was
analyzed (Figure 3C). None of the ABPs were found to label the E527G mutant or the E527G/D677G
double mutant, demonstrating that these probes require the nucleophile E527 for reaction with GBA2.
Notably, B-D-Araf ABPs 3-5 exhibit poor reaction with the acid/base mutant D677G, whereas ABP 7
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modified this mutant in significant amounts. At higher ABP concentrations and/or longer incubation
times (Figure 3D) some degree of labelling of the acid/base mutant GBA2 was detected also with ABPs
3-5.

To firmly establish the mode of action of B-D-Araf cyclitol aziridines as mechanism-based GBA2
inhibitors, the 3D structure of the GH116 bacterial GBA2 homolog, TxGH116 from
Thermoanaerobacterium xylanolyticum in complex with B-D-Araf compound 2 was solved at 1.9 A
resolution. The -1 subsite of TxGH116 is well conserved relative to human GBA2. The solved structure
(Figure 3E) reveals reacted 2 with the catalytic nucleophile of TxGH116, occupying the enzyme active
site anchored by several hydrogen bonds. The OH group on C2 interacts with NE2 His507 and OD2
Asp452, and the OH on C3 with OD2 Asp452, NH2 Arg792 and OG1 and the alcohol of Thr591. The OH
on C5 is hydrogen-bonded to OE2 Glu777 and to NH1 and NH2 Arg786. In addition, the amine from the
ring-opened aziridine group forms a hydrogen bond to OD2 Asp593 and to a water molecule (which
also interacts with OD1 Asp593). There is insufficient electron density to allow modelling of the end of
the azidooctyl group, which extend into a more open region at the edge of the protein where they are
less constrained.
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Figure 3. Mechanism of inhibition of GBA2 by B-D-Araf cyclophellitol aziridines. (A) Conformational itinerary of
the Koshland double-displacement mechanism employed by retaining B-D-glucosidases. (B) B-D-Araf cyclitol
aziridine 1 adopts an envelope-like 3E conformation prior to reaction with the GBA2 active site, whereas
cyclophellitol aziridines mimic the *Hs transition state conformation. (C) B-D-Araf aziridine ABPs (3-5) and
cyclophellitol aziridine ABP 7 labelling of lysates of HEK293T cells overexpressing myc-tagged mutant (E527G,
D677G or E527G/D677G) or wildtype GBA2. mock = HEK293T GBA1/GBA2 KO cell lysate, GBA2 = HEK293T
GBA1/GBA2 KO GBA2 OE cell lysate. Gel images were captured by fluorescence scanning on wet gel slabs (row 1)
and Western blot (nitrocellulose membrane) using an anti-myc antibody (row 2). Row 3 represents the Western
blot showing fluorescence of both ABPs (3-5, 7) and the anti-myc antibody. row 4 represents Ponceau S stain. (D)
2 uM B-D-Araf ABPs and ABP 7 incubated with GBA2 D677G mutant for 1 h (at 37 °C) or 24 h (at 4 °C) show the
labelling efficiency towards GBA2 D677G mutant. (E) Structure of complex of TxGH116 with 2 showing the
electron density difference map calculated for the ligand and side chain of Glu441, contoured at 2.5 o (0.275
electrons A-3), and showing hydrogen bonds represented as dashed lines.
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In vitro labelling across species and in situ labelling of B-D-Araf cyclitol aziridine ABPs

GBA2 orthologs are highly conserved among different species. BLAST analysis revealed that human
GBA2 shares 87% sequence identity and 93% similarity in the catalytic domain with murine GBA2 and
66% identity and 79% similarity with the zebrafish (Danio rerio) enzyme.* The reactivity of B-D-Araf
aziridine ABPs 3-5 with GBA2 orthologs in these was therefore evaluated. Homogenates of zebrafish
larvae or mice brain were incubated with B-D-Araf ABPs 3-5 or broad-spectrum B-glucosidase ABP 7
(Figure 4). As was seen for human cell extracts, B-D-Araf ABPs 3-5 selectively label GBA2 also in these
species whereas ABP 7 showed cross-reactivity towards GBA1.
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Figure 4. B-D-Araf aziridine ABPs selectively label GBA2 orthologues in different species. Cyclophellitol aziridine
ABP 7 (1 uM) and B-D-Araf ABPs (ABP 3 at 1 uM and ABP 4 and 5 at 2.5 uM) were incubated with homogenates
of zebrafish larvae and mice brain tissue for 1 h at 37 °C.

As the next research objective, experiments were done to establish whether active GBA2 molecules
could be detected and identified in human cells using the B-D-Araf aziridine ABPs. For this purpose,
HEK293T cells with endogenous GBA1 and overexpressed GBA2/GBA3 were treated with varying
concentrations of B-D-Araf aziridine ABPs 3-5 for 1 h, after which the cells were harvested and washed
multiple times prior to lysis. The lysates were then denatured, their protein content separated by SDS-
PAGE and the resulting wet gel slabs scanned for fluorescence. In this way it was observed that all three
B-D-Araf ABPs 3-5 enter intact cells where they react with endogenous, and given the >24 h lifetime,
newly synthesized GBA2 (Figure 5A, Figure S8 A, B). BODIPY tagged ABPs 3 and 4 proved to be the most
effective GBA2 probes in these experiments and inactivate GBA2 almost completely at 100 nM final
concentration.

To address the concern that the ABPs attach to the cell surface and subsequently in vitro label GBA2
following cell lysis, a non-tagged GBA2 inhibitor was added to the lysis buffer. The presence of high
concentrations of cyclophellitol (CP) or cyclophellitol aziridine ABP 8, both potent human GBA1 and
GBAZ2 inactivators, did not diminish GBA2 labelling efficiency by ABP 4 (Figure 5B), thus indicating that
these ABPs indeed labelled GBA2 in situ. Importantly, the GBA2 selectivity of B-D-Araf ABPs 3-5 was
maintained during in situ labelling of wild-type HEK293T cells (Figure S9). GBAL1 labelling only occurred
when using a high concentration (500 nM) and longer incubation time (2.5 h) for ABP 5, while ABP 3
and 4 did not visibly label GBA1 at these conditions (Figure 5B and Figure S9). Even incubation for 24 h
gave similar results: ABPs 3 and 4 still selectively labelled GBA2 at 10 nM, and only slight concomitant
GBAL1 labelling at higher concentrations was observed (Figure S10). Selective GBA2 labelling by ABPs 3
and 4 finally was also observed in human retinal pigment epithelial-1 cells (Figure 5C).

48



B-D-Arabinofuranosyl cyclitol aziridine

(A) In situ HEK GBA1 endogenous GBA2/3 OE labelling (1 h)

Araf ABP 5 Araf ABP 3 Araf ABP 4
O N
\) P O O
MM s 0 FFEFPLeonr o 9 5% o M (ko)
= -150
GBA2-| g e we — S — — — — e (-100
- - $ . .
i ® 75
-50

(B) Araf ABP 4 150 nM, HEK WT in situ labelling (1 h) (C) Araf ABPs RPE-1 WT in situ labelling (2 h)

1% Insitu 4 / 4 4
_ - ABP 3
2" nvitro 8 8 cp / m (kD3] (M) 500 250 100
conz . —-150 [ ]
o BAZ- we|-100
ra
-75
ABP 4 e GBAZ-
e | -50
-150
GBA2-
Tracing <140
ABP 8 - 78
GBAl- | N B (nM) 500 250 100
'fé’o | 1 | [ L (kDa)
g =, GBA2- | wsiets e odin ol s ddied 100
Overlap -;go 75
4+8 Gpa1- %
50 7 |-50

Figure 5. Treating intact cells with B-D-Araf ABPs labels GBA2 in situ. (A) Labelling of B-D-Araf ABPs in intact
HEK293T cells (GBA1 endogenous and GBA2/3 overexpression) at varying concentrations for 1 h in situ. (B) Wild-
type HEK293T cells treated with 150 nM ABP 4 in situ for 1 h, followed by adding lysis buffer containing ABP 8 (1
MM final concentration with 1% DMSO final concentration), or cyclophellitol (CP, 1 uM final concentration with
1% DMSO final concentration), or the blank (‘/’) 1% DMSO (final concentration) for ABPP analysis. (C) ABP 3 and
4 labelling of GBA2 in intact wild-type human retinal pigment epithelial-1 (RPE-1) cells.

Localization of GBA2 with an B-D-Araf cyclitol aziridine ABP

As the final set of experiments, red fluorescent ABP 4 was used to study the localization of GBA2 in
HEK293T cells. After incubation with 50 nM ABP 4 for 2 h, the samples were fixed and also stained with
a green-fluorescent anti-GBAl-antibody in order to observe the difference in localization between
GBA1 and GBA2. Confocal microscopy of wild-type (WT) HEK293T cells showed an unambiguous
staining for GBA1 with a distinct perinuclear lysosomal distribution pattern. However, no clear signals
for ABP 4 modified proteins were observed (Figure 6). Attention was therefore redirected to the use of
GBA2 overexpression (OE) cells and GBA1/GBA2 knockout (KO) + GBA2 OE cells.?*3! These cells did
present clear GBA2 staining, which is localized to the cell membrane (Figure 6). As well, no overlap is
observed between red fluorescence (localization of GBA2-selective ABP 4) and green fluorescence
(localization of GFP-tagged anti-GBA1), indicating that GBA2 resides in subcellular compartments
distinct from those in which GBA1l resides. To confirm the selective staining of GBA2, cells
overexpressing GBA2 were pre-treated with either the selective GBA1 inhibitor 2132 or the GBA1/GBA2
inhibitor 22%. Confocal microscopy showed no change in the staining of GBA2 after pre-treatment with
the GBA1 specific inhibitor 21, however the signal of GBA2 was completely abrogated by prior
treatment with the dual target inhibitor 22 (Figure S11B).
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a-GBA1 ABP 4 Overlay

Figure 6. Confocal fluorescence microscopy of GBA1 and GBA2 as detected by red fluorescent B-D-Araf aziridine
4 and green fluorescent anti-GBA1l-antibody with Alexa Fluor® 647 conjugation. Used were different HEK293T
cells: HEK293T wild-type (WT), GBA2 overexpression (OE), and GBA1/GBA2 knock out (KO) with GBA2

overexpression (OE). Cells were treated with 50 nM B-D-Araf aziridine 4 (red) for 2 h. After fixation all cells were
stained for GBA1 using an anti-GBA1-antibody (green) and nuclei were stained with 10 ug/ml DAPI (blue).

WT

GBA2 OE

GBA1/2 KO GBA2 OE

Discussion

GBAZ2 attracts increasing attention given its potential role in pathophysiological mechanisms in a
variety of human diseases. While the catalytic machinery, the mode of action and the substrate
specificity of the enzyme has now been firmly established, little is known about its physiological role
and even its subcellular localization is a matter of debate. The acquisition of such knowledge is
hampered by the absence of cell-permeable, GBA2-selective chemical probes, comparable to the
counterpart developed for the selective visualization of active GBA1 in living cells.3%3¢3% The work
described here was aimed to rectify this situation. Screening of a library of activity-based glycosidase
probes led to the discovery of fluorescent B-D-Araf cyclitol aziridines that selectively label GBA2 both
in vitro and in intact cells. The labelling occurs through mechanism-based, covalent and irreversible
inhibition of the ABP and is abolished by mutagenesis of the catalytic nucleophile. GBA2 labelling of
cells combined with fluorescence microscopy clearly shows that GBA2, in contrast to GBA1, is not
located in lysosomes. While labelled GBA2 is easily detected in cells overexpressing the enzyme,
intensity of the fluorescent signal is relatively weak in wild type cells, and future use of more advanced
fluorescence microscopy (for instance, including spectral imaging and use of a supersensitive camera
with higher quantum yield) may improve detection of native GBA2. It should be kept in mind that
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disperse distribution of GBA2 among membranes, contrary to the intrinsic concentration of GBA1l
molecules in lysosomes, does not favor detection by simple fluorescence microscopy.

The observed high affinity and selectivity of B-D-Araf cyclophellitol aziridines equipped with a
hydrophobic fluorescent tag for labelling GBA2 is quite remarkable. A very recent publication by
Shimokawa and coworkers™ reports that a GH116 exo-B-D-arabinofuranosidase from Microbacterium
arabinogalactanolyticum termed ExoMA2 shows similarities in structure to that of the GH116 -
glucosidase from Thermoanaerobacterium xylanolyticum (TxGH116). Both enzymes have a two-
domain structure consisting of N-terminal B-sandwich and C-terminal (a/a) 6-barrel domains, the latter
being the catalytic domain. The two catalytic residues, as well as several other residues in the active
site pocket are conserved, but substrate recognition at subsite -1 differs. Given the similarities in the
catalytic pocket, the catalytic residues and even the transglycosylation abilities!®3%4° of the three
enzymes, it is perhaps not surprising that B-D-Araf cyclitol aziridines bind well to the GBA2 active site.

In conclusion, B-D-Araf aziridine ABPs were identified as a new class of GBA2 selective ABPs. The
newly described ABPs allow to specifically monitor GBA2 and act as specific GBA2 suicide inhibitors to
selectively inactivate GBA2. The B-D-arabinofuranosyl cyclophellitol aziridine ABPs are novel tools for
the study of the intriguing enzyme GBA2, and the development of GBA2 selective inhibitors based on
the B-D-Araf cyclophellitol scaffold is warranted in the future.
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Experimental procedures

Materials

Recombinant human GBA1 (rhGBA1, Imiglucerase) was kindly provided by Sanofi Genzyme
(Cambridge, MA, USA). HEK293T (CRL-3216™) cells and RPE-1 (CRL-4000™) cells were purchased from
ATCC (Manassas, VA, USA). 4-Methylumbelliferyl-B-D-glucopyranoside was purchased from Glycosynth
(Warrington Cheshire, UK). Polytron PT 1300D sonicator (Kinematica, Luzern, Switzerland) and
potassium phosphate buffer (K;HPO4-KH,PO4, 25 mM, pH 6.5, supplemented with protease inhibitor
cocktail (EDTA-free, Roche, Basel, Switzerland) and 0.1% (v/v) Triton X-100 and) were used for lysing
cells and homogenizing zebrafish larvae and mice tissues. Harvested cells (cell pellets), cell lysates and
tissue homogenates not used directly were stored at -80 °C. Protein concentration was measured using
the Pierce BCA assay kit (Thermo Fisher Scientific, Waltham, MA, USA).

Cell culture

HEK293T cells were cultured in DMEM medium (Sigma-Aldrich), supplied with 10% (v/v) FCS, 0.1%
(w/v) penicillin/streptomycin and 1% (v/v) Glutamax, at 37 °C under 7% CO,. RPE-1 cells were cultured
in HAMF12-DMEM medium (Sigma Aldrich), supplied with 10% (v/v) FCS, 0.1% (w/v)
penicillin/streptomycin and 1% (v/v) Glutamax, at 37 °C under 5% CO..

Generation of cells genetically modified in B-glucosidase expression

GBA1/GBA2 knockout (KO) HEK293T cells, GBA1/GBA2 KO HEK293T cells with either GBA2
overexpression (OE) or GBA3 overexpression, and HEK293T cells expressing all cellular B-glucosidases
(containing endogenous GBA1 and overexpressed GBA2 and GBA3) were generated as described in
Chapter 2.

Cell lysis

HEK293T and RPE-1 cells were cultured with the method described above to 80-90% confluency,
and were isolated, washed with Dulbecco’s phosphate buffered saline (PBS), subsequently collected
and lysed as the method described in Chapter 2 which were adapted from the literature.*

4MU fluorogenic substrate assay for determination of enzyme activity and apparent 1Cso

4MU fluorogenic substrate assays (using isolated recombination human GBA1 or lysates of HEK293T
cells) were conducted in 96-well plates at 37 °C. Assay procedures and conditions for measuring
enzyme activity and apparent ICso of each enzyme (rhGBA1, GBA2, or GBA3) are the same as previously
described in Chapter 2. In brief, enzymes were diluted with Mcllvaine buffer (150 mM citric acid-
Na;HPO., at the appropriate pH for each enzyme), to a final volume of 25 plL with or without inhibitors.
For enzyme activity measurement, samples were incubated with 100 pL 4-methylumbelliferyl-B-D-
glucopyranoside substrates diluted in Mcllvaine buffer for 30 min. For apparent 1Csp measurement,
enzymes were incubated with inhibitor diluted in Mcllvaine buffer for 30 min or 3 h, followed by
incubation with 100 pL 4-methylumbelliferyl-B-D-glucopyranoside substrates for 30 min. After stopping
the enzyme reaction with 200 pL 1M NaOH-glycine (pH 10.3), 4-methylumbelliferone fluorescence was
measured with a fluorimeter LS55 (Perkin Elmer, Waltham, MA, USA). Enzyme activities and apparent
ICso values were determined by subtraction of the background signal (measured for incubations
without enzyme), as previously described.*? The ICso value was calculated using Graphpad Prism 9.0
with the Nonlinear regression (curve fit) - [Inhibitor] vs. response - Variable slope (four parameters)
equation.
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Activity-based protein profiling (ABPP) with SDS-PAGE

Samples containing GBA1, GBA2 or GBA3 (see the exact constitution of these samples as described
in the specific case) were incubated with fluorescent ABPs at optimum conditions at 37 °C for 30 min
(if not otherwise stated) as described in Chapter 2. The total sample volume was 20—40 plL with a 0.5—
1% final concentration of DMSO in the appropriate pH Mcllvaine buffer (150 mM). For assessing the
reactivity of arabinofuranose-configured cyclitol ABPs towards B-glucosidases, lysates of HEK293T cells
expressing endogenous GBA1 and overexpressed GBA2/GBA3 were incubated with varying
concentration of ABP in Mcllvaine buffer (150 mM, pH 6.0). After incubation with ABP, samples were
subjected to SDS-PAGE and fluorescence scanning as described in Chapter 2. Wet gel slabs were imaged
using a Typhoon FLA 9500 scanner (GE Healthcare) at Aex 473 nm and Aem 2 510 nm for BODIPY green
fluorescence; at Aex 532 nm and Aem = 575 nm for the BODIPY red fluorescence; at Aex 635 nm and Agm
> 665 nm for Cy5 fluorescence. Afterwards, the wet gel slab was stained by Coomassie brilliant blue
(CBB) G250 or R250 for loading control of proteins.

B-Glucosidase inactivation visualized by competitive ABPP with SDS-PAGE

In general, samples containing GBA1, GBA2 or GBA3 (see the exact constitution of these samples
described below) are first incubated (in vitro or in situ) with the compounds, subsequently, the
fluorescent readout ABPs were added and incubated with mixture to reveal the residual enzymes that
were not inactivated by the inhibitor compound.

To Figure S12, lysate of HEK293T cells expressing all cellular B-glucosidases were first incubated with
compound 6 for 3 h at 37°C (in vitro), after which readout ABP 7 was added and incubated for 30 min
at 37 °C (in vitro) to reveal the residual active B-glucosidases, following the procedures described above
for SDS-PAGE and fluorescence scanning to visualize the outcome. To Figure S8B, intact living HEK293T
cells expressing all cellular B-glucosidases were first incubated with fluorescent ABP 3-5 (in situ) for 24h
at 37°C under 7% CO,, then cells were harvest and lysed as description in cell lysis. Subsequently,
readout ABP (one of 7-9) was added, and same procedures described above for outcome visualization
were conducted to reveal the active B-glucosidases not occupied by ABP 3-5. Of note, a fluorescent
readout ABP (7-9) with different scanning wavelength from ABP (3-5) should be chosen. For example,
if ABP 3 with BODIPY-green tag is first used to inactivate B-glucosidases, the readout ABP should be
ABP 7 with Cy5 tag or ABP 9 with BODIPY-red tag.

To obtain competitive ABPP quantified I1Cso values, the ABP-emitted fluorescence of the read out
ABP was quantified by ImageQuant (GE Healthcare, Chicago, IL, USA) and calculated with Graphpad
Prism 9.0 using Analyze — Nonlinear regression (curve fit) — One phase association.

Irreversibility evaluation by competition with irreversible ABP

The irreversibility of enzyme inhibition was evaluated as below (Figure S6A). Lysates of GBA1/GBA2
KO HEK293T with GBA2 OE were used. A total of 60 ug lysate was incubated with or without 1 uM B-
D-Araf cyclitol aziridines 2-4 for 1 h at 37 °C, a part of the lysates was taken and used for parallel activity
measurements using the 4MU-B-D-Glc fluorogenic substrate assay. Subsequently, the lysate mixtures
were washed by passing through Zeba™ spin desalting columns with 40k MWCO (Thermo Scientific) to
remove excess compounds. The washing was repeated every 2 h, with 3 washes conducted in total,
during which the lysate was kept on ice or at 4 °C. After the last washing step, the same volume of
lysates was taken and incubated with 1 uM B-glucosidase ABP 7, over 30 min at 37 °C, or over 24 h or
48 h at 4 °C. Then the competition results were revealed by SDS-PAGE and in-gel fluorescence scanning
as described above. Parallel activity measurement results show GBA2 activity recovery after desalting
washing (Figure S6B).
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Stability of B-D-Araf aziridine binding towards GBA2

In Figure S6C, A total of 90 ug GBA?2 (lysates of GBA1/GBA2 KO HEK293T with GBA2 OE) in potassium
phosphate buffer was diluted with 60 pL Mcllvaine buffer (150 mM, pH 6.0) and incubated with or
without 1 uM B-D-Araf aziridine compound 2-5 for 1 h at 37 °C. Thereafter, the total 100 pL sample was
passed through a desalting column as described above. To assess the activity of GBA2 bound with the
B-D-Araf compound 2-5, all samples were kept at 4 °C until GBA2 activity was measured by incubation
with 4MU-B-D-Glc at time points 0.5 h, 24 h and 96 h and subsequent measurement of emerging
fluorescence. The GBA2 activity assays were performed with 10 uL sample in triplicate, and the activity
of GBA2 incubated without inhibitors was used as a control.

Reactivity of B-D-Araf aziridines towards GBA2 mutants

For overexpression of GBA2 mutants, HEK293T GBA1/GBA2 KO cells were used. GBA2-E527G, GBA2-
D677G, or GBA2- E527G/D677G double mutants containing a myc tag were generated as described
previously for COS-7 cells.!” Next, 500 nM B-D-Araf cyclitol aziridine ABP 3-5 or cyclophellitol-aziridine
ABP 7 were incubated with the corresponding lysates for 30 min at 37 °C, followed by SDS-PAGE and
fluorescence scanning as described in ABPP. Subsequently, proteins in the wet gel slabs were
transferred to nitrocellulose membranes for Western blotting. Ponceau S staining was used to show
loading control of proteins. Primary antibody used was Mouse anti myc (a-myc, Bioke). Secondary
antibodies, donkey anti mouse with Alexa 488 (Invitrogen) or goat anti mouse with Alexa 532
(Invitrogen) were used to visualize GBA2 mutants with the myc tag.

Reactivity of B-D-Araf aziridines towards GBA2 orthologue in other species

B-D-Araf aziridine ABP 3-5 or ABP 7 was incubated with homogenates of zebrafish (Danio rerio)
larvae or mice brain for 1 h at 37 °C. The homogenates were obtained as follows. Zebrafish larvae were
kept at a constant temperature of 28.5 °C and raised in egg water (60 pg L-1 sea salt, Sera Marin) for 5
days, larvae were collected and sacrificed for making homogenates, a total 10-20 pg larvae
homogenates were used for ABPP. Extracts of mouse brain were obtained from existing mice extraction
stocks that were stored at —20 °C; a total of 10-20 pg mouse brain homogenate was used. The zebrafish
homogenate was passed through a desalting column (in the same way as described for the
irreversibility evaluation above) to remove interference from biological pigments when scanning at AEX
473 nm and AEM > 510 nm for BODIPY green fluorescence.

In situ intact cell permeability assays

Confluent HEK293T cells expressing human endogenous GBA1 and overexpressed GBA2/GBA3,
wild-type HEK293T cells or wild-type human retinal pigment epithelial-1 (RPE-1) cells were cultured in
12-well plates for duplicates or triplicates with (or without) compounds (3-5) for the described
incubation times using the conditions as described for the cell culture. The cells were harvested and
lysed as described in the cell lysis method. After determination of the protein concentration by BCA
assay, the lysates were adjusted to 10 pL by addition of potassium phosphate buffer in order to
normalize the amount of protein loaded (to 10-25 ug total protein per measurement) and subjected to
ABPP as described above.

In situ visualization of GBA2 using confocal microscopy

HEK293T wild-type (WT), GBA1 endogenous and GBA2 overexpression (GBA2 OE), or GBA1/GBA2
knockout (KO) GBA2 overexpression (GBA1/GBA2 KO GBA2 OE) cells were cultured as described in cell
culture.3* Cells were grown to approximately 75% confluency on @15 mm glass coverslips coated with
0.1 mg/ml poly-D-Lysine. Samples were pretreated for 16 h with 100 nM of a GBA1 inhibitor (212, 0.5%
DMSO0), 500 nM of a GBA1 and GBA2 inhibitor (223, 0.5% DMSO) or with 0.5% DMSO alone. GBA2 was
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subsequently incubated by the addition of 50 nM ABP 4 (BODIPY-red) to cells for 2 h at 37 °C with 5%
COs. Unbound probe was washed away with PBS and cells were fixed with 4% paraformaldehyde (Alfa
Aesar)/PBS for 15 min at RT. After fixation the cells were washed with PBS and directly permeabilized
with 0.1% Tween20 (Sigma-Aldrich)/TBS for 30 min at RT. After gentle washing in PBS, the samples were
blocked using 3% (w/v) BSA (Sigma-Aldrich)/PBS for 30 min at RT. Immunofluorescence staining was
performed with mouse-anti-GBA1 (8E4, generated as described in the literature** 1:250 in 3% BSA-PBS
and visualized with a donkey-anti-mouse-Alexa647 (Molecular Probes) 1:1000 in 3% BSA-PBS. Nuclei
were stained with 10 pug/ml DAPI (Sigma-Aldrich). Afterwards the samples were mounted on ProLong
Diamond (Molecular Probes) and imaged on a Nikon Eclipse Ti2 confocal microscope with a 100x/1.49
Numerical Aperture SR HP Apo TIRF oil immersion objective equipped with a PMTs detector.

Expression, purification and crystallization of TxGH116

A construct consisting of TxGH116A1-18 cloned into pET30a was transformed into E. coli BL21(DE3)
and used for the expression of TxGH116 and its purification based on the method described.® Purified
TxGH116 at 1 mg/ml in 20 mM Tris—HCI pH 8.0, 150 mM NaCl was crystalized in a sitting drop plate, in
a 2:1 ratio to the well solution, which consisted of 20 % (w/v) polyethylene glycol 3000, 100 mM
ammonium sulfate, 0.1 M 2-(N-morpholino) ethanesulfonic acid pH 6.0. A crystal was soaked by the
addition of a 10 mM solution of 8-azidooctyl-B-D-arabinofuranosyl cyclitol aziridine 2 dissolved in water
to a final concentration of 3.3 mM in the drop and fished after 68 hours into liquid nitrogen without
additional cryoprotection.

Data collection and refinement

Data were collected at beamline io4 at the Diamond Light Source (UK), processed using DIALS* and
scaled with AIMLESS?. There are 2 molecules per asymmetric unit and the space group is P2:2:2;. The
structure was solved using Phaser?” with PDB entry 5BVU as the model, and refined using REFMAC5%
interspersed with rounds of model building in Coot®. The ligand was built and dictionary restraints
generated using AceDRG*°. The programs were run through the CCP4/2°! graphical interface. Data
collection and refinement statistics are given in Table S2.
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Appendix

Table S1. Apparent ICso values (nM) of arabinofuranosyl cyclitol configured compounds as B-glucosidase inhibitors,

determined by 4-MU-B-D-Glc fluorogenic substrate assays.

B-D-Araf GBA2 [ rhGBA1 [ GBA3 [d

1 (aziridine) > 50000 > 50000 > 50000

2 (octyl-azido) 630.0 £ 95.6 2730.0 £907.2 8149.6 + 1425.8
3 (BODIPY green) 124.4+4.9 42923 +157.1 >10000

4 (BODIPY red) 162.2 £34.7 1777.0+£71.0 > 10000

5 (Cy5) 263.7£23.5 295.1+35.3 1518.7 +159.4
6 (Biotin) 8481.0+762.6 10671.0 + 786.5 10281.7 + 1896.5
o-L-Araf GBA2 [ rhGBA1 1! GBA3

12 (epoxide) > 50000 > 50000 > 50000

13 (aziridine) > 50000 > 50000 > 50000

14 (aziridine Cy5)

1850 (30 min)

> 50000 (30 min)

> 50000 (3 h)

N.D. (3 h) 1340 (3 h)
B-L-Araf GBA2 [ rhGBA1 [°] GBA3 ¢!
15 (epoxide) > 20000 > 20000 > 20000
16 (epoxide Cy5) > 20000 >20000 > 20000
17 (epoxide BODIPY green) > 20000 > 20000 > 20000
18 (aziridine) > 20000 > 20000 > 20000
19 (aziridine Cy5) >20000 >20000 >20000
20 (aziridine BODIPY green) 20000 >20000 >20000

N.D. = not determined, enzyme: [a] GBA2 = GBA1/GBA2 KO and GBA2 OE HEK293T cell lysate, [b] rhGBA1 =
isolated Imiglucerase (Cerezyme®), [c] GBA3 = GBA1/GBA2 KO and GBA3 OE HEK293T cell lysate. Incubation time
of compounds and enzymes is 30 min, assays was also conducted for 3 h incubation of compound 14 and marked
in the table. Error ranges = + SD, n = 3 replicates for B-D-Araf aziridine compounds, n = 1 replicates for a-L-Araf
and B-L-Araf compounds.

B-L-arabinofuranosyl cyclitol configured
(B-L-Araf) compounds

o-L-arabinofuranosyl cyclitol configured
(a.-L-Araf) compounds

B-D-arabinofuranosyl cyclitol aziridine
(B-D-Araf) compounds

SRR
8
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Figure S1. Compound library used in this chapter.
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Apparent ICsq curves of B-D-Araf compounds
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Figure S2. Apparent ICso curves of arabinofuranosyl configured compounds (1-6, 12-20) based on 4MU
fluorogenic substrate assays using 4MU-B-D-Glc. The enzymes used were recombinant GBA1 (Imiglucerase),
lysates of GBA1/GBA2 KO cells with overexpression of either GBA2 or GBA3. Incubation time for enzyme with the
inhibitors is 30 min (if not otherwise stated) or 3 h (marked as ‘3 h’ in figures) at the appropriate pH.
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B-D-Araf ABPs in vitro labelling
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Figure S3-1. In vitro reactivity of B-D-Araf aziridine ABPs 3-5 towards B-glucosidases. (A) B-D-Araf ABPs incubated
with HEK293T GBA1 endogenous and GBA2/GBA3 OE cell lysate in vitro for 30 min at 37 °C. To test the activity of
ABP 3-5 towards boiled lysates (boiled for 5 min at 98 °C). The boiled lysates were incubated with ABPs 3-5 for 30
min at 37 °C. Result was read out by SDS-PAGE and fluorescence scanning. (B) B-D-Araf ABPs 3-5 labelled mixture
of HEK293T GBA1/GBA2 KO GBA2 OE cell lysates and recombinant human GBA1 (rhGBA1) at optimal condtions
of GBA2 (left) or rhGBA1 (right). Lysate mixtures were first incubated with B-D-Araf ABPs 3-5 for 30 min at 37 °C,
followed by labbeling of rhGBA1 by ABP 10 at 500 nM (for 3 and 4) or ABP 11 at 500 nM (for 5). Lane marked as
‘7', only ABP 7 was added to show the presence of GBA2 and rhGBA1. To label rhGBA1 at its optimal condition,
Mcllvaine buffer (pH 5.2) with 0.1% (v/v) Triton X-100 and 0.2% (w/v) sodium taurocholate (NaTc) was used.

62



B-D-Arabinofuranosyl cyclitol aziridine
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Figure S3-2. Reactivity of a-L-Araf and B-L-Araf ABPs towards B-glucosidases. HEK293T GBA1 endogenous and
GBA2/GBA3 OE cell lysates were used and incubated with these ABPs in vitro for 30 min at 37 °C, followed by
SDS-PAGE and fluorescent scanning of the gels. Coomassie brilliant blue staining (CBB) was performed as a loading
control.
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Figure S4. In vitro pH- or time-dependent reactivity of B-D-Araf ABPs 3-5 (500 nM) towards B-glucosidases.
HEK293T GBA1 endogenous and GBA2/GBA3 OE cell lysates were used and incubated with ABP 3-5 at the
indicated conditions. Fluorescence intensity of ABPs 3-5 was quantified and the result was presented as the curve
on the right.
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The GBA2 interaction efficiency of B-D-Araf aziridine ABPs 3-5 and cyclophellitol-aziridine ABP 7 was
compared by simultaneous incubation with GBA2 for competition. The mixture of B-D-Araf aziridine
ABP (3-5) against cyclophellitol-aziridine ABP (7 or 8) in varying ratios was set up for assays. For each
ratio, the amount of total molecules is same (final 500 nM concentration). After incubation, result was
read out by SDS-PAGE and fluorescence scanning. As shown in Figure S5, ABP 3 and 4 have equal GBA2
labelling efficiency with ABP 7 at 90:10 ratio (nM of B-D-Araf aziridine ABP : cyclophellitol-aziridine ABP)
and ABP 5 only able to label GBA2 at 100:1 ratio when competing with ABP 8.
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Figure S5. Comparison of the interaction efficiency between B-D-Araf aziridine ABPs (3-5) and cyclophellitol-
aziridine ABPs (7 or 8) towards GBA2 in vitro. GBA1/GBA2 KO GBA2 OE HEK293T cell lysates were incubated with
a total final amount of 500 nM of B-D-Araf ABP and cyclophellitol aziridine ABP 7 (or 8) mixture in varying ratio
as indicated.

To assess the irreversibility of the GBA2 labelling by B-D-Araf cyclitol aziridines, competitive ABPP
experiment was conducted. First, lysates of HEK293T GBA1/GBA2 KO cells with GBA2 OE was
preincubated with B-D-Araf compound 2-4. After employing a desalting column to remove unbound
probe with three consecutive washing steps, the lysate was next incubated with fluorescent broad-
spectrum B-glucosidase ABP 7, an ABP irreversibly binds B-glucosidases, for variable time. No further
labelling with 7 was observed compared to the control set (first lane of each set), indicating that the
GBA2 molecule had formed a covalent and irreversible bond with B-D-Araf compound 2-4, preventing
binding of ABP 7 to GBA2 anymore (Figure S6A). In complementary experiments in which GBA2 lysates
were incubated with B-D-Araf compounds 2-5 followed by washing to remove any unbound probe, no
recovery of GBA2 activity was observed even after 96 h (Figure S6C).
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Figure S6. (A) Irreversibility of B-D-Araf aziridine compounds revealed by a competition ABPP assay. Lysates of
GBA1/GBA2 KO cells with GBA2 overexpression were first pre-treated with the B-D-Araf compounds 2-4 or an
equivalent volume without compound (0.5% DMSO final concentration in this step as control) for 30 min at 37°C,
followed by three times of consecutive washing with a desalting column and incubation with 1 uM irreversible
ABP 7 for 30 min (for competition analysis) after the washing step, the final concentration of DMSO in all samples
after addition of ABP 7 was maintained at 1%. Lanes: ‘No wash, 0.5 h’ = GBA2 pre-treated with compounds 2-4
or DMSO, without undergoing the washing steps, followed by incubating with ABP 7 for 0.5 h at 37 °C. The
samples that underwent the washing step (lanes marked with 'wash step, yes’), were incubated either with ABP
7 for 24 h or 48 h at 4 °C (for enzyme stability reasons), or with ABP 7 for 0.5 h at 37 °C. Afterwards, samples were
subjected to ABPP. (B) A subset of above samples pre-treated with compounds 2-4 or DMSO, were washed three
times with a desalting column, subsequently, samples were measured for GBA2 activity by the 4-MU-B-D-Glc
fluorogenic substrate assay, to assess whether GBA2, which had reacted with compounds 2-4, could recover
activity after the washing step. (C) Binding stability of compounds 2-5 towards GBA2 revealed by the 4-MU-B-D-
Glc fluorogenic substrate assay. Lysates of GBA1/GBA2 KO cells with GBA2 overexpression were pre-treated with
compounds 2-5 or an equivalent volume of DMSO (as control) and washed once by a desalting column, then the
lysates were stored at 4°C until the time point for activity measurement was reached. 0 h = measured activity of
lysates prior to washing by desalting column. ‘0.5 h, 24 h, or 96 h’ = measured activity of lysates at a certain time
point after washing steps.
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Intact GBA1 endogenous GBA2/GBA3 OE HEK cells treated with Araf ABPs in situ for 1 h
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Figure S7. Intact HEK293T cells, either with endogenous GBA1 and GBA2/GAB3 OE, or with GBA1/GBA2 KO, were
incubated with arabinofuranosyl cyclitol configured ABPs (3-5, 14, 20) for 1 h in situ, then cells were lysed and
subjected to ABPP. GAA = Lysosomal a-glucosidase (EC 3.2.1.20, CAZy GH31).
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Figure S8. B-D-Araf aziridine ABPs incubated with intact HEK293T cells (endogenous GBA1 and GBA2/GBA3 OE)
for 24 h in situ. Intact HEK293T cells were treated with B-D-Araf ABPs (3-5) for 24 h at 37 °C under 7% CO, then
cells were collected and lysed, followed by ABPP. (A) ABPP of intact cells labelled by B-D-Araf ABPs (3-5) in situ.
(B) Intact cells labelled by B-D-Araf ABPs (3-5) in situ were lysed and followed by in vitro incubation with 500 nM
broad-spectrum B-glucosidase ABP 7 (for 3 and 4) or 11 (for 5), to reveal residual active B-glucosidases not bound
by ABP 3-5.
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Figure S9. Intact wild-type HEK293T cells treated with B-D-Araf aziridine ABPs (3-5) in situ. B-D-Araf ABPs were
firstly incubated with intact wild-type HEK293T in situ for the indicated incubation time, then cells were harvested,
followed by adding lysis buffer (potassium phosphate buffer) containing ABP (7, 8, or 9, 1 uM final concentration
with a 1% DMSO final concentration), or cyclophellitol (CP, 1 uM final concentration with a 1% DMSO final
concentration), or the blank (‘/’) 1% DMSO (final concentration) for ABPP analysis. Then harvested cells were
lysed in lysis buffer and incubated for 30 min on ice and 30 min at 37°C in vitro for ABPP.
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Figure $10. (A) Intact HEK293T wild-type cells treated with B-D-Araf aziridine ABPs 3-5 in situ for 24 h. Intact wild-
type HEK293T cells were incubated with described concentration of B-D-Araf ABP, after 24 h, cells were collected
and lysed, residual GBA2 and GBA1 activity were read out by incubation with 500 nM ABP 7 (for 3 and 4) or ABP
8 (for 5). (B) Wild-type human retinal pigment epithelial-1 (RPE-1) cells were treated with B-D-Araf aziridine ABPs
3-5 for either 2 h or 5 h in situ. Then cells were collected, lysed, and subjected to ABPP.
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(A) Microscopy (HEK293T cells)
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Figure S11. Confocal fluorescence microscopy of GBA1 and GBA2. Applied for incubation were B-D-Araf ABP 4
and anti-GBA1 (a-GBA1) antibody. Used were different HEK293T cells: HEK293T wild-type (WT), GBA2
overexpression (OE), and GBA1/GBA2 knock out (KO) with GBA2 overexpression (OE). Cells were treated with 50
nM B-D-Araf aziridine ABP 4 (Red) for 2 h. After fixation all cells were stained for GBA1 using an anti-GBA1-
antibody with Alexa Fluor® 647 conjugation (green) and nuclei were stained with 10 ug/ml DAPI (Blue). (A)
without inhibitor pretreatment. a-GBA1 = immunofluorescent stain of a-GBA1 antibody, GBA2 = fluorescent
labelling of ABP 4, DAPI = nuclei stained by DAPI. (B) microscopy with inhibitor pretreatment. DMSO = same
concentration of DMSO (as sets of 21 and 22) without inhibitor was added (pre-treatment). 100 nM 21 and 500
nM 22 were used for the inhibitor pretreatments.
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Figure S12. Assessment of the affinity and selectivity of a biotin-tagged compound 6 via in vitro competitive ABPP
assay. Lysates of HEK293T GBA1 endogenous and GBA2/GBA3 OE cell were pre-treated with 6 for a 3 h incubation
at 37 °C, then the residual active B-glucosidases were read out by 500 nM ABP 7 by competitive ABPP quantified

ICso was determined by the fluorescence intensity of ABP 7.

Thr591

Figure S13. Overlay of structures of TxGH116 complexes with cyclophellitol aziridine (8R06.pdb) and compound
2 (8R1M.pdb). C atoms are shown in orange for cyclophellitol aziridine and light pink for interacting side chains
(with hydrogen bonds as coral dashed lines), and in green for 2 and ice blue for interacting side chains (with
hydrogen bonds as blue dashed lines).
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Table S2. Data collection and refinement statistics for the complex of TxGH116 and B-D-Araf 2.

TxGH116-2
Data collection
Space group P212121
Cell dimensions
a, b, c(R) 55.0, 165.1, 178.9
o, B,y (°) 90.0, 90.0, 90.0
Resolution (A) 56.09 — 1.90 (1.93 - 1.90)*
Total no. reflections 1381158
No. unique reflections 129333 (6302)
Rsym OF Rmerge 0.249 (2.052)
Rpim 0.079 (0.643)
CCy/2 0.996 (0.554)
1/cl 7.1(1.3)
Completeness (%) 100.0 (100.0)
Redundancy 10.7 (10.9)
Refinement
No. reflections working set 122902
No. reflections test set 6306
Rwork / Riree 0.18/0.23
No. atoms
Protein 12592
Ligand/ion 53
Water 880
B-factors
Protein 24.9
Ligand/ion 31.9
Water 29.9
R.m.s deviations
Bond lengths (A) 0.006
Bond angles (°) 1.513
Ramachandran plot residues
In most favorable regions (%) 95.1
In allowed regions (%) 4.4
PDB code 8R1M

* Figures for highest resolution shell given in parentheses

Compound synthesis

Compounds used in this work were synthesized and obtained at the Bio-organic Synthesis
Department, Leiden Institute of Chemistry at Leiden University, according to published methods:

B-D-arabinofuranosyl cyclitol-aziridines : 1, 2-6.2

a-L-arabinofuranosyl cyclitol-configured compounds: 12-14.3

B-L-arabinofuranosyl cyclitol-configured compounds: 15* and 16-20°.

Cyclophellitol-configured compounds: 75, 87, 98, 10° and 11°.

Other compounds: 219, 221,

70



B-D-Arabinofuranosyl cyclitol aziridine

Supplementary references

1.

10.

11.

O. Lopez Lopez, J. G. Fernandez-Bolanos, V. H. Lillelund and M. Bols, Aziridines as a structural
motif to conformational restriction of azasugars, Org. Biomol. Chem., 2003, 1, 478-482.

S. P. Schroder, Cyclophellitol analogues for profiling of exo- and endo-glycosidases, Thesis,
Leiden University, 2018, https://hdl.handle.net/1887/62362.

N. G. S. McGregor, M. Artola, A. Nin-Hill, D. Linzel, M. Haon, J. Reijngoud, A. Ram, M. N. Rosso,
G. A. van der Marel, J. D. C. Codée, G. P. van Wezel, J. G. Berrin, C. Rovira, H. S. Overkleeft and
G. J. Davies, Rational design of mechanism-based inhibitors and activity-based probes for the
identification of retaining alpha-l-arabinofuranosidases, J. Am. Chem. Soc., 2020, 142, 4648-
4662.

N. G. S. McGregor, J. Coines, V. Borlandelli, S. Amaki, M. Artola, A. Nin-Hill, D. Linzel, C. Yamada,
T. Arakawa, A. Ishiwata, Y. Ito, G. A. van der Marel, J. D. C. Codée, S. Fushinobu, H. S. Overkleeft,
C. Rovira and G. J. Davies, Cysteine nucleophiles in glycosidase catalysis: application of a
covalent beta-l-arabinofuranosidase inhibitor, Angew. Chem. Int. Ed., 2021, 60, 5754-5758.

V. Borlandelli, W. Offen, O. Moroz, A. Nin-Hill, N. McGregor, L. Binkhorst, A. Ishiwata, Z.
Armstrong, M. Artola, C. Rovira, G. J. Davies and H. S. Overkleeft, beta-l-Arabinofurano-cyclitol
aziridines are covalent broad-spectrum inhibitors and activity-based probes for retaining beta-
l-arabinofuranosidases, ACS Chem. Biol., 2023, 18, 2564-2573.

S. P. Schroder, J. W. van de Sande, W. W. Kallemeijn, C. L. Kuo, M. Artola, E. J. van Rooden, J.
Jiang, T. J. M. Beenakker, B. I. Florea, W. A. Offen, G. J. Davies, A. J. Minnaard, J. M. Aerts, J. D.
C. Codée, G. A. van der Marel and H. S. Overkleeft, Towards broad spectrum activity-based
glycosidase probes: synthesis and evaluation of deoxygenated cyclophellitol aziridines, Chem.
Commun., 2017, 53, 12528-12531.

W. W. Kallemeijn, K. Y. Li, M. D. Witte, A. R. Marques, J. Aten, S. Scheij, J. Jiang, L. I. Willems, T.
M. Voorn-Brouwer, C. P. van Roomen, R. Ottenhoff, R. G. Boot, H. van den Elst, M. T. Walvoort,
B. I. Florea, J. D. Codée, G. A. van der Marel, J. M. Aerts and H. S. Overkleeft, Novel activity-
based probes for broad-spectrum profiling of retaining beta-exoglucosidases in situ and in vivo,
Angew. Chem. Int. Ed., 2012, 51, 12529-12533.

K.-Y. Li, J. Jiang, M. D. Witte, W. W. Kallemeijn, H. van den Elst, C.-S. Wong, S. D. Chander, S.
Hoogendoorn, T. J. M. Beenakker, J. D. C. Codée, J. M. Aerts, G. A. van der Marel and H. S.
Overkleeft, Synthesis of cyclophellitol, cyclophellitol aziridine, and their tagged derivatives, Eur.
J. Org. Chem., 2014, 2014, 6030-6043.

M. Artola, C. L. Kuo, L. T. Lelieveld, R. J. Rowland, G. A. van der Marel, J. D. C. Codée, R. G. Boot,
G. J. Davies, J. M. Aerts and H. S. Overkleeft, Functionalized cyclophellitols are selective
glucocerebrosidase inhibitors and induce a bona fide neuropathic Gaucher model in zebrafish,
J. Am. Chem. Soc., 2019, 141, 4214-4218.

M. D. Witte, W. W. Kallemeijn, J. Aten, K. Y. Li, A. Strijland, W. E. Donker-Koopman, A. M. van
den Nieuwendijk, B. Bleijlevens, G. Kramer, B. I. Florea, B. Hooibrink, C. E. Hollak, R. Ottenhoff,
R. G. Boot, G. A. van der Marel, H. S. Overkleeft and J. M. Aerts, Ultrasensitive in situ
visualization of active glucocerebrosidase molecules, Nat. Chem. Biol., 2010, 6, 907-913.

K. Y. Li, J. Jiang, M. D. Witte, W. W. Kallemeijn, W. E. Donker-Koopman, R. G. Boot, J. M. Aerts,
J. D. Codée, G. A. van der Marel and H. S. Overkleeft, Exploring functional cyclophellitol
analogues as human retaining beta-glucosidase inhibitors, Org. Biomol. Chem., 2014, 12, 7786-
7791.

71


https://hdl.handle.net/1887/62362

72



ABPs reacting with GBA3

Chapter 4

Reactivity of cytosolic retaining B-glucosidase towards retaining
glycosidase ABPs

Qin Su, Mats Bulterman, Maria Ferraz, Max Janssen, Rita Petracca, Marta Artola, Rolf G. Boot, Herman
S. Overkleeft, and Johannes M. F. G. Aerts are acknowledged for their contributions to this chapter.

73



Chapter 4

Abstract

The cytosolic glucosidase GBA3 (EC 3.2.1.21, CAZy GH1) is an enzyme with broad substrate specificity
in mammals, where it is thought to partake in the degradation of glycosylated xenobiotics. In humans,
inherited deficiency of GBA3 is relatively common but appears not to be accompanied by clinical
manifestations. GBAS3 is reported to hydrolyze a variety of glycosidic substrates, as is confirmed in this
chapter for 4-methylumbelliferyl (4-MU)-B-D-glucopyranoside, 4-MU-B-D-galactopyranoside, 4-MU-j-
D-fucopyranoside, 4-MU-B-D-xylopyranoside, and 4-MU-a-L-arabinopyranoside. Moreover, [B-D-
galactose-configured and a-L-arabinopyranose-configured cyclophellitol-aziridine ABPs were identified
that label GBA3 with some selectivity over the other two human retaining glucosidases, GBA1 and
GBA2.

74



ABPs reacting with GBA3

Introduction

The cytosolic B-glucosidase, GBA3, also referred to as non-specific B-glucosidase, broad-specificity
B-glycosidase, cytosolic B-glucosidase-like protein-1 (cBGL1), and Klotho related protein (KLrP), is a 469
amino acid cytosolic retaining B-exoglucosidase.® The human GBA3 gene is located in locus 4p15.2,
and GBA3 is expressed as a cytosolic protein in the liver, kidneys, and intestine, amongst other tissues.®
GBA3 (EC 3.2.1.21) is classified as a member of family GH1 of retaining B-glycosidases in the CAZy
database (www.cazy.org). The crystal structure of GBA3 reveals structural features of its catalytic
pocket.>”® GBA3 employs a catalytic nucleophile (E373) and acid/base (E165) in B-glucoside
hydrolysis.>” GBA3 was found to hydrolyze many xenobiotic glycosides including dietary flavonoids and
isoflavones and was therefore considered to play a role in xenobiotic metabolism.*>° In addition, it has
been reported that GBA3 stabilizes NEU2 (sialidase-2, a cytosolic sialidase), and has a possible role in
the catabolism of cytosolic sialic acid-free N-glycans.X® Besides GBA3, human tissue express two other
retaining B-glucosidases, namely, lysosomal GBA1 (EC 3.2.1.45, GH30) and cytosol facing membrane-
bound GBA2 (EC 3.2.1.45, GH116).”**12 Deficiency of GBA1 is at the basis of Gaucher disease (GD), a
lysosomal storage disorder characterized by massive accumulation of glucosylceramide (GlcCer) in
lysosomes of tissue macrophages.!® Patients with the most common GD variant (type 1) do not develop
neuropathological complaints, while patients suffering from the rarer variants of GD (type 2 and type
3) eventually develop potentially fatal CNS symptoms.'* Deficiency of GBA2 in turn is associated with
hereditary spastic paraplegia.l* Dekker et al. reported that a common loss-of-function mutation in
GBA3 does not correlate with type 1 GD severity.™ This study corroborates earlier work by Beutler and
colleagues, who did not observe a relationship between any of four GBA3 gene polymorphisms with
GD manifestation severity.’® The physiological role of GBA3 remains therefore enigmatic.

GBA3 differs from the other two cellular B-glucosidases (GBA1 and GBA2) in that it has a broad
substrate specificity, in particular with respect to the nature of the monosaccharide in its substrate
glycosides. GBA3 hydrolyzes, besides B-D-glucopyranosides, also B-D-galactopyranosides (B-D-Gal), B-
D-fucopyranosides (B-D-Fuc), B-D-xylopyranosides (B-D-Xyl), and a-L-arabinosides.? Besides substrate
hydrolysis, GBA3 has also been shown to have transglycosylase activity, producing B-xylosyl-cholesterol
(XylChol) from both xylosylceramide and 4-MU-B-D-xylopyranoside as sugar donor and cholesterol as
acceptor.’” Transglycosylation activity is also a feature of GBA1l and GBA2, which transfer B-
glucopyranose or B-galactopyranose from GlcCer or GalCer to cholesterol to produce B-glucosyl-
cholesterol (GlcChol) or B-galactosyl-cholesterol (GalChol), respectively.’®'® GBA3 however, while
capable of producing XylChol, does not produce GlcChol, as GBA1 and GBA2 do.Y

The studies described in this chapter were aimed to discover new tools to study GBA3 activity in
complex biological milieu. For this purpose, recombinant GBA3 was exposed to a variety of fluorogenic
substrates as well as cyclophellitol-based activity-based probes (ABPs) of various nature (configuration,
substitution pattern). These studies identify that 4-MU-B-D-Fuc and 4-MU-a-L-Arap are both efficiently
and with reasonable selectivity processed by GBA3, and reveal that B-D-galactose configured (B-D-Gal)
cyclophellitol ABP 3 and a-L-arabinopyranose configured (a-L-Arap) cyclophellitol aziridine ABP 5
(Figure 1) label GBA3 with some selectivity over GBA1 and GBA2.

Results
Identification of a GBA3-selective fluorogenic substrate

The first research objective comprised the identification of a reporter substrate for monitoring the
activity of GBA3 in biological samples. To this end, the ability of isolated recombinant human GBA3
(rhGBA3) to hydrolyze fifteen 4-methylumbelliferyl (4-MU)-glycosides was investigated first.
Corroborating literature studies,*? rhGBA3 efficiently hydrolyzes 4-MU-B-D-glucopyranoside (B-D-Glc),
4-MU-B-D-galactopyranoside (B-D-Gal), 4-MU-B-D-fucopyranoside (B-D-Fuc), and 4-MU-a-L-
arabinopyranoside (a-L-Arap), and to a lesser extent also 4-MU-B-D-xylopyranoside (B-D-Xyl) and 4-
MU-a-L-arabinofuranoside (a-L-Araf), but none of the other nine 4-MU-glycosides (Table 1A, see Figure
1 for the structures of the 4-MU-glycosides used). Although their proficiency as reporter substrate
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differs, all six GBA3-sensitive substrates can in principle be used to report on GBA3 activity, and the
effect of potential inhibitors on this, in settings in which GBA3 is the only retaining B-glucosidase
present. Human cells, and extracts thereof, however contain a multitude of glycosidases, including
GBA1 and GBA2, and the galactosidases, GLB1 (B-galactosidases, EC 3.2.1.23) and GALC
(galactosylceramidase, EC 3.2.1.46).

4-Methylumbelliferyl glycoside (4-MU-glycoside) substrates
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Figure 1. Chemical structure of compounds used in this chapter.

Substrates processed by one or more of these enzymes are not suitable for measuring specifically
GBAS3 activity in such more complex biological samples. For instance, 4-MU-B-D-Xyl is also hydrolyzed
by GBA1, and 4-MU-B-D-Gal by GALC and GLB1. This does not necessarily hold true for 4-MU-B-D-Fuc,
4-MU-a-L-Arap, and 4-MU-a-L-Araf, as the ability of GBA1, GBA2, GALC and GLB1 to process these
substrates is not known. To shed light in the possible use of 4-MU-B-D-Fuc, 4-MU-a-L-Arap, or 4-MU-
a-L-Araf as selective GBA3 reporters, these three substrates were next exposed to either recombinant
human (rh) GBA1 or lysates of GBA1/GBA2 KO HEK293T cells overexpressing GBA2 (hereafter termed
GBA2 cells). As shown in Table 1B, neither 4-MU-B-D-Fuc nor 4-MU-a-L-Arap proved to be rhGBA1
substrates, whereas some 4-MU-a-L-Araf processing by rhGBA1 was observed. When exposed to GBA2
cell extract, 4-MU-B-D-Fuc and 4-MU-a-L-Arap were processed with considerable efficiency, while no
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discernible hydrolysis of 4-MU-a-L-Araf was observed. GBA2 cell extract-mediated hydrolysis of 4-MU-
B-D-Fuc and 4-MU-a-L-Arap could be reduced largely by pretreatment with the potent GLB1 and GALC
inhibitor,? galacto-cyclophellitol-aziridine 6. In contrast, the potent and selective GBA2 inhibitor 8%
had no effect on the GBA2 cell extract-mediated hydrolysis of 4-MU-B-D-Fuc and 4-MU-a-L-Arap. Taken
these results together, 4-MU-B-D-Fuc and 4-MU-a-L-Arap emerge as the most GBA3-selective
substrates of the series tested and may be useful to report on GBA3 activity in mammalian cell extracts,
provided that samples are pretreated with the GLB1/GALC inhibitor 6.

Table 1. (A) Isolated rhGBA3 hydrolyzes six 4-MU-glycosides. 4-MU-glycosides (2-3.7 mM) in Mcllvaine buffer (150
mM, pH 6.0) were incubated with rhGBA3 for 1 h at 37 °C (see Figure 1 for the structures of the fluorogenic
substrates). (B) Processing of substrates by recombinant human GBA1l (rhGBA1), lysate of GBA1/GBA2 KO
HEK293T cell, and lysate of GBA2 cells. Isolated rhGBA1 was incubated with the indicated substrate for 30 min at
37 °C at pH 5.2. Samples (lysates of either GBA1/GBA2 KO cells or GBA2 cells) were pre-incubated with vehicle
(DMSO) or 500 nM inhibitor 6 (to selectively inhibit GLB1/GALC) or 500 nM inhibitor 8 (to selectively inhibit GBA2)
for 30 min at 37 °C at pH 5.8, followed by incubation with indicated substrates for 30 min.

A B
4-MU-glycosides rhG.BtQ3 . 4-MU-B- 4-MU-a- 4-MU-a-
(2-3.7 mM, at pH 6.0) activity Activity D-Fuc L-Arap L-Araf
oty B (umol/h/mg) (MU2)  (MU4)  (MUs)
MU1 (B-D-Glc) 1441.7 +110.5
Isolated rhGBA1
<1 <1 3.6
(umol/h/mg)
MU2 (B-D-Fuc) 1353.4 + 14.7
Mu3 (B-D-Gal) 700.3+19.5 | Lysate o
of o inhibitor
GBAL/ heelhicla) 27.0 23.1 <0.1
mMu4 (a-L-Arap) 300.9 +106.4
GBA2
KO
MU5 (B-D-Xyl) 45.7 £15.9 cells | +GLB1/GALC
(nmol/ selective 0.1 0.4 /
MU6 (0-L-Araf) 14.6+0.8 h/mg) inhibitor 6
MuU7 (o-L-Fuc) <1
Mu8 (a-D-Glc) <1 Noinhibitor |, , 18.1 03
(vehicle)
MuU9 (a-D-Gal) <1
MU10 (B-D-GalNAc) <1 Lysate
G;’;Z + GBA2
MU11 (B-D-Man) <1 cells selective 20.5 17.3 /
i) inhibitor 8
MU12 (a-D-Man) <1 h/mg)
MuU13 (B-D-GIcNAC) <1
+ GLB1/GALC
MuU14 (B-D-GlcA) <1 selective <0.1 0.3 /
inhibitor 6
MU15 (B-D-Lac) <1
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Towards GBA3-selective activity-based probes

Activity-based protein profiling (ABPP) reports on active enzymes in a manner complementary to
that of fluorogenic substrates. Whereas fluorogenic substrates are ideally suited for determining
enzyme activity kinetics and enzyme inhibition constants, ABPP is particularly suited to detect and
qguantify enzymes in complex biological samples. With the aim to uncover a GBA3-selective ABP, lysates
of HEK293T cells containing GBA1, GBA2, and GBA3 were incubated with ABPs 3-5. These three ABPs
were selected because they emulate in structure (configuration and substitution pattern) that of the
most GBA3-reactive fluorogenic substrates identified in Table 1A, namely B-D-galactopyranoside (for 3
and 4) and a-L-arabinofuranoside (for 5). As shown in Figure 2A, B-D-Gal-cyclophellitol (3-D-Gal) ABP 3
gave selective GBA3 labelling above 3 uM without labelling GBA1 and GBA2. ABP 3 has been reported
earlier to selectively label GALC,? which is however present in low amounts in the HEK293T cells used
here, and no clear GALC labelling of ABP 3 was observed under these conditions. B-D-Gal-
cyclophellitol aziridine ABP 4 at or above 100 nM labels GBA3, but at these concentrations also labels
GLB1. ABP 4 is reported? to react with GBA1 and GBA2, besides the galactosidases, GALC and GLB1,
and labelling of GBA2 and GLB1 was observed here as well when treating HEK293T lysate with ABP 4.
a-L-Arap-cyclophellitol (a-L-Arap) aziridine ABP 5 labelled all three retaining 3-glucosidases as well as
GLB1 with some selectivity for GBA3 over GBA1 and GBA2. To investigate the reactivity of ABP 3
towards GBA1, mixtures of rhGBA1 and rhGBA3 were incubated with ABP 3. As shown in Figure 2B,
ABP 3 clearly labelled rhGBA3, but did not label rhGBA1. ABPs 3 and 5, exhibiting relatively good
selectivity towards GBA3 in ABPP assays, were then measured for their inhibitory potency (apparent
ICso values) towards retaining B-glucosidases in a 4-MU-B-D-Glc fluorogenic substrate assay. Both
compounds proved to be somewhat rhGBA3-selective also in these assays.

(A) B-D-Gal epoxide ABP 3 B-D-Gal aziridine ABP 4
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Figure 2. (A) Lysates of HEK293T cells expressing endogenous GBA1 and overexpressed GBA2 and GBA3, or of
GBA1/GBA2 knockout (KO) HEK293T cells, were incubated with varying concentrations of ABPs (3-5) for 30 min
at 37 °C, prior to SDS PAGE and fluorescence scanning of the wet gel slabs. (B) Mixtures of rhGBA1 and rhGBA3
were first treated with varying concentrations of ABP 3 for 30 min at 37 °C. Subsequently, samples were incubated
with 250 nM GBA1 selective ABP 2 to show residual active rhGBA1. Labelling of 500 nM broad-spectrum -
glucosidase ABP 1 shows the presence of both rhGBA1 and rhGBA3. [1] Merged fluorescence of ABP 3 (shown as
red) and ABP 1, 2 (shown as blue). [2] Labelling of ABP 3 (red). [3] Labelling of ABP 1 and 2 (blue).
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Table 2. Apparent ICso of ABPs 3 and 5 towards GBA1, GBA2 and GBA3 as determined in a 4-MU-B-D-Glc
fluorogenic substrate assay. Error ranges = + SD, n= 2 replicates.

Apparent ICso (nM) of rhGBA1? GBA2° rhGBA3®
B-D-Gal epoxide 3 > 100000 > 100000 1649.0 + 145.7
a-L-Arap aziridine 5 433.8+11.2 > 10000 ¢ 1.60+£0.04

arhGBA1 = Imiglucerase, isolated recombinant human GBA1. "GBA2 = lysate of GBA2 cells. ¢ hGBA3 = isolated
recombinant GBA3. The above enzymes were incubated with 3 or 5 for 30 min, following by incubation with 4-
MU-B-D-Glc for 30 min. “GLB1/GALC in lysates were not inactivated. Error ranges = + SD, n = 2 (duplicates).
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Figure 3. Apparent ICso curve of ABP 3 and 5 as B-glucosidase inhibitors as measured in a 4-MU-B-D-Glc
fluorogenic substrate assay.

Next, ABPs 3 and 5 were further examined on their selectivity towards B-glucosidases in situ (Figure
4). Intact HEK293T cells endogenously expressing GBA1 and overexpressing GBA2 and GBA3 were
treated with varying concentrations of ABP 3 or 5 for 3 h in situ. The cells were then harvested and
lysed, followed by the ABPP. ABP 3 labelled GBA3 without labelling GBA1 and GBA2, consistent with
the in vitro ABPP assays. ABP 5 in contrast labelled all B-glucosidases at close concentration with
concurrent GLB1 labelling, thus presenting no distinct GBA3 selectivity window in situ.

B-D-Gal epoxide ABP 3 a-L-Arap aziridine ABP 5
M
O ©
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Figure 4. Intact HEK293T cells expressing endogenous GBA1 and overexpressing GBA2 and GBA3 were treated
with varying concentrations of ABP 3 or 5 in situ for 3 h at 37 °C, then lysed, subjected to SDS-PAGE and
fluorescence scanning of the wet gel slabs. As a background control intact GBA1/GBA2 KO HEK293T cells were
also treated with ABP 3 at the same conditions.
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Investigating the reactivity of B-D-Gal epoxide ABP 3 and a-L-Arap aziridine ABP 5 with catalytic
residue mutants of GBA3

It was previously demonstrated by site-directed mutagenesis that GBA3 reacts with the B-Glc-
cyclophellitol aziridine ABP equipped with a BODIPY fluorophore through covalent linkage to the
catalytic nucleophile (E373).!! To establish whether ABPs 3 and 5 react GBA3 via the same catalytic
residue, these two ABPs were incubated with either wild-type GBA3, the nucleophile mutant (E373G),
the acid/base mutant (E165G), or the double mutant (E373G/E165G). Both probes reacted with the
wild-type enzyme, whereas neither reacted with the nucleophile (E373G) and double (E165G/E373G)
GBA3 mutants (Figure 5). Of note, the acid/base (E165G) mutant did react with ABP 5 but much less
so with ABP 3. As well, and in line with the results above, labelling of GLB1 with ABP 5 but not with 3
was observed.

Human GBA3 catalytic residues: ABPs 3 and 5 react with GBA3 catalytic residue mutants
H,N COOH a-L-Arap aziridine ABP 5 (300 nM) B-D-Gal epoxide ABP 3 (10 uM)
(] (¢
E373  E165 ” & o &
nucleophile aci X A\ X AN
p acid/base o‘* & ,{é”(’ ,,;\”"0 '\‘;;)(9 o‘* & $)o 4,\,,)0 'éoo
Images were captured by Western blot: N é\ < “ «  (kba) M s é\ « v« SkRa)
[1] Fluorescence of ABP 3 and 5 [1] 75 @ |[1] B ¢
GLBL B>| s s -.-
GBA3 B> - 50 @l - | -50
= 3 3
- 37 ‘ w37
-7
[2] Fluorescence of a-myc [2] - . o 75 ., [2] >
GBA3 (with myc) B>, ---;- 50 — W WY — -50
-37
-75

[3] Fluorescence of ABPs (3, 5) and a-myc

GLB1 B>

GBA3 (with myc) B> -0

-37

Figure 5. Reactivity of ABPs 3 and 5 towards wild-type GBA3 and GBA3 catalytic residue mutants (all enzymes
used contain a myc tag). Lysates of GBA1/GBA2 KO HEK293T cells expressing either wild-type GBA3, or mutant
GBA3 were incubated with ABP 3 or 5 for 30 min at 37 °C. After separating proteins with SDS-PAGE, proteins in
the wet gel slabs were transferred to a nitrocellulose membrane. The nitrocellulose membrane was then
subjected to anti-myc Western blotting. [1] Scanning fluorescence of Cy5 reporter of ABP 3 and 5. [2] Scanning
fluorescence of anti-myc (a-myc) antibody with Alexa Fluor™ 488 conjugation. [3] Merged fluorescence of both
ABP 3, 5 (blue) and anti-myc (green).

Discussion

The cytosolic B-glucosidase GBA3 was already identified in the early 1980s, but its physiological role
remains elusive. Arguably, the lack of understanding on GBA3 is in part rooted in the scarcity of suitable
reagents: fluorogenic substrates and activity-based probes able to selectively report on GBA3 activity.
Indeed, such reagents have helped unraveling the role and activities of the two human retaining
glucosidases most closely related to GBA3: GBA1 and GBA2 (see also Chapters 2 and 3). With this
reasoning in mind, research was executed, as detailed in this chapter, aimed at identifying both a GBA3
selective fluorogenic substrate and an activity-based probe. From a panel of fifteen differently
configured 4-MU-glycoside substrates, 4-MU-B-D-Fuc and 4-MU-a-L-Arap were found as potentially
suitable GBA3 selective substrates that can be used in mammalian cell extracts. When the retaining -
galactosidases, GALC and GLB1 (both of process 4-MU-B-D-Gal efficiently), are inactivated by the B-
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galactosidase-selective inhibitor 6, hydrolysis of 4-MU-B-D-Fuc and 4-MU-a-L-Arap in human cell
extracts can only be mediated by GBA3 and therefore selectively reflects the activity of GBA3. In the
next set of experiments and based on the configurations identified in the fluorogenic substrate assays
as accepted by GBA3, ABPs 3-5 were examined on their GBA3-reactivity and selectivity. Despite
concurrent B-galactosidase (GLB1/GALC) labelling, both B-D-Gal epoxide ABP 3 and a-L-Arap aziridine
ABP 5 labelled GBA3 with relatively good selectivity over GBA1 and GBA2 in vitro. When intact HEK293T
cells containing all cellular B-glucosidases were treated with ABP 3 or ABP 5 in situ, it was observed
that ABP 5 did not maintain its GBA3 selectivity it exerts in vitro, while ABP 3 did. As well, the lack of
reactivity of ABP 3 and 5 towards GBA3 catalytic nucleophile mutants supports the notion that both
ABPs 3 and 5 react with GBA3 in an activity-based manner, forming a covalent and irreversible linkage
with the GBA3 catalytic nucleophile (E373). Altogether, the results described in this chapter may help
in unraveling the role of GBA3 in biology, by offering GBA3 reactive fluorogenic substrates and activity-
based probes for detecting GBA3.
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Experimental procedures

Materials

Imiglucerase (Cerezyme®), the isolated recombinant human GBA1 (rhGBA1), was kindly provided
by Genzyme (Genzyme Nederland, Naarden, The Netherlands). Isolated recombinant human GBA3
(rhGBA3) was purchased from Bio-Techne R&D Systems (Catalog#: 5969-GH-010). 4-
Methylumbelliferyl-glycoside substrates were bought from Glycosynth™ (UK), Sigma-Aldrich, or
Biosynth Carbosynth. 4-Methylumbelliferone fluorescence was measured with a fluorimeter LS55
(Perkin Elmer, Waltham, MA, USA) with Aex 366 nm and Aem 445 nm. Polytron PT 1300D sonicator
(Kinematica, Luzern, Switzerland) and potassium phosphate buffer (25 mM KH;PO4-K;HPO,4, pH 6.5,
supplemented with protease inhibitor cocktail (EDTA-free, Roche, Basel, Switzerland) and 0.1% (v/v)
Triton X-100) were used for cell lysis. Protein concentrations were measured using Pierce BCA assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). Harvested cells (cell pellets) and cell lysates not used
directly were stored at -80 °C. Wet gel slabs for ABPP and nitrocellulose membrane for Western blotting
were imaged using a Typhoon FLA 9500 scanner (GE Healthcare) at Aex 532 nm and Aegm 2 575 nm for
the BODIPY red fluorescence and at Aex 635 nm and Aem 2 665 nm for Cy5 fluorescence. SDS-PAGE gels
were stained for loading control of proteins with Coomassie G250 and scanned on a ChemiDoc MP
imager (Bio-Rad, Hercules, CA, USA). The syntheses of the chemical compounds used in this study were
previously reported in: 123, 2%, 3 and 9,22 4, 6, 7,%° and 8.2 Compound 5 was synthesized as described
in the appendix. Cell lines of GBA1/GBA2 KO HEK293T, GBA1/GBA2 KO HEK293T with GBA2 OE (GBA2
cells), and HEK293T expressing endogenous GBA1 and overexpressed GBA2 and GBA3, were generated
as described in Chapter 2.%° Culture and lysis of HEK293T cells was conducted as described in Chapter
2.

4-MU-glycoside fluorogenic substrate assays for enzyme activity and apparent ICso determination

4-MU-glycoside fluorogenic substrate assays for enzyme activity and apparent ICso determination
were conducted as described in Chapter 2 with the exception that isolated rhGBA3 was used instead
of GBA3 in GBA1/GBA2 KO cell lysate for GBA3 activity measurement. For this, rhGBA3 was diluted in
Mcllvaine buffer (150 mM, pH 6.0, supplemented with 0.1% bovine serum albumin (BSA)) and was
incubated with 2-3.7 mM of the indicated 4-MU-glycoside substrates dissolved in Mcllvaine buffer (150
mM, pH 6.0, 0.1% (w/v) BSA) for 1 h at 37 °C.

In vitro ABPP

ABPP experiments were conducted as described in Chapter 2. In brief, samples containing GBA1,
GBA2 or GBA3 (see for the exact constitution of these samples below) were incubated with the ABPs
for 30 min (if not otherwise stated) at optimized conditions, followed by protein denaturing, SDS-PAGE
and fluorescence scanning of the wet gel slabs. The incubation conditions for each enzyme were as
follows: isolated rhGBA1l was incubated with the ABPs in Mcllvaine buffer (150 mM, pH 5.2)
supplemented with 0.1% (v/v) Triton X-100 and 0.2% (w/v) sodium taurocholate. Isolated rhGBA3 was
incubated with the ABPs in Mcllvaine buffer (150 mM, pH 6.0). In the case of incubating rhGBA3 with
ABP for 1-3 h, 0.1% (w/v) BSA was added to the Mcllvaine buffer. Lysates of HEK293T containing GBA1,
GBA2 and GBA3, as well as GBA1/GBA2 KO HEK293T lysates were incubated with the ABPs in Mcllvaine
buffer (150 mM, pH 6.0).

In situ ABPP

Confluent GBA1/GBA2 KO HEK293T cells, or HEK293T cells expressing human endogenous GBA1
and overexpressing GBA2/GBA3, were cultured in 12-well dishes with (or without) the indicated ABPs
for 3 h at 37 °C under 7% CO, atmosphere. After the incubation, cells were harvested and lysed as
described in Chapter 2. After determination of the protein concentration by BCA assay, the lysates were
adjusted to 10 pL by adding potassium phosphate buffer in order to normalize the amount of proteins
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(10-25 ug total protein), after which the samples were subjected to SDS PAGE and in-gel fluorescence
scanning.

GBA3 catalytic mutant labelling

For overexpression of GBA3 mutants, GBA1/GBA2 KO HEK293T were used for transfection. Wild-
type GBA3, GBA3-E165G, GBA3-E373G, or GBA3- E165G/ E373G double mutants (all containing a myc
tag) were generated as described previously for COS-7 cells.!! Extracts of these were then incubated
with ABP 3 or 5 for 30 min at 37 °C, and the samples were then subjected to SDS-PAGE and in-gel
fluorescence scanning. Subsequently, proteins in the wet slab gels were transferred to a nitrocellulose
membrane for Western blotting. Mouse anti-myc (a-myc) primary antibody (Bioke) and a secondary
antibody (donkey anti-mouse IgG with an Alexa 488 fluorescent group, Invitrogen) were used to
visualize myc-tagged, GBA3 wild-type and GBA3 mutants.
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Appendix
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Figure S1. Reaction of a-L-Arap aziridine ABP 5 towards GLB1 in cell lysate was inhibited by pre-treatment of
GLB1/GALC selective inhibitor 6 or 7. Lysates of GBA1/GBA2 KO HEK293T were treated with 6 (100 nM) or 7 (500
nM) for 30 min at 37 °C in vitro, followed by incubation with ABP 5 (200 nM) for 30 min, then samples were
subjected to SDS-PAGE followed by in-gel fluorescence scanning.
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Figure S2. (A) Reactivity of B-D-Gal ABP 3 towards isolated rhGBA1 and rhGBA3 in vitro, isolated rhGBA1 or
rhGBA3 was incubated with ABP 3 at the indicated pH for 30 min at 37 °C, then samples were subjected to SDS-
PAGE and in-gel fluorescence scanning. (B) time-dependent interaction of ABP 3 towards rhGBA3, isolated
rhGBA3 was incubated with ABP 3 at pH 6.0 at 37 °C for varying incubation times and subsequently subjected to
SDS-PAGE and fluorescence scanning of the wet gel slabs. Bovine serum albumin (BSA) visible at around 65 kDa
was added for stabilizing the isolated rhGBA3. Reactivity of ABP 3 towards denatured rhGBA3: rhGBA3 sample
was first boiled at 98 °C for 5 min, followed by incubation with ABP 3 for 3 h at pH 6.
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Table S1. Comparing hydrolysis activity of GBA1/GBA2 KO HEK293T cell lysates (containing GLB1 and GALC)
towards 4-MU-B-D-Gal, 4-MU-B-D-Fuc and 4-MU-a-L-Arap. Lysates were first incubated at 37 °C with or without
500 nM 6 (GALC/GLB1 inhibitor) for 30 min at pH 5 or pH 6, following incubation with indicated 4-MU-glycoside
for 30 min. Hydrolysis activity of lysate towards these 4-MU-glycosides is shown as nmol per hour per mg

(nmol/h/ng).
6 o_ O o__0o
Ho GOy ° o__o o_ o o__0
Ho? <22 o Z HO “/OH = HO “/OH Z
H H H
4-MU-B-D-Gal 4-MU-B-D-Fuc 4-MU-a-L-Arap
Activity (nmol/h/mg) of HEK239T GBA1/2 KO lysate
At pH 5.0 At pH 6.0
Substrates — + GLB1/GALC inhibitor — + GLB1/GALC inhibitor
No inhibitor 6 (500 nM) No inhibitor 6 (500 nM)
4-MU-B-D-Gal 222.2 0.9 71.8 <0.1
4-MU-B-D-Fuc 235 <0.1 8.2 <0.1
4-MU-a-L-Arap 17.0 <0.1 4.6 <0.1

Table S2. (A) Activity of B-D-galactose configured aziridine inhibitor (6, 7), and B-D-galactose configured epoxide
inhibitor 9 towards rhGBA3. (B) Activity of B-L-Arap inhibitors (10, 11)}, a-L-Arap inhibitors (12, 13)* towards B-
glucosidases, examined by 4-MU-B-D-Glc fluorogenic substrate assays for 30 min incubation at 37 °C.

e
B

+ Inhibitor 10,000 nM 96% 30% 23%
+ Inhibitor 1,000 nM 97% 57% 50%
+ Inhibitor 100 nM 95% 83% 84%
+ Inhibitor 0 nM 100% 100% 100%

B-L-Arap epoxide 10 . 0,9 OH 100% 100% 100%
H
WNH

B-L-Arap aziridine 11 vag “OH 91% 100% 91%
H
(0]

a-L-Arap epoxide 12 HD/@-@H 99% 100% 99%
H
NH

a-L-Arap aziridine 13 " OJ? — 90% 97% 100%
H
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Table S3. An overview of the reactivity of ABPs and inhibitors towards B-glucosidases and other glycosidases. /'

= no available data.

Apparent ICso (nM) Apparent
e Inhibitors and ICso values
ABPs derived
GBA1 GBA2 GBA3 Other enzymes from
B-D-Glc- (1) 412,000 +
i (1)3.2+0.17; (1) Ref2
. +
cyclophelzlltol ABP (2) 45.20 + 4.54 10,100; (2) 5784 +79 / (2) Ref?
2 (2) >5000
4-MU-B-D-Glc
B-D-Glc-
cyclophellitol 8.10+1.94 21.5+0.42 8.54+1.18 / Ref3
aziridine ABP 14
Available ABP is
4-MU-B-D-Fuc | not reported at / / / / /
present
B-D-Gal-
cyclophellitol ABP >1x10° >1x10° 1649.0 + 145.7 GALC: 2800 Ref 5
35
B-D-Gal-
GLB1: 14.6 £ 0.98;
cyclophellitol 85.8 752 / ; . ’
aziridine ABP 4¢ GALC:61.0£6.89
4-MU-B-D-Gal
B-D-Gal-
cyclophellitol o GLB1:2.55+0.59; Ref ¢;
aziridine inhibitor 1560 3290 1000 GALC: 5.57+ 0.36 | Chapter 4
66
B-D-Gal-
cyclophellitol a - GLB1:57.8 +3.05;
aziridine inhibitor 5370 >10 1000 GALC: 98.6 £ 20.8
76
a-L-Arap-
4-MU-a-L-Arap| cyclophellitol 433.8+11.2 > 104 1.60+0.04 / Chapter 4
aziridine ABP 5
B-D-Xyl-
4-MU-B-D-Xyl | cyclophellitol 6.4+0.5 544 + 110 10,055 + 1,003 / Chapter 2
aziridine ABP3
a-L-Araf-
4-MU-a-L-Araf | cyclophellitol >5x 104 1,850 >5x 104 / Chapter 3
aziridine ABP?
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Synthesis of ABP 5

% Cy5-alkyne 15

PelNs ;
NH a) N b) N
HO" ? "“OH HO" j"'ou HO “'OH
OH OH

13 14 a-L-Arap aziridine ABP 5

Scheme S1. Synthesis route of ABP 5. Reagents and conditions: (a) 1-azido-8-iodo-octane, K2COs, DMF, 60 °C. (b)
CuSO0g4, sodium ascorbate, Cy5-alkyne, DMF, rt.

To a solution of (1R,3S,4S,5S,6R)-7-azabicyclo[4.1.0]heptane-3,4,5-triol (13)* (0.010 g, 0.07 mmol)
in dry DMF (3.0 mL), 1-azido-8-iodo-octane (0.039 g, 0.14 mmol) and K,COs3 (0.029 g, 0.21 mmol) were
added. The reaction was left to stir at 60 °C under nitrogen atmosphere. After 15 hours, DMF was
evaporated and the crude product purified by silica gel chromatography using a mixture of DCM/MeOH
(from 100:0 to 90:10). The thus obtained product 14, which was obtained together with minor
impurities (0.008 g, 0.027 mmol) was dissolved in dry DMF (1.0 mL), to which a degassed solution of
CuSO45H,0 (40 mL, 0.018 mmol) and sodium ascorbate (0.004 g, 0.020 mmol) were added. After 10
min of stirring Cy5-alkyne 15 was added and the blue solution was stirred at room temperature for 15
hours. HPLC purification (C18 semipreparative column, solvent A: H,O/NH,OH, solvent B: CHsCN)
afforded compound 7 (0.009 g, 40%). *H NMR (400 MHz, CDCl3): 8 8.24 (ddd, J = 14.5, 12.6, 2.7 Hz, 2H),
7.84 (s, 1H), 7.49 (dd, J = 7.5, 1.2 Hz, 2H), 7.41 (tdd, J = 7.4, 6.1, 1.2 Hz, 2H), 7.33 — 7.18 (m, 4H), 6.61
(t,/=12.4 Hz, 1H), 6.34-6.16 (m, 2H), 4.40 (s, 2H), 4.36 (s, 2H), 4.08 (t, J = 7.6 Hz, 2H), 3.99 (d, /= 6.2
Hz, 1H), 3.73 (td, J = 2.3, 5.8 Hz, 1H), 3.62 (s, 4H), 3.34 (s, 4H), 2.32 — 2.17 (m, 4H), 2.05 — 1.99 (m, 2H),
1.90 — 1.84 (m, 6H), 1.84 — 1.76 (m, 2H), 1.72 (s, 17H), 1.53 — 1.42 (m, 4H), 1.41 — 1.21 (m, 13H) ppm.
13C NMR (101 MHz, CDCl3): 8176.6, 176.3, 175.5, 145.1, 144.4, 143.5, 143.4, 130.6, 130.6, 127.5, 127.1,
125.0, 124.3, 112.7, 105.1, 77.5, 71.8, 69.8, 61.2, 52.2, 45.1, 37.3, 36.4, 32.1, 29.1, 28.1, 28.6, 28.2,
28.2,27.3 ppm.
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Characterization of C. elegans retaining B-glucosidases
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Abstract

The human lysosomal B-glucosidase (hGBA1) degrades the glycosphingolipid (GSL) glucosylceramide
(GlcCer). Inherited deficiency in hGBA1 causes Gaucher disease (GD). Like mammals, the nematode C.
elegans contains glycosphingolipids, but with a C17iso sphingoid base instead of the mammalian C18
one (d17iso-GlcCer). Information on B-glucosidase activities of C. elegans that may be involved in
d17iso-GlcCer metabolism is limited. Substrates, inhibitors, and activity-based probes (ABPs) that
report on hGBA1 and the non-lysosomal hGBA2 were used to identify and characterize B-glucosidase
activities in C. elegans. Candidate genes for the GBA1-like and GBA2-like proteins in C. elegans, as well
as characteristics of one candidate orthologue of hGBA1 in C. elegans encoded by the gba3-gene are
described in this Chapter.
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Introduction

Humans express three cellular B-glucosidases, all employing a retaining reaction mechanism,!
termed (h)GBA1 (lysosomal glucosylceramidase), (h)GBA2 (non-lysosomal glucosylceramidase) and
(h)GBAS3 (a broad-spectrum cytosolic B-glucosidase). Whereas the role of hGBA3 is enigmatic (see also
Chapter 4), hGBA1 and hGBA2 have in common that both enzymes process the same substrate,
namely, glucosylceramide (GlcCer, 1, Figure 1) into glucose (2) and ceramide (3). Inherited defects in
the hGBA1 gene are linked to the lysosomal storage disorder Gaucher disease (GD),>* and heteroallelic
mutations in the hGBA1 gene are a risk factor for Parkinson’s disease (PD).>® Treatment of non-
neuronopathic symptoms of type 1/3 GD patients with recombinant hGBA1 (enzyme replacement
therapy — ERT) comprises the most successful of the enzyme replacement therapies (ERTs) to date.””®
hGBA2 in turn is a cytosol-facing membrane-associated glucosylceramidase and while processing the
same substrate as hGBA1, it does so in a different cellular compartment.'® Therapeutic co-inhibition
of hGBA2, jointly with the GlcCer-synthesising enzyme, glucosylceramide synthase (GCS), has recently
come to the fore as a potentially improved substrate reduction therapy (SRT) for the treatment of
neuropathological (type 3) GD patients that cannot be treated by recombinant hGBA1 and neither by
selective inhibition of GCS alone (SRT with Zavesca, as is now practice in the clinic as an alternative for
ERT).1112

1 (GlcCer) H

hGBA1 hGBA2

4 (d17iso-GlcCer)
lysosomes cytoplasm

C. elegans
o B-glucosidases

JJ\/\M/ ?
HO ° H 12
HO OH Ho -

Figure 1. Metabolism of glucosylceramide (GlcCer, 1) in humans and the closely related C. elegans
glycosphingolipid, d17iso-GlcCer (4, d17iso-GlcCer) a GSL with high abundance in compositions of C. elegans GSL.
Of note, the side chain fatty acid of d17iso-GlcCer can vary from C12 to C26, with or without the presence of a
hydroxyl group)®®. C. elegans B-glucosidase activities potentially able to process d17iso-GlcCer are poorly
described and subject to the studies presented in this Chapter.

Beyond its key role in these various human pathologies, the importance of GlcCer and its
metabolites in nature is reflected by their wide occurrence across the various kingdoms of life.
Structural elements in species-specific GlcCer may differ subtly, both in the fatty acid appended to the
sphingoid base and the sphingoid base itself (length, branching, saturation, hydroxylation pattern) but
the general structure appears conserved. The same appears to be true for the function of GlcCer,
which is often utilized as a common starting point in the biosynthesis of a wide array of
oligosaccharidic glycosphingolipids (in humans for instance the gangliosides and globosides) that are
an integral part of cell membranes where they partake in signalling events.’* A case in point and
subject of the studies described in this Chapter comprises the transparent nematode, C. elegans
synthesizes d17iso-glucosylceramide (d17iso-GlcCer, 4, Figure 1),>'>1¢ which differs from the
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mammalian GlcCer by the nature of the sphingoid base: C17iso monomethyl branched-chain
sphingosine, as opposed to linear C18-sphingosine in humans. C. elegans thus produces a close
homologue of the primary storage material in GD (GlcCer). Moreover, it does so in a highly conserved
biochemical pathway, starting from serine and a fatty acid, and proceeding through sphinganine which
is then acylated, dehydrogenated and glucosylated.'>?” The presence of d17iso-GlcCer (4) as the
central glycosphingolipid in C. elegans raises the question whether this species, like humans and other
mammals, express d17iso-GlcCer-processing B-glucosidases and if so, whether they possess similar
characteristics (cytosolic/acting at neutral pH; lysosomal/acting at acidic pH). Although not studied in
detail in biochemical and cell biological experiments, orthologues of human genes encoding lysosomal
and cytosolic glycosidases have been identified in C. elegans as part of the C. elegans Genome Project
(see Table 1).®

Table 1. C. elegans genes orthologous to the human genes encoding GBA1 and GBA2. Predicted (BLAST search)
homology of proteins and molecular masses. 2Uniprot code, Pputative description, ‘amino acid homology to
hGBA1/hGBA2, “humber of amino acids.

Genes Predicted proteins
Accession?® Description® (C. elegans) Gene Homology® Sized MW (kDa) | Aligned with
Q9UBOO glucosylceramidase 4 gba-4 42.28% 519 58.24 Human GBAL1 (UniProt
G5ECR8 glucosylceramidase 3 gba-3 41.92% 522 59.08 code: P04062)
016580 glucosylceramidase 1 gba-1 40.00% 523 58.17
016581 glucosylceramidase 2 gba-2 38.16% 516 57.78
Q8WQB2 non-lysosomal glucosylceramidase hpo-13 40.26% 959 110.85 Human GBA2 (UniProt
Q6EUT3 non-lysosomal glucosylceramidase hpo-13 40.26% 922 106.27 code: Q9HCG7)
Q6EUT4 non-lysosomal glucosylceramidase hpo-13 40.26% 930 107.13
001893 non-lysosomal glucosylceramidase RO8F11.1 | 38.77% 819 94.50

These include the gba-1, 2, 3, and 4 genes, which have 38-42% sequence homology with hGBA1,
and the hpo-13 and RO8F11.1 genes, with around 40% sequence homology to hGBA2. hGBA1 and
hGBA2 possess little sequence homology, if at all, and the presence of C. elegans genes with
considerable homology to either suggests a similar biochemistry to exist in both species. Information
on the catalytic activity and substrate selectivity of these potential hGBA1/hGBA2 analogues however
is lacking. With the aim to shed some first light in this, selected fluorogenic and fluorescent substrates,
inhibitors, and activity-based probes (ABPs) as also described in the previous experimental chapters
that report on, or interfere with, hGBA1/hGBA2 activity were applied to C. elegans cell extracts in a
variety of biochemical assays to identify and characterize retaining B-glucosidase activities. In this way,
as is described below, two candidate-genes were identified with homology for hGBA1 and hGBA2
respectively. The hGBA1-like protein was furthermore cloned and expressed and revealed by
competitive activity-based protein profiling (ABPP) to indeed possess characteristics also featured by
hGBA1. Altogether the here-presented studies provide circumstantial, but strong evidence of the
existence of conserved GlcCer metabolism pathways existing between humans and C. elegans, and
provide the blueprint and reagents to delve deeper into this matter, possibly also in the context of GD
and PD.
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Results

The list of reagents used in the biochemical studies presented in this Chapter are depicted in Figure
1 and comprises a set of fluorescent substrates, fluorogenic substrates, competitive inhibitors,
mechanism-based covalent and irreversible inhibitors and ABPs that have previously shown their
merit in monitoring and modulating the activity of hGBA1 and/or hGBA2 in in vitro, in situ and
sometimes also in in vivo settings (see also the preceding Chapters). These substrates, inhibitors and
probes are applied to C. elegans extracts in a variety of experiments (see below) with the aim to
address the questions whether such extracts contain B-glucosidase activity; whether this activity is (in
part) effected by hGBA1/hGBA2-like retaining [-glucosidases; and whether this activity processes
GlcCer derivatives. 4-Methylumbelliferyl-B-D-glucopyranoside 5 (4-MU-B-D-Glc) is the standard
fluorogenic substrate that is processed by many B-exo-glucosidases including hGBA1/2/3. C12-NBD-
GlcCer 6 comprises a fluorogenic GlcCer derivative that acts as an efficient substrate for both hGBA1
and hGBA2. Cyclophellitol 7 and conduritol B epoxide (CBE) 8 are broad-spectrum retaining [-
glucosidase inhibitors that block both hGBA1 and hGBA2 in a covalent and irreversible manner.?
Cyclophellitol derivative 9 with a bulky hydrophobic group appended to C6 (glucopyranose numbering)
is selective for hGBA1 over hGBA2,%° whereas the competitive inhibitors 102! and 11?2 comprise N-
alkyl deoxynojirimycins with some preference for hGBA2. Cyclophellitol-based ABPs 122° and 132,
with the reporter moiety (Cy5 in 12, biotin in 13) grafted to C6 are selective hGBA1 probes, whereas
cyclophellitol aziridines ABPs 14-17 (with the reporter moiety attached via the aziridine nitrogen)
report on hGBA1 and hGBA2 alike.?* Cy5-modified xylose-configured cyclophellitol aziridine 18 as
described in Chapter 2 modifies both hGBA1 and hGBA2, whereas B-D-arabinofuranose-configured (B-
D-Araf) cyclophellitol aziridines 19 and 20 report, as described in Chapter 3, with some selectivity on
the action of hGBA2.
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Figure 2. Substrates, inhibitors, and probes used in the here-presented studies.
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Fluorogenic and fluorescent B-glucoside processing by C. elegans extracts

As the first experiment (Figure 3A), B-glucosidase activity in C. elegans homogenate was assessed
by incubating C. elegans homogenates with 4-MU-B-D-Glc 5 at various pH values (3-7.5). Fluorescence
was detected between pH 3 and pH 7.5, with a rather broad area (between pH 4 and pH 6) at which
fluorescence is at least 50% of the maximal fluorescence as generated at pH 4.5-5. Next the ability of
nematode homogenates to degrade C12-NBD-GlcCer was examined. C. elegans homogenate or
recombinant hGBA1 (rhGBA1) at pH 5 was incubated for four hours with C12-NBD-GlcCer, after which
the lipids were extracted and subjected to high-performance thin layer chromatography (HPTLC).
Fluorescence scanning of the TLC plate revealed the formation of NBD-ceramide (NBD-Cer) in both
samples.

(A) (B) lanel  Llane2 Llane3
C. elegans
4-MU-B-D-Glc activity of C. elegans extracts extracts rhGBA1 NBD-GlcCer

1501

NBD-Cer p| e GEED

100+

50—

NBD-GlcCer p>| oy w—

C. elegans
pigment

Activity (nmol/h/mg) of homogenatea

0 T T T T T

%

(pH)

Figure 3. C. elegans extracts process 4-MU-B-D-glucopyranoside (A) and C12-NBD-GlcCer (B). (A) C. elegans
homogenates were incubated with 4-MU-B-D-Glc at various pH values (3-7.5) for 30 min at 37 °C. (B) Lane 1: C.
elegans homogenates (40-50 ug) were incubated with 2 uM C12-NBD-GlcCer in Mcllvaine buffer (150 mM, pH
5.0) for 4 h at 37 °C, followed by lipid extraction and HPTLC separation and fluorescence scanning of the silica
gel layers. Lane 2: Around 20 ng isolated recombinant human GBA1 (rhGBA1, Imiglucerase) was used for
processing C12-NBD-GlcCer as described above, but now the Mcllvaine buffer (150 mM, pH 5.2) was
supplemented with 0.1% (v/v) Trion X-100 and 0.2% (w/v) sodium taurocholate. Lane 3: As the control, 2 uM
C12-NBD-GlcCer in Mcllvaine buffer (150 mM, pH 5.0) was incubated under the conditions described above.

Comparative and competitive ABPP in C. elegans extracts

Having established that C. elegans extracts contain B-glucosidase activity (Figure 3A) capable of
processing the artificial GlcCer derivative 6 (Figure 3B), these extracts were then treated with the
panel of retaining glucosidase ABPs 12-20 in a series of comparative and competitive (inclusion of
inhibitors 7-11) ABPP experiments. To this end, C. elegans homogenates were first incubated with the
ABPs at a pH range of 4 to 7 (Figure 4A) for 30 minutes at 37 °C, after which the homogenates were
denatured, the protein content separated by SDS-PAGE and the wet gel slabs scanned for in-gel
fluorescence. The two cyclophellitol aziridine probes 14 and 15 as well as the B-xylose-configured one
(18) return, at pH 5, three distinct fluorescent signals, of which the middle one disappears at elevated
pH. These bands indicate modified proteins (or protein mixtures) with molecular weight (MW) of
about 52 kDa (Band-1t), 95 kDa (Band-2%), and 55 kDa (Band-3e). Cyclophellitol ABP 12 in contrast
predominantly elicits the 52 kDa band together with a faint signal reflecting a higher MW (60 kDa)
protein (mixture). B-D-Araf cyclophellitol aziridine 19 also returned one major signal, but now at
around 95 kDa. To address the concern that a contamination with E. coli may cause some of the
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observed labelling is (in part) due to E. coli contaminants in the samples (E. coli is used to culture C.
elegans, see experimental procedures), E. coli extracts were treated with ABP 14 at pH 4-7. Just one
signal at around 70 kDa MW emerged after in-gel fluorescence scanning of the SDS PAGE-separated
sample that was treated with probe 14 at pH 5-7 (Figure 4A rightmost lanes). This signal does not
overlap with the position of the signals derived from the C. elegans homogenates. N-glycanase
treatment of probe 14-treated C. elegans extract resolved some, but not all signals, indicating that the
different signals do not translate to the same protein present in varying glycoforms (Figure 4B). Finally,
inclusion of inhibitors 8-11 in ABP 14-treated extracts at pH 6 (a pH at which the three predominant
signals elicited by 14 are at a maximum signal, see Figure 4A) indicates the presence of at least two
distinct retaining P-glucosidases (Figure 4C). It should be noted here that the higher final
concentrations of various inhibitors were chosen because these inhibitors did not inhibit the C.
elegans retaining B-glucosidases at a potency they block human retaining B-glucosidases (the same
holds true in selecting the final concentrations of the probes in the comparative ABPP experiments as
depicted in Figure 4A). Drawing conclusions should therefore be done with care. Still, the competitive
ABPP experiments reveal selective to complete competition of ABP 14-generated signals, strongly
suggesting these signals to relate to distinct retaining B-glucosidases. Iminosugars 10 and 11, for
instance, selectively and almost completely abolish the highest molecular weight signal at 95 kDa. C6-
modified cyclophellitol 9 in turn very cleanly block the lower signal at 52 kDa whereas CBE 8 at the
applied concentration appears to have little effect. Cyclophellitol 7 finally affects both the high and
the low signal while leaving the middle one largely intact at the applied concentration.

A
( ) Broad-spectrum hGBAL1 selective Broad-spectrum  Broad-spectrum hGBA2 selective OPS0 £. coli extracts
ABP 14 (1 uM) 12 (4 uM) 15 (2 uM) 18 (4 uM) 19 (1 uM) labelled by 14 (1 uM)
(PH) 4.0 50 60 7.0 40 50 60 7.0 40 50 60 70 40 50 60 70 40 50 60 70 M 40 50 6.0 7.0 M (kDa)
Band-2 (¥) N ————— —— e F — e} e
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Figure 4. Comparative and competitive ABPP on C. elegans extracts. (A) Comparative ABPP. C. elegans
homogenates were incubated with B-glucosidase ABPs 12, 14, 15, 18, or 19, or OP50 E. coli homogenates with
ABP 14, for 30 minutes at 37 °C and at various pH values (4-7) in vitro, followed by SDS-PAGE, and fluorescence
scanning of the wet gel slabs. (B) N-glycanase (PNGase F) treatment. C. elegans homogenates were first
incubated with ABP 14 at pH 6.0 for 30 min at 37 °C in vitro, followed by denaturing of the samples by a 5 min
incubation at 98 °C, and subsequent incubation with PNGase F for 2 h, then the samples were subjected to SDS-
PAGE and fluorescence scanning. (C) Competitive ABPP. C. elegans homogenates were first treated with
indicated inhibitor (7-11) at pH 6.0 for 30 min in vitro, and subsequently incubated with ABP 14 for 30 min,
followed by SDS-PAGE and fluorescence scanning.

97



Chapter 5

Chemical proteomics reveals putative hGBA1 and hGBA2 homologues in C. elegans extracts

Encouraged by the comparative and competitive ABPP experiments, which indicate the presence
of multiple retaining B-glucosidases that moreover show different sensitivities both to pH and selected
inhibitors in reacting with the panel of fluorescent probes applied, the biotin ABPs 13, 16, 17 and 20
were then investigated on their versatility to isolate and identify these activities (Figure 5 A, B) using
a chemical proteomics workflow. In the first instance (Figure 5A) the propensity of the biotin-ABPs to
block ABP 14-mediated generation of the three major fluorescent bands at pH 5 and 6 in C. elegans
extracts was investigated. As can be seen, neither of the probes were able to block emergence of the
middle band. Fluorescent labelling of the upper signal at 95 kDa (by ABPs 16, 17, 20) and the lower
signal at 52 kDa (by ABPs 13, 16, 17) in contrast can be competed for, indicating that the protein(s)
that are behind these signals may be identified through the biotinylated probes. Probes 13 and 17
moreover besides carrying a biotin are also fluorescent, at a complementary wavelength (both
excitation and emission) to that of ABP 14, allowing to fluorescence-scan the competitive ABPP gel
also at the BODIPY-TMR wavelength. As can be seen, the lower signal (now tagged with 13) and
specifically the upper one (with 17) reemerge at both pH’s, indicating that these signals now
correspond to proteins that are also biotinylated.

After evaluating the propensity of biotin-ABPs for isolating ABP 14 labelled proteins, C. elegans
homogenates were then treated with 10 uM biotin ABPs 13, 16 or 20 uM 20 as final concentration for
one hour at 37 °C and at pH 5 (for 13, 16) or at pH 6 (for 20). Then the samples were denatured and
treated with streptavidin beads. After washing several times to remove unbound proteins, the
proteins remaining on the streptavidin beads were digested by trypsin, and the tryptic peptides were
analyzed and identified by LC-MS/MS. Usage of ABP 13 yielded the candidate-retaining 3-glucosidase
gene product encoded by the gba-3 gene (UniProt code: G5ECR8), and ABP 20 significantly enriched
the protein encoded by the RO8F11.1 gene (UniProt code: 001893), while ABP 16 enriched both gene
products (see Sl Table S1). The gba-3-encoded protein has a predicted MW of 59 kDa and the
RO8F11.1-encoded protein a predicted MW of 95 kDa. These predicted protein sizes coincide with the
signals as obtained with the comparative ABPP experiments (Figure 4A) with fluorescent ABPs 14 and
15, and also reflect the MW of hGBA1 and hGBA2.
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Figure 5. (A) Reactivity of biotin-ABPs (13, 16, 17, 20) towards three major fluorescent bands in C. elegans
extracts as revealed by competitive ABPP. C. elegans homogenates were treated with 10 uM biotin-ABP 13, 16,
17, or 20 uM 20, or vehicle alone (DMSO, the final concentration = 0.5%) for 1 h (or 1.5 h for 20) at 37 °C at the
indicated pH, followed by incubation with 1 uM ABP 14 for 30 min, then samples were subjected to SDS-PAGE
and fluorescence scanning of the wet gel slabs. (B) Putative B-glucosidases in C. elegans as identified by chemical
proteomics.

As the final set of experiments, the gba-3 protein (cGBA1-3) was brought to expression in both
GBA1 KO and GBA1/GBA2 KO HEK293T cell lines. As shown in Figure 6, extracts of gba-3 cDNA-
transfected GBA1/GBA2 KO HEK293T cells give a strong fluorescence signal when treated with 4-MU-
B-D-Glc, with maximal fluorescence at pH 4.4 (Figure 6B). This signal is absent in extracts from non-
transfected GBA1/GBA2 KO HEK293T cells, indicating that 4MU-B-D-Glc processing in the sample
derived from the gba-3-transfected cells is caused by the introduced C. elegans gene product. The
fluorescence signal can be suppressed by inclusion of hGBA1-selective inhibitor 9, but not by hGBA2-
selective inhibitor 10. Treatment of extracts of the gba-3-transfected GBA1 KO and GBA1/GBA2 KO
cells with ABP 14 yielded, after SDS-PAGE and fluorescence scanning, two bands at around 54 kDa and
65 kDa MW that are not visible in the samples derived from the non-transfected cell lines (Figure 6C).
As in the fluorogenic substrate hydrolysis assay, these signals can be competed for by treatment with
hGBA1-selective inhibitor 9 (prior to incubation with ABP 14), but not with hGBA2-selective inhibitor
10 (Figure 6D). The two labelled bands of recombinant cGBA1-3 can both be reduced molecular weight
by N-glycanase (PNGase F) treatment (see S| Figure S4B), but this does not lead to a single signal.
Finally, extracts of both transfected cell lines were incubated with C12-NBD-GlcCer, and the lipids
extracted and resolved by HPTLC. Fluorescence scanning (Figure 6E) of the TLC plates showed no
processing of this artificial GlcCer derivative, this in contrast to rhGBA1-mediated C12-NBD-GlcCer
turnover in the control experiment. Altogether these results demonstrate that the C. elegans gba-3
gene encodes for a retaining -glucosidase with similarities to hGBAL in pH optimum and sensitivity
to hGBA1-selective inhibitors and ABPs, yet one that is not able to process the artificial substrate, C12-
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NBD-GlcCer. Whether it is a C. elegans B-glucosidase that processes d17iso-GlcCer remains to be
established.
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Figure 6. Expression and characterization of cGBA1-3. (A) Enzyme activity of lysates of hGBA1/GBA2 KO HEK293T
cells expressing recombinant cGBA1-3 (termed as cGBA1-3 cells), determined by incubation with 4-MU-B-D-Glc
for 1 h at pH 5.0 at 37 °C, with or without inhibitor (hGBA1-selective 9 or hGBA2-selective 10) pre-treatment.
Mock = lysate of hGBA1/GBA2 KO HEK293T cells. (B) Optimum pH of rcGBA1-3 for 4-MU-B-D-Glc hydrolysis
activity. Lysates of cGBA1-3 cells were incubated with 4-MU-B-D-Glc for 1 h at 37 °C at various pH values (3-8).
(C) Lysate of HEK293T cells expressing cGBA-1 (in either hGBA1 KO or hGBA1/GBA2 KO background) were
incubated with 1 uM ABP 14 at pH 6 for 30 min, followed by to SDS-PAGE and fluorescence scanning of the wet
gel slabs. hGLB1 = human B-galactosidase (EC 3.2.1.23). (D) lysate of cGBA1-3 cells with or without pre-treatment
of inhibitor 9 or 10, were incubated with 1 uM ABP 14 at pH 6 for 30 min at 37 °C, followed by SDS-PAGE and
fluorescence scanning. (E) Lysates of cGBA1-3 cells was incubated with NBD-GlcCer at pH 4.5 for 4 h at 37 °C.
Blank = NBD-GlcCer alone, no enzyme addition. rhGBA1 = 20 ng Imiglucerase (incubated at pH 5.2, supplemented
with 0.1% (v/v) Triton X-100 and 0.2% (w/v) sodium taurocholate). Mock = 200 pg lysates of hGBA1/GBA2 KO
HEK293T cells. rcGBA1-3 = 200 pg lysates of GBA1/GBA2 KO HEK293T cells expressing recombinant cGBA1-3,
rcGBA1-3 + ABP 14 = 200 pg rcGBA1-3 in hGBA1/GBA2 KO HEK293T cell lysates was pre-treated with ABP 14 for
30 min at 37 °C, followed by incubation with NBD-GlcCer. C. elegans extracts = 40 ug C. elegans homogenates.
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Discussion

Cells of C. elegans contain lysosomes with comparable morphology to the ones in vertebrate cells.
The here-presented studies comprising measurement of activities in fluorogenic substrate and ABPP
assays reveal the presence in C. elegans of two putative B-glucosidases with similarities to the human
GBA1 and GBA2. Specifically, using biotin-ABPs 13, 16 and 20 in pull-down chemical proteomics
experiments allowed enrichment of a hGBA1-like protein (cGBA1-3) as well as GBA2-like protein
(cGBA2). The cGBA1-3 (UniProt code: G5ECR8) encoded by the gba-3 gene was recombinantly
expressed in human HEK293T cells with a hGBA1 as well as a hGBA1/GBA2 KO background. cGBA1-3
shows considerable similarities to human GBA1, in predicted protein structure and polypeptide
molecular weight, the presence of N-glycans, and acid pH optimum of enzymatic activity. In addition,
the cGBA1-3 resembles hGBAL in reactivity towards various selective inhibitors and probes. It however
does not process (at least in the initial experiments performed) the artificial GlcCer analogue, NBD-
GlcCer. This may be an intrinsic property, or the result of the conditions applied, and it is not excluded
that cGBA1-3, while inactive towards the artificial substrate (which would set it apart from hGBA1), it
does process the C. elegans form of GlcCer, d17iso-GlcCer. Alternatively, an endogenous accessory
activator protein or lipid activator might be required to allow cGBA1-3, or its orthologs, to be active
towards lipid substrates. Future research is needed to address these issues, as indeed glycolipidomics
experiments on C. elegans extracts need to be done to shed further light into d17iso-GlcCer
metabolism and its similarities to human GlcCer metabolism. As well, the enzyme products of the
other orthologous genes gba-1, gba-2 and gba-4 require careful further examination. The identified
cGBA2 by biotin-ABP pull down (UniProt code: 001893, encoded by the RO8F11.1 gene) in turn shows
similarities to hGBA2 in molecular weight and reactivity with ABPs and inhibitors. More in-depth
research, including cloning and expression of this gene, is required to fully comprehend similarities
and differences of this C. elegans retaining -glucosidase with hGBA2, as well as its involvement in
d17iso-GlcCer metabolism. Such studies may also be geared towards another recent finding regarding
human GlcCer metabolism: the ability of hGBA1 and hGBA2 to, besides GlcCer hydrolysis, also perform
transglycosylation reactions.? In this process, GlcCer serves as glucose donor from which glucose is
transferred to, instead of water, an acceptor alcohol. In particular, cholesterol was identified as an
effective acceptor and 3-glucosylcholesterol (GlcChol) has emerged as a natural metabolite in humans
that moreover is produced in elevated levels in GD patients.”® In an initial experiment, the presence
of GlcChol in C. elegans extracts was also established (see Sl Figure S5). Further research on d17iso-
GlcCer metabolism in C. elegans, focusing on the enzymes involved (as initiated by the here-presented
studies), but also on the glycosphingolipid pools present under given conditions (inhibitors, genetic
manipulations) are needed to establish species-specific events, and whether C. elegans would serve
as a good model to study cell biological events in the context of GD and PD.
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Experimental procedures
Materials

Imiglucerase (Cerezyme®), a recombinant human GBA1 (rhGBA1), was kindly provided by Genzyme
(Genzyme Nederland, Naarden, The Netherlands). 4-Methylumbelliferyl-glucopyranoside was bought
from Glycosynth (Warrington, UK). HEK293T (CRL-3216™) cells were purchased from ATCC (Manassas,
VA, USA), and cultured in DMEM medium (Sigma-Aldrich), supplied with 10% (v/v) FCS, 0.1% (w/v)
penicillin/streptomycin and 1% (v/v) Glutamax, at 37°C under 5% CO,. Polytron PT 1300D sonicator
(Kinematica, Luzern, Switzerland) and potassium phosphate buffer (25 mM KH,PO4-K;HPO,4, pH 6.5,
supplemented with protease inhibitor cocktail (EDTA-free, Roche, Basel, Switzerland) and 0.1% (v/v)
Triton X-100) were used for lysing cell and homogenizing C. elegans and E. coli. Protein concentration
was measured using the Pierce BCA assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Harvested
cells (cell pellets), cell lysates, and C. elegans homogenates not used directly were stored at -80 °C.

Compounds (in Figure 1) were chemically synthesized and obtained in the department of Bio-
organic Synthesis at the Leiden Institute of Chemistry, University of Leiden (Leiden, The Netherlands),
based on previous reports: 12%, 15%, 148, 16?*, 18%°, 19 and 20 (Chapter 3), cyclophellitol 7%, 10%,
10%%, 1122, and 13%. Compound 17 was synthesized as described in the appendix (Scheme S1).
Conduritol B epoxide (CBE) 8 was bought from Enzo Life Sciences Inc. (Farmingdale, NY).

C. elegans: cultivation, collection, and homogenizing

C. elegans (wild type, N2 Bristol) and E. coli (OP50 and HB101 strains) used in this work were
obtained from the Caenorhabditis Genetics Center (CGC). The culture of C. elegans and E. coli and the
preparation of buffers and media for C. elegans cultivation were handled as the described in
WormBook.3! Influences of using either OP50 or HB101 E. coli as food for C. elegans cultivation have
been reported, and no major differences on lipid composition were described.?? Labelling of ABP 14
towards HB101 fed C. elegans homogenates showed the same result with OP50 fed C. elegans
homogenates (data not shown). C. elegans was raised on 10 cm plates which contain nematode growth
media (NGM) seeded with OP50 or HB101 E. coli at 20 °C. For bacteria used as food for seeding worm
plates, E. coli strains were grown overnight in LB medium at 37 °C with 220 rpm shaking. NGM plates
were seeded with 0.1-0.2 ml E. coli of overnight bacterial culture and plates were allowed to dry at
37 °C overnight.

To harvest large quantity of C. elegans, the nematodes were cultured in liquid medium as described
in WormBook.3! Briefly, 6-8 plates of C. elegans maintained for 4 days after chunking to new plates,
were transferred to a 0.5 L or 1 L flask inoculated with S Medium. The flasks were supplemented with
OP50 or HB101 E. coli and maintained at 20 °C with vigorously shaking for 4-5 days. For harvesting, the
flasks were put on ice for 15 min to allow the C. elegans to settle at the bottom and subsequently most
of the liquid from the flask was aspirated. After removing clumping of E. coli bacteria in liquid as much
as possible, the remaining liquid was transferred to a 50 mL conical centrifuge tube and spun down to
pellet the worms. Subsequently, the remaining liquid was aspirated, and the pellet washed 2 times
with M9 buffer and 1 time with ultrapure water by repeated centrifuge and aspiration steps. After
aspirating, the pelleted C. elegans were stored at -80 °C.

To generate C. elegans homogenates, nematodes were taken from -80 °C and thawed on ice, then
nematodes were homogenized in potassium phosphate buffer by sonication on ice with a sonicator
(40-50 seconds sonication with 3 second pulse on and a 17 second pulse off cycle at a 40-45%
amplitude). Afterwards, the homogenized sample was spun down at 15000 rpm for 3 min at 4 °C, and
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the supernatant collected. Homogenate of OP50 E. coli was prepared with the same method as
described above.

Generation of hGBA1 KO and hGBA1/GBA2 KO HEK293T cells

hGBA1 KO and hGBA1/GBA2 KO HEK293T cell line were generated as described in Chapter 2.2
cGBA1-3 (encoded by gba-3 gene, UniProt code: G5ECR8) was expressed in either hGBA1 KO or
hGBA1/GBA2 KO HEK293T by PEI transfection,® followed by Zeocin screening to generate HEK293T
cell line stably expressing the recombinant cGBA1-3.

cGBA1-3 cDNA construct

cDNA constructs were ordered from GenScript for C. elegans cGBA1-3 encoded by the gba-3 gene.
The construct contains the Genbank sequence NM_070718.4 with a C-terminal DYK tag. The signal
peptide was predicted by SignalP 5.0.3* The gba-3 sequence in a zeocin resistance gene containing
plasmid was obtained using the Gateway system (Invitrogen). To perform the PCR for the insert with
the attB sites, Phusion polymerase (Fisher Scientific) was used. The fragments were isolated from a 1%
agarose gel using the Nucleospin gel extraction kit (Machery-Nagel). All plasmids were sent for Sanger
sequencing (LGTC) to confirm the sequences of the inserts.

Tabel 2. Primers for Gateway system.

Reaction Forward Reverse

Recombination | 5'- 5’-
cGBA1-3 GGGGACAAGTTTGTACAAAAAAGCAGGC | GGGGACCACTTTGTACAAGAAAGCTGG
TCCGCCACCATGTCAAGATGGAAGGTCGT | GTCTTATTTTCTTTTCTTCCAAATCACT
T -3’
_3’

Measurement of enzymatic activities

Enzyme activities were measured by 4-methylumbelliferyl (MU)-B-D-glucopyranoside fluorogenic
substrate assays, conducted in 96-well plates as described in Chapter 2 with adaptations as described
below. Briefly, C. elegans homogenates, E. coli homogenates, or lysates of hGBA1/GBA2 KO HEK293T
expressing recombinant cGBA1-3 were prepared in 12.5 uL potassium phosphate buffer, and mixed
with 12.5 pL Mcllvaine buffer (150 mM, at the appropriate pH) and incubated with 100 pL 3.75 mM 4-
MU-B-D-Glc dissolved in Mcllvaine buffer (150 mM, at the appropriate pH) for 30 min or 60 min at
37 °C. To assess inhibitory effect of inhibitor, above 12.5 uL hGBA1/GBA2 KO HEK293T cell lysates
containing recombinant cGBA1-3 were mixed with 12.5 uL inhibitor (9 or 10) diluted in Mcllvaine buffer
(150 mM, at the appropriate pH) and incubated for 30 min at 37 °C, then the 25 uL samples were
incubated with 100 pL 3.75 mM 4-MU-B-D-Glc dissolved in Mcllvaine (150 mM, pH 5.0) at 37 °C for 60
min. After stopping the enzyme reaction with 200 uL 1 M NaOH-glycine (pH 10.3), 4-
methylumbelliferone fluorescence was measured with a fluorimeter LS55 (Perkin ElImer, Waltham, MA,
USA) with Aex 366 nm and Aem 445 nm. Enzyme activities were determined by subtraction of the
background signal (measured for incubations without enzyme).
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Activity-based protein profiling (ABPP) with SDS-PAGE

ABPP assays were conducted as described in Chapter 2. Briefly, C. elegans homogenates were
incubated with a fluorescent ABP under the indicated conditions (at the appropriate pH at 37 °C for
30-60 min). The total sample volume was 20-40 pL with a 0.5-1% DMSO (the vehicle) final
concentration in Mcllvaine buffer (150 mM, at the appropriate pH). After incubation with the ABP,
samples were boiled the using 5x Laemmli buffer and separated by electrophoresis on 10% (w/v) SDS-
PAGE gels. Wet gel slabs were scanned on fluorescence using the Typhoon FLA 9500 (GE Healthcare)
at Aex 532 nm and Aem 2 575 nm for BODIPY-red mediated fluorescence; and at Aex 635 nm and Aem 2665
nm for Cy5 mediated fluorescence. Afterwards, the gels were stained by Coomassie brilliant blue (CBB)
G250 or R250 for protein loading control.

Competitive ABPP with SDS-PAGE

Competitive ABPP assays are conducted as described in Chapter 2 with adaptations as described
below. Generally, C. elegans homogenates or lysates of hGBA1/GBA2 KO HEK293T expressing
recombinant cGBA1-3 were first treated with inhibitors (7-11) or the vehicle (DMSQ) in Mcllvaine
buffer (150 mM, pH 6.0) for 30 min incubation at 37 °C. Subsequently, fluorescent ABP 14 was added
to samples and incubated for 30 min at 37 °C to reveal residual active enzymes. Afterwards, samples
were subjected to SDS-PAGE and fluorescence scanning as described above. Final concentration of
DMSO for all samples is 0.5-1%.

Biotinylated ABP, pull down and proteomics

For pull-down with biotin-ABPs (13, 16, 20), 500 ug total protein from C. elegans homogenates
(nematodes were fed with HB101 E. coli in liquid NGM) were diluted with Mcllvaine buffer (750 mM,
pH 5.0 for ABP 13, 16, or pH 6.0 for ABP 20) to a total volume of 240 uL for each sample and incubated
with biotin-tagged ABP (10 uM for 13 and 16, 20 uM for 20) at 37 °C for 2 h. For controls, the same
volume of DMSO without ABPs was used and all samples have the same final DMSO concentration
(0.5-1%). For competition with ABP 14, the C. elegans homogenates were first treated with 5 uM ABP
14 for 1 h incubation at 37 °C, following by incubation with biotin-ABPs (13, 16, 20) for 2 h at 37 °C.
Afterwards, samples were denatured with 10% (w/v) SDS, subjected to chloroform/ methanol
precipitation (C/M), reduction/alkylation, C/M precipitation, and pull-down with 75 pL Pierce™ avidin
agarose beads (Thermo Scientific) in a volume of 3400 uL pull-down buffer (50 mM Tris-HCI, pH 7.4
with 150 mM NacCl) at 4 °C overnight with a tumbling shaker, as previously described.?>3¢ Afterwards,
the samples were subjected to on-bead trypsin digestion and desalted using stage-tips. Desalted
peptide samples were reconstituted in 30 pL LC-MS solution (97:3:0.1 H,0, ACN, FA) containing 10
fmol/uL yeast enolase digest (cat. 186002325, Waters) as injection control. Raw files were analyzed
with MaxQuant (Version 2.0.1.0). The following changes were made to the standard settings of
MaxQuant: label-free quantification was enabled with an LFQ minimal ratio count of 1. Matches
between runs and iBAQ quantification were enabled. Searches were performed against a UniProt
database of the Caenorhabditis elegans proteome (UP000001940) including yeast enolase (P00924).

N-glycanase treatment

For N-glycans removal, total 20 pg proteins (from C. elegans homogenate or lysate of HEK293T
hGBA1/GBA2 KO cell expressing recombinant cGBA1-3) in Mcllvaine buffer (150 mM, pH 6.0) were
incubated with 1 uM ABP 14 for 30 min at 37 °C. Afterwards, an aliquot of the samples was treated
with PNGase F according to the manufacturer’s protocol (New England BioLabs). For samples as control
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(without incubation with PNGase F), samples with a normalized protein amount were incubated with
1 uM ABP 14 for 30 min at 37°C in Mcllvaine buffer (150 mM, pH 6.0). Subsequently, both the control
and PNGase F-treated samples were subjected to SDS PAGE and fluorescence scanning as described
above.

Analysis of C12-NBD-Glc degradation using HPTLC

40-50 pg C. elegans homogenates were incubated with 2 uM C12-NBD-GlcCer in Mcllvaine buffer
(150 mM) at pH 5.0 for 3-4 h at 37 °C. In the case using lysates of GBA1/GBA2 KO HEK293T expressing
rcGBA1-3, a total of 200 pg lysates were incubated with 2 uM C12-NBD-GlcCer in Mcllvaine buffer (150
mM) at pH 4.5 for 3-4 h at 37 °C. Next, lipids were extracted according to the method of Bligh and
Dyer® by addition of methanol, chloroform, and water (1:1:0.9, v/v/v) and the lower phase was dried
under a stream of nitrogen. lipids were separated by HPTLC on silica gel 60 plates (Merck, Darmstadt,
Germany) using chloroform/methanol (85:15, v/v) as developing solution followed by detection of
NBD-labelled lipids using a Typhoon variable mode imager (GE Healthcare Bio-Science Corp.,
Piscataway, NJ).3®

Analysis of GlcChol by LC-MS/MS

Lipids in C. elegans homogenates were extracted and measured according to methods described
previously.?® Briefly, 20 pL of 3C-GlcChol (0.1 pmol/uL) in MeOH, 480 uL MeOH, and 250 pL CHCls were
added to the C. elegans homogenate samples, stirred, incubated for 30 min at room temperature and
sonicated (5x1 min in sonication water bath), followed by centrifugation for 10 min at 15,000 rpm.
Supernatants were collected in a clean tube, where 250 pL CHCl; and 450 pL 100 mM formate buffer
(pH 3.2) was added. The samples were stirred and centrifuged, the upper phase was removed. The
lower phase was pipetted into a clean tube, to which was added 400 pL MeOH, 360 pL formate buffer,
and 400 pL CHCI; after which the lower phase was transferred to a clean tube. The lower phase was
dried, after which 700 pL H,O and BuOH was added and upper phase transferred to a new tube and
dried. The residue was dissolved in 100 uL MeOH. 10 pL Of these samples were injected into the LC-
MS/MS for lipid measurement as previous described.?
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Appendix

(A) Optimum temperature of (B) 4-MU-B-D-Glc activity of
C. elegans homogenate OP50 E. coli homogenate
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Figure S1. (A) Optimum temperature of C. elegans homogenates for hydrolyzing 4-MU-B-D-Glc. C. elegans
homogenates were incubated with 4-MU-B-D-Glc for 30 min at pH 5.0 under various temperatures (4-55 °C). (B)
4-MU-B-D-Glc hydrolysis activity of OP50 E. coli homogenates. OP50 E. coli homogenates were incubated with 4-
MU-B-D-Glc for 30 min at 37 °C and at various pH values (3-8). (C) C. elegans homogenates were incubated with
ABP 12 (5 uM, hGBA1-selective) or 14 (1 uM, human B-glucosidases broad-spectrum) for 30 min at 37 °C and at
various pH values (3-8), subsequently, samples were subjected to SDS-PAGE and fluorescence scanning of the
wet gel slabs.

Table S1. Putative B-glucosidases in C. elegans homogenates as identified by chemical proteomics, using
biotinylated ABP (13, 16, 20). Raw abundance of predicted GBA1-like protein (UniProt code: G5ECR8) and
predicted GBA2-like protein (UniProt code: 001893) enriched by ABP 13, 16, 20, indicate by label-free
quantification (LFQ) intensity. Higher intensity of LFQ intensity suggests a larger amount of proteins captured
and enriched. Samples include the setting groups below. Group 1: Vehicle beads control, pull down (PD) assays
only using streptavidin beads, without addition of biotin-ABPs; Group 2-4: PD assays using biotin-ABPs (13, 16,
20); Group 5-6: PD assays with ABP 14 pre-treatment prior to adding biotin-ABPs (16, 20). See detailed conditions
in experimental procedures.

Group 1: Control (without biotin-ABPs)

Accession Gene name Mark LFQ intensity (3 sets)
G5ECR8 gba-3 GBA1l-like 0 0 0
001893; A0A168HI9S8 RO8F11.1 GBA2-like 0 0 0
incubated at pH 5.0 pH 5.0 pH 6.0
Group 2: PD using biotin-ABP 16 Group 5: PD using 16, with ABP 14 pre-treatment
Accession Gene name Mark LFQ intensity (3 sets) LFQ intensity (3 sets)
G5ECR8 gba-3 GBA1-like 2.46E+07 1.68E+07 1.73E+07 6.07E+05 5.18E+05 1.76E+05
001893; A0A168HIS8 RO8F11.1 GBA2-like 9.98E+06 7.89E+06 5.34E+06 1.87E+04 1.07E+04 0
incubated at pH 5.0
Group 3: PD using biotin-ABP 13
Accession Gene name Mark LFQ intensity (3 sets)
G5ECR8 gba-3 GBA1l-like 1.99E+07 1.41E+07 1.87E+07
001893; A0A168HIS8 RO8F11.1 GBA2-like 2.76E+03 5.43E+03 3.66E+03
incubated at pH5.0
Group 4: PD using biotin-ABP 20 Group 6: PD using 20, with ABP 14 pre-treatment
Accession Gene name Mark LFQ intensity (3 sets) LFQ intensity (2 sets)
G5ECR8 gba-3 GBA1-like 6.71E+03 3.25E+03 3.69E+03 2.84E+03 0
001893; A0A168HIS8 RO8F11.1 GBA2-like 1.64E+07 1.03E+07 8.13E+06 0 4.25E+03
incubated at pH 6.0
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Figure S2. (A) Amino acid (AA) alignment of hGBA1 (UniProt code: P04062) and cGBA1-3 (UniProt code: G5ECRS).
Signal peptides predicted by SignalP 5.0 are marked as blue, identical AA are marked with a black box, catalytic
active residues are marked as red. (B) Overlap of the AlphaFold® predicted protein structure of cGBA1-3 (aqua
green) and the complex crystallization of hGBA1 (nattier blue, PDB 6Q6L) with compound 13 (sticks, C = bottle
green, O =red, N = blue), processed by PyMOL 2.0. Catalytic active site of (AA numbers without counting signal
peptides): hGBA1 (orange sticks), nucleophile = E340, acid/base = E235; cGBA1-3 (red sticks): nucleophile = E343,
acid/base = E238.
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AA
number

hGBA2 : MGTQDPGNMGTGVPASEQISCAKEDPQVYCPEETGGTKDVQVTDCKSPEDSRPPKETDCCNPEDSGQ GKAMGYQVPP ICL : 90
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Figure S3. Amino acids (AA) alignment of hGBA2 (UniProt code: Q9HCG7) and cGBA2 (UniProt code: 001893).
Identical AA were marked with black box. Catalytic active site of hGBA2 and cGBA2 (predicted) are marked as
red: hGBA2, nucleophile = E527, acid/base = D677; cGBA2, nucleophile = E452, acid/base = D607.
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Figure S4. (A) Optimum temperature of recombinant cGBA1-3 for hydrolyzing 4-MU-B-D-Glc. Lysates of
hGBA1/GBA2 KO HEK293T cell expressing rcGBA1-3 were incubated with 4-MU-B-D-Glc for 45 min at pH 5.0
under various temperatures (4 °C-55 °C). (B) Treating rC-GBA1-3 with PNGase F. Lysates of hGBA1/GBA2 KO
HEK293T cell expressing rcGBA1-3 were incubated with ABP 14 for 30 min at 37 °C at pH 5.0, followed by
incubation with PNGase F for 2 h, then samples were subjected to SDS-PAGE and fluorescence scanning of the
wet gel slabs.
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GlcChol of C. elegans detected by LC-MS/MS
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Figure S5. Presence of GlcChol in C. elegans homogenates as detected by LC-MS/MS, using total 2 pmol 3C6-B-

GlcChol as internal standard, n = 2 replicates. Quantification reveals the level of GlcChol in C. elegans extracts is
around 0.1 pmol/ug.

Synthesis of ABP 17

Biotin-ABP 17

Scheme S1. Synthesis of ABP 17. (a) CuSO4, sodium ascorbate, rt, 15%.
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solution of CuSO45H,0 and sodium
i W /\O ascorbate (0,2 M in MilliQ water) was freshly
prepared. Cyclophellitol-aziridine azide 212
N’/Nj/‘ (4,71 mg, 14 umol, 1 eq.) was dissolved in DMF
(2 mL), CuSO4-5H,0 (0.1 M, 62 pL, 6.2 umol,
0.45 eq.) and sodium ascorbate (0.1 M, 62 pL,
6.2 umol, 0.45 eq.) were added to the solution
under argon atmosphere. Then, a solution of 222 alkyne biotin (12 mg, 14 umol, 1 eq.) in 1 mL of DMF
was added and the reaction mixture was stirred at rt overnight. The resulting mixture was checked
with LC/MS within the elution system of 10% NHiOAc. Starting material was consumed and the
reaction mixture was then concentrated under reduced pressure and purified by semi-preparative
reversed HPLC (linear gradient: 32%—>35% B in A, 12min, solutions used A: 50 mM NH4HCOs in H;0, B:
acetonitrile), the fractions were concentrated and lyophilized to the final product (2.52 mg, 14 pumol,
15%) which was freeze-dried and aliquoted in 100 nmol tubes. *H NMR (850 MHz, MeOD) & 8.02 (s,
1H), 7.93 — 7.89 (m, 2H), 7.45 (d, J = 8.2 Hz, 1H), 7.13 — 7.10 (m, 1H), 6.98 (d, J = 8.4, 1.2 Hz, 2H), 6.68
(dd, J = 6.1, 4.1 Hz, 1H), 4.67 (td, J = 6.8, 1.7 Hz, 2H), 4.65 (d, J = 2.1 Hz, 2H), 4.46 — 4.43 (m, 1H), 4.39
(d, J=5.5Hz, 2H), 4.25 (ddd, J = 7.8, 4.3, 1.1 Hz, 1H), 4.11 (t, J = 7.2 Hz, 1H), 4.07 (t, J = 5.6 Hz, 2H),
3.66 —3.64 (m, 2H), 3.62 — 3.60 (m, 2H), 3.52 — 3.49 (m, 2H), 3.33 (td, J = 5.3, 1.2 Hz, 2H), 3.16 - 3.14
(m, 1H), 2.88 (ddd, J=12.7,5.0, 1.0 Hz, 1H), 2.81 (td, J= 7.1, 1.6 Hz, 2H), 2.67 (d, J = 12.7 Hz, 1H), 2.53
—2.51 (m, 3H), 2.45 - 2.41 (m, 3H), 2.25 -2.22 (m, 3H), 2.18 (td, J = 7.4, 3.5 Hz, 2H), 2.11 - 2.08 (m,
1H). 3C NMR (214 MHz, MeOD) & 188.5, 176.1, 174.6, 166.1, 160.9, 156.6, 146.4, 145.8, 142.2, 136.7,
135.6,131.9, 131.6, 129.6, 127.0, 125.6, 124.8, 123.4,119.3, 115.3, 115.3, 79.2, 76.0, 74.1, 73.4, 72.2,
71.2,70.7,70.6, 69.3, 65.7, 64.9, 63.7, 63.6, 63.3, 61.6, 57.0, 51.3, 51.2, 45.4, 45.3,42.4, 41.1, 40.3,
35.6,29.7, 29.5, 27.6, 27.3, 26.9, 25.9, 21.1, 13.3, 9.6.
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Chapter 6

Expression and analysis of Nicotiana tabacum B-glucosidase B56 in
mammalian cells
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Abstract

Gaucher disease (GD) is characterized by deficiency in the lysosomal glucosylceramidase, GBA1, with
accumulation of glucosylceramide (GlcCer) as the result. Enzyme replacement therapy (ERT),
comprising intravenous administration of GD patients with recombinant human (h)GBA1, is an
effective, though costly, therapy for type 1/3 GD patients. In principle, B-glucosidases from other
species and that are easier to obtain could work as well, provided they reach Gaucher cell lysosomes,
act (all or not assisted by endogenous chaperones, as hGBA1 is) on accumulating GlcCer, and do not
elicit an immune response. The Nicotiana tabacum [-glucosidase B56 features GBA1l-like
characteristics: it is a retaining B-glucosidase acting at acidic pH. This Chapter reveals that expression
of B56 in hGBA1/hGBA2 double knockout HEK293T cells (a human cancer cell line) reintroduces
lysosomal B-glucosidase activity: it is in vitro active towards retaining 3-glucosidase inhibitors and
probes and it proceeds through the secretory pathway (as witnessed by its N-glycosylation) to reach
lysosomes. It does not process GlcCer-like substrates in extracts of these transgenic cells, though, and
neither possesses transglycosylation activity as is one of the characteristics of hGBA1. The study does
show that plant glycosidases can be introduced into human cells while retaining activity, inviting
further research towards easy-to-access, lysosomal-active retaining -glucosidases that do act on
GlcCer.
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Introduction

Glucosylceramide (GlcCer) is the central glycosphingolipid from which all gangliosides and
globosides are derived, and aberrations in glycosphingolipid metabolism is a hallmark of several
human diseases.? Human cells express two retaining B-glucosidases that act on GlcCer in different
cellular compartments. Acid glucosylceramidase (GBA1) is the main GlcCer metabolic enzyme,
processing GlcCer as the penultimate step in the breakdown of glycosphingolipids within lysosomes.?
Glucosylceramidase (GBA2) in turn resides within the inner leaflet of (sub)cellular membranes, where
it processes GlcCer to give glucose and ceramide in a different topological compartment (cytosol
instead of lysosomes) with possibly different cellular consequences.® The lysosomal storage disorder,
Gaucher disease (GD) is characterized by genetic deficiency in the GBA1 gene, with different gene
mutations leading to different disease states.*® Some mutations (for instance, N370S) lead to
relatively mild manifestations (type 1 GD) which can be treated with considerable success by two
distinct therapies: enzyme replacement therapy (ERT) and substrate reduction therapy (SRT).>® Other
mutations exist that lead to less frequent, but more severe (type 2) GD with neuropathological
consequences.” Aberrations in GBA1 are moreover also found as a risk factor for Parkinson’s disease
(PD).2° In all GD types, GlcCer accumulates as the primary storage material and both ERT and SRT are
directed to lower GlcCer concentrations in GD patients. In SRT, this is realised by partial inhibition of
the GlcCer synthesising enzyme, glucosylceramide synthase (GCS).> ERT, which is the clinically more
successful of the two therapeutic strategies, pertains the intravenous administration of recombinant
human (h)GBA1, which is targeted to Gaucher cells through the mannose receptor (for which purpose
rhGBAL1 is engineered to display high mannose-type N-glycans).>10-12

Although effective, ERT is a very costly therapy, and costs are in part associated with the production
of stable rhGBA1.22 Originally harvested (as wild-type enzyme) from human placentas, today rhGBA1
is produced in a variety of production platforms, including cells derived from human fibroblasts'?,
Chinese hamster ovary cells (CHOs)>*® and more recently also carrot cells.'*¥” The non-human
production systems are highly engineered to allow the efficient expression of a xenobiotic, human
enzyme. On paper, one could also imagine usage of a non-human retaining B-glucosidase in ERT to
take over the role of genetically impaired hGBA1 in GD patients. Immune issues aside, such enzymes,
which may be harvested from source organisms as wild-type proteins, need to meet several
requirements, most predominantly that they are active on GlcCer within lysosomes. The research
described in this chapter aimed to establish whether such non-human GBA1 substitutes would be
viable in situ active retaining B-glucosidases, acting in lysosomes, and attention was turned to the
plant world as potentially cheap and easy to manage production vehicles.’®?! Earlier research
identified the existence of a retaining B-glucosidases in the tobacco plant, Nicotiana tabacum with
some similarities to hGBA1: it has a similar size (about 57 kD) and more importantly has the highest
activity at acidic pH.? This protein (UniProt code: AOA1S4CL56) classified as a CAZy GH 5 family
member, and for the remainder of this chapter termed B56, was putatively classified as a 1,3-p-
glucanase.? Thus, it is not known whether it is involved in processing of plant GlcCer. Still B56 was
considered a good starting point to address the question whether it would be a viable lysosomal -
glucosidase in human cells. The research in this chapter reveals this to be true, in part. It withstands
lysosomal conditions and reacts with inhibitors and activity-based probes (ABPs) that also react with
hGBAL. It does not hydrolyse fluorescent GlcCer derivatives and is thus not a bona fide hGBA1
substitute. Despite this, the work as presented here does reveal that plant retaining B-glucosidases
may become targets for new ERT developments. It moreover provides a platform to study such
candidates: by overexpressing, in a human GBA1/GBA2 knockout background, of the candidate
enzyme, followed by in vitro and in situ probing of its stability and activity using the set of substrates,
inhibitors and probes that also have shown their value in investigating hGBA1 and hGBA2 in the
context of GD and PD.

117



Chapter 6

N ~
N” N
\Qi; ”'OH HO™ “OH  HO™
1 (4-MU-p-D-GI

’EC:§;,

2 (4-MU-p-D-Xyl)

ﬁ

3 (C12-NBD-GlcCer)

HO""

N
HO : N
Ho&&,o %l“‘"’
HO A(CyS)

OH
11 (25-NBD-GlcChol)

Figure 1. Substrates, inhibitors, and probes used in the here-presented studies.
Results

Chemical proteomics on Nicotiana tabacum extracts using a biotin-cyclophellitol aziridine activity-
based probe (compound 16 in Chapter 5) in previous studies identified B56 as a retaining -
glucosidase with a pH activity optimum between 4 and 5, thereby indicating this enzyme to be a likely
hGBA1 substitute, at least in terms of putative lysosomal activity.?? Rather than cloning and purifying
the enzyme for subsequent exposure to human (Gaucher) cells, it was elected to stably express B56
in GBA1 knockout as well as GBA1/GBA2 double knockout cells as relevant Gaucher models. These
cells, and extracts thereof, were interrogated on retaining B-glucosidase activity and on B56
intracellular trafficking and post-translational glycosylation. Selected reagents and probes that also
featured in the preceding chapters and that were used to investigate hGBA1, hGBA2 and C. elegans
GBA1-3 were used in these studies. These comprise (Figure 1) the artificial, fluorogenic substrates, 4-
methylumbelliferyl (4-MU-) B-D-glucopyranoside (4-MU-B-D-Glc, 1), 4-MU-3-D-xylopyranoside (4-MU-
[3-D-Xyl, 2), the fluorescent synthetic GlcCer analogue, C12-NBD-GlcCer 3, and GlcChol analogue, 25-
NBD-GlcChol 11, the hGBAl-selective inhibitors 4 (conduritol B epoxide, CBE),” cyclophellitol
derivative 5,%* and B-D-xylo-cyclophellitol 6,° the somewhat hGBA2-selective iminosugar competitive
inhibitor 7% as well as the hGBA1-selective (8)?* and broad-spectrum retaining B-glucosidase (9%, 10%°)
activity-based probes (ABPs).

Expression of active B56 enzymes in HEK293T cells

cDNAs encoding B56 (marked as B56 Wild-Type (WT)) or V5/His-tagged B56 (marked as B56 Tag)
were transfected into human GBA1/GBA2 KO HEK293T cells. Lysate of HEK293T cells transfected with
B56 cDNA showed a considerable increased B-glucosidase activity (40-50 nmol/h/mg) towards 4-MU-
B-D-Glc 1 as compared to the non-transfected (mock) cells (< 2 nmol/h/mg) (Figure 2A). Recombinant
B56 in cell lysate (both B56 WT and B56 Tag) also hydrolyzed 4-MU-3-D-Xyl 2, but in an about two-fold
lower rate than observed for 1 (Figure 2A). For comparison, hGBA1 activity towards 1 is about 20-fold
higher than towards 2. The transfected hGBA1/GBA2 KO HEK293T cells expressing recombinant B56
(WT or Tag) are for the remainder of this chapter termed as ‘B56 (WT or Tag) cells’.
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Characterization of B56 expressed in HEK293T cells by activity-based protein profiling (ABPP) and
fluorogenic substrate assays

Lysates of B56 (WT or Tag) hGBA1/hGBA2 KO HEK293T cells were incubated with hGBA1-selective
ABP 8 or broad-spectrum B-glucosidase ABP 9. Compared with the absence of ABP-labelling in the
non-transfected (mock) cells, ABPs 8 and 9 returned a clear signal in the fluorescence scan of the wet
SDS-PAGE gel at around 57 kDa, which corresponds to the molecular weight of B56 (Figure 2B). The
signal derived from the B56 Tag transfected cells is slightly higher at around 60 kDa, which would be
expected due to the presence of the V5/His tag (Figure 2B). The pH optimum of B56 for ABP labelling
and enzyme activity was next examined. To this end, the extracts were treated with 200 nM ABP 2
final concentrations, at a pH range varying from 3 to 8. As shown in Figure 2C, the emitted fluorescence
intensity in the resultant SDS-PAGE gels is maximal at pH 5.0, with no signal for the samples incubated
at the low and high end of the pH range. The pH-dependent fluorogenic substrate assay using 4-MU-
B-D-Glc 1 also shows, both for B56 WT and B56 Tag, a maximal activity at pH 4.5-5. The optimum acidic
pH of B56 for B-glucosidase activity thus reflects that of hGBA1, which has an activity maximum at pH
5.2. Next, lysates of B56 cells were incubated with 4-MU-B-D-Glc 1 under variable temperature
conditions (20-70 °C) to investigate the optimum temperature in terms of enzyme activity. Intriguingly,
B56 (WT or Tag) in HEK293T cell lysate showed maximal 4-MU-B-D-Glc 1 hydrolysis activity at 60 °C

(Figure 2D). In sharp contrast, hGBA1 becomes inactive after exposure to 42 °C.
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Figure 2. Characterization of B56 (WT and Tag) expressed in HEK293T hGBA1/GBA2 KO cells. Mock = lysate of
hGBA1/GBA2 KO HEK293T cells. (A) Activity of B56 in cell lysates towards 4-MU-B-D-Glc 1 and 4-MU-B-D-Xyl 2.
Lysates of B56 cells were incubated with 4-MU substrate 1 or 2 at pH 5.0 for 30 min at 37 °C. (B) Reactivity of
ABP 8 and 9 towards B56 (WT and Tag) in cell lysates. Lysates of B56 cells were incubated with 500 nM ABP 8 or
200 nM ABP 9 at pH 5.0 for 30 min at 37 °C and subjected to SDS-PAGE and fluorescence scanning of the wet gel
slabs. (C) The optimum pH of B56 for labelling with ABP 9 and 4-MU-B-D-Glc hydrolysis activity, as determined
by ABPP and fluorogenic substrate assays, respectively. For ABPP, lysates of B56 cells were incubated with 200
nM ABP 9 for 30 min at 37 °C at various pH values (3-8). For fluorogenic substrate assay, lysates of B56 cells were
incubated with 4-MU-B-D-Glc for 30 min at 37 °C at various pH values (3-8). (D) Effect of temperature on enzyme
activity of B56 in HEK293T cell lysates. Lysates of B56 cells were incubated with 4-MU-B-D-Glc for 30 min at pH
5.0 at various temperatures (20-70 °C).
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Inhibition of B56 in hGBA1/GBA2 KO HEK293T cell extracts by classical hGBA1/hGBA2 inhibitors

In the next set of experiments, the sensitivity of B56 to the established hGBA1 and hGBA2 inhibitors
4-7 was assessed. Figure 3 lists the apparent ICso values for inhibitors 4-7 as determined in a 4-MU-$-
D-Glc 1 fluorogenic substrate assay, in a head-to-head comparison with recombinant hGBA1 (rhGBA1,
Imiglucerase) and hGBA2. hGBA1-selective inhibitor 4-6 were found to potently inhibit B56 (WT and
tagged) and rhGBA1. The hGBA2-selective inhibitor 7 in turn did not inhibit B56 (apparent ICsovalue >
10 uM). This result underscores that B56 may resemble in selectivity hGBA1, more so at least than it
does hGBA2.
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Figure 3. Inhibitory potency of B-glucosidase inhibitors 4-7 on B56. Lysates of B56 (WT and Tag) cells were
incubated with inhibitor 4-6 or inhibitor 7 at pH 5.0 for 30 min at 37 °C, followed by incubation with 4-MU-B-D-
Glc for 30 min. rhGBA1 = Imiglucerase. hGBA2 = lysate of hGBA1/GBA2 KO HEK293T cells overexpressing hGBA2.
Errors range = + SD, n = 2 replicates.

B56 acquires high-mannose type N-glycans when expressed in hGBA1/hGBA2 KO HEK293T cells

To examine whether B56 undergoes N-glycosylation, extracts of B56 WT cells were treated with
Sepharose beads modified with the a-D-mannosyl glycan receptor, Concanavalin A (ConA-beads).?53°
B56 WT was first incubated with ConA-beads, followed by several washing steps to remove unbound
proteins. Following the final washing step, ConA beads were collected and are termed as the ‘ConA
beads’ fraction. Then, the fractions from all washing steps as well as the ConA bead fraction were
incubated with ABP 9, the protein samples resolved by SDS-PAGE, and the resulting wet gel slabs
scanned for in-gel fluorescence. As can be seen (Figure 4A) virtually all input signal (left lane) is
retained in the ConA-beads fraction with little to no fluorescence in the lanes stemming from the
washing steps, indicating that B56 binds ConA-beads and, therefore, contains (high mannose-type) N-
linked glycans. To further study the type of N-glycans in B56, N-glycanase digestion experiments with
the glycanases, PNGase F and Endo H, were conducted (Figure 4B). PNGase F can remove most N-
glycans from glycoproteins whereas Endo H is only able to remove high-mannose-type N-glycans.
Treating extracts from B56 WT as well as B56 Tag hGBA1/GBA2 KO HEK293T cells which were
pretreated with ABP 9 with PNGase F, followed by SDS-PAGE and in-gel fluorescence scanning
revealed several signals corresponding to a lower molecular weight compared to the non-PNGase F
treated samples, suggesting partial de-N-glycosylation. Treatment with Endo H in turn returned a
major and a minor band for the WT sample and two bands with similar intensity for the Tag one. The
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near complete digestion with Endo H suggests that B56 protein predominantly acquired high-mannose
type N-glycans.
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Figure 4. (A) ConA binding to B56 WT in hGBA1/GBA2 KO HEK293T cell extracts. Lysate of B56 WT (‘Initial lysate’
fraction) were incubated with ConA beads for 2 h at 4°C. After centrifugating, supernatant was collected as ‘Flow
through’ fraction, the ConA beads were subsequently washed for three consecutive times and the washing
solutions were collected as ‘Wash 1-3’ fractions. Following the final washing step, ConA beads were collected as
‘ConA beads’ fraction. All fractions were incubated with 500 nM ABP 9 for 30 min at pH 5.0 at 37 °C and subjected
to SDS-PAGE and fluorescence scanning of the wet gel slabs. (B) PNGase F and Endo H digestion of extracts of
B56 expressed hGBA1/GBA2 KO HEK293T cells. Lysates of B56 cells were first incubated with 500 nM ABP 9 for

30 min at 37°C at pH 5.0, followed by incubation with PNGase F or Endo H, and subjected to SDS-PAGE and
fluorescence scanning.

Subcellular localization of B56 expressed in hGBA1/GBA2 KO HEK293T cells

To investigate the sub-cellular localization of B56 expressed in HEK293T cells,
immunocytochemistry was employed. hGBA1/GBA2 KO HEK293T cells expressing V5-tagged B56 were
fixed and stained with fluorescent anti-LAMP1 (lysosomal-associated membrane protein 1) antibody
and fluorescent anti-V5 antibody. Subsequently, fluorescence of anti-LAMP1 antibody and anti-V5
antibody were visualized by confocal fluorescence microscopy. As shown in Figure 5, the fluorescence
of anti-LAMP1 (indicating sub-cellular localization of lysosomes) and anti-V5 (indicating sub-cellular
localization of B56) are overlapping, suggesting that the V5-tagged B56 is at least partly localized in
LAMP1-positive lysosomes.
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Figure 5. Sub-cellular localization of hGBA1/GBA2 KO HEK293T cells expressing V5-tagged B56. Alexa Fluor™ 488
(green)-tagged anti-LAMP1 antibody was used to visualize sub-cellular localization of lysosomes. Alexa Fluor™
647 (red)-tagged Anti-V5 antibody was used to visualize sub-cellular localization of V5-tagged B56. Nuclei were
stained with 10 pg/ml DAPI (shown as blue). Scale bar = 5 um.

Processing of C12-NBD-GlcCer by B56-expressing hGBA1/GBA2 KO HEK293T cells and cell extracts

Next, the C12-NBD-GlcCer degradation capacity of B56 expressed in HEK293T cells was examined.
Lysates of B56 cells were incubated with C12-NBD-GlcCer for the indicated time, after which lipids
were extracted and subjected to high-performance thin layer chromatography (HPTLC) separation and
fluorescence scanning of the TLC plates. rhGBA1 (Imiglucerase) was used as positive control to show
the position of C12-NBD-Cer. No C12-NBD-Cer formation was observed after 2.5 h incubation in vitro,
and neither upon prolonged incubation time up to 16 h or using ConA beads enriched B56 (Figure
6A/B). An assay was also conducted to assess whether NBD-GlcCer can be degraded by B56 in situ. To
this end, 80% confluent hGBA1/GBA2 KO HEK293T cells expressing B56 (WT or Tag) were exposed to
C12-NBD-GlcCer for 3 h in situ. Afterwards, cells were washed, collected, lysed, and subjected to
HPTLC analysis (Figure 6C). Extracts of wild type (WT) HEK293T cells as positive control converted NBD-
GlcCer to NBD-Cer in situ, while extracts of hGBA1/GBA2 KO HEK293T cells expressing B56 did not.
Considering that BY2 cells may contain some components assisting B56 to hydrolyze GlcCer in tobacco,
an attempt was conducted to examine whether a mixture of tobacco BY2 cell lysate and B56
expressing HEK293T cell lysate (in hGBA1/hGBA2 KO background) was able to degrade C12-NBD-
GlcCer. BY2 cell lysates were treated or not with hGBA1-selective inhibitor 5 (with the aim to inhibit
potential B-glucosidases in BY2 lysate), followed by washing with a desalting column to remove
unbound inhibitor. Afterwards, the washed BY2 lysate was mixed with lysate of hGBA1/GBA2 KO
HEK293T cells expressing B56 WT and incubated with C12-NBD-GlcCer for 3 h in vitro. The sample not
treated with inhibitor 5 proved to be able to convert NBD-GlcCer, while the 5-treated samples
(including the sample using mixture of BY2 lysate and B56-expressing HEK293T lysate) did not.
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(A) Incubation in vitro
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(B) Incubation in vitro (3 h) using ConA beads enriched B56

(2.5 h) I ENY
d} R &é R \6\% . \é\z
F & F & & F Q»d' QQ $ & & & & &e‘ .
FC § & & & CF S Ll N ) N & & &
& ) L & & T & & & NS <2 Aol Ny " <
¥ & & & 9 & & o & F N
W~ < ¥ & & 8 N4
C12-NBD-Cer - o C12-NBD-Cer - -
abTD T
C12-NBD-GlcCer| W - o % -
C12-NBD-GlcCer| @ @B @ ® o
(C) Incubation in situ (3 h) using intact cells (D) Combination of BY2 lysate and HEK B56 Lysate (3 h incubation in vitro)
& BY2
b\\é & & $ o Qg}’f‘ BY2  +5+HEK HEKBS6  NBD-
& & Ky & & 8 BY2 +5 B56 WT wt GlcCer  NBD-Cer

C12-NBD-Cer

C12-NBD-Cer

C12-NBD-GlcCer| (D = G D D . C12-NBD-Cor| NS cEES GED - -

Figure 6. C12-NBD-GlcCer processing by hGBA1/hGBA2 KO HEK293T expressing B56 (WT or Tag) expression.
‘rhGBA1’ = sample using Imiglucerase. ‘B56 WT’ or ‘B56 Tag’ = sample of B56 (WT or Tag) cells or cell lysates.
‘Mock’ = HEK293T hGBA1/GBA2 KO cells or cell lysates. ‘HEK WT’ = intact living wild-type HEK293T cells. ‘ConA
beads’ = sample containing ConA beads only. (A) Lysates of B56 cells incubated with 500 nM NBD-GlcCer for 2.5
h or 16 h at pH 5.0 in vitro. (B) ConA beads enriching B56 incubated with 500 nM NBD-GlcCer for 3 h at pH 5.0
in vitro. (C) Intact WT, hGBA1/GBA2 KO, or B56 expressed HEK293T cells incubated with 1 uM C12-NBD-GlcCer
for 3 h in situ. Subsequently, cells were washed, collected, lysed, and subjected to HPTLC separation and
fluorescence scanning of the TLC plates. (D) BY2 lysate was preincubated with 200 nM inhibitor 5 for 1 h at 37 °C,
then sample was washed by a desalting column. Afterwards, BY2 lysate was mixed with lysate of B56 WT cells
and incubated with 500 nM NBD-GlcCer for 3 h at 37 °C at pH 4.5. ‘BY2’ = sample containing BY2 lysate without
pre-treatment of 5. ‘BY2 + 5’ = sample of BY2 lysate with pre-treatment of 5 and washing step. ‘BY2 + 5 + HEK
B56 WT’ = lysate of B56 WT cells mixed with BY2 lysate pre-treated with 5. ‘HEK B56 WT’ = lysate of B56 WT
cells. Lanes: ‘NBD-Cer’ or ‘NBD-GlcCer’ = sample containing NBD-Cer or NBD-GlcCer alone.

B56 expressing hGBA1/hGBA2 KO HEK293T cells do not process GlcCer and glucosylsphingosine

Characteristically, GlcCer is elevated in GD patients due to impaired lysosomal degradation, leading
to a concomitant marked increase in glucosylsphingosine (GlcSph) through conversion of
accumulating GlcCer by acid ceramidase.? To investigate whether B56 when expressed in human cells
can process these storage glycolipids, LC-MS/MS was employed to detect the changes of
glycosphingolipids in hGBA1 KO or hGBA1/GBA2 KO HEK293T cells expressing B56 (WT or Tag). As
shown in Figure 7, GlcCer increased 3-fold in both non-B56-transfected hGBA1 KO HEK293T cells and
hGBA1/GBA2 KO HEK293T cells, when compared to the wild-type cells. Expression of B56 in these cells
did not lead to a decrease of GlcCer levels. GlcSph is present only in very low amounts in wild type
HEK293T cells. In contrast, GlcSph levels are drastically increased both in hGBA1 KO HEK293T cells and
in hGBA1/GBA2 KO HEK293T cells, resembling the situation of GD patients, and expression of B56 in
these cells did not suppress these GlcSph levels. As well, B-glucosylcholesterol (GlcChol), a
glycosphingolipid mainly degraded by hGBA1 and generated by hGBA2 via transglycosylation,*! was
not considerably influenced by expression of B56 in hGBA1 KO or hGBA1/GBA2 KO HEK293T cells.
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Figure 7. Glycosphingolipid levels in hGBA1 knockout (KO) or hGBA1/GBA2 KO HEK293T cells expressing B56 (WT
or tagged), as detected by LC-MS/MS. n = 3 biological replicates. ‘HEK WT’' = HEK293T wild type cells; ‘hGBA1/2
KO’ = HEK293T hGBA1/GBA2 KO cells; ‘hGBA1 KO’ = HEK293T hGBA1 KO cells; ‘B56 WT or B56 Tag’ = wild type
B56 or V5-tagged B56 expressed in HEK293T cells (in either hGBA1 KO or hGBA1/GBA2 KO background).

B56 expressing hGBA1/hGBA2 KO HEK293 cells do not produce GlcChol

Previous studies have revealed that hGBA1 catalyzes transglycosylation in vitro, generating B-
GlcChol when incubated with cholesterol as an acceptor and 4-MU-B-D-Glc or GlcCer as sugar donors
at appropriate conditions.3! In vivo hGBA1 is involved in degrading GlcChol into cholesterol and
glucose. hGBA2 as well generates GlcChol via transglucosylation using GlcCer as sugar-donor.3!
Additionally, hGBA1 also efficiently produces B-xylosylated cholesterol (XylChol) and even sequentially
XylaChol in vitro. As the final experiment, B56 as produced by hGBA1/hGBA2 KO HEK293 cells studied
on its transglycosylation capacity. Enriched B56 (by ConA beads) was incubated with 4-MU-B-D-Glc 1
or 4-MU-B-D-Xyl 2 as sugar donors and 25-NBD-Chol 11 as acceptor for 16 h at 37 °C. As shown in
Figure 8, B56 did not generate GlcChol or XylChol. In sharp contrast, recombinant human GBA1
(rhGBA1, Imiglucerase) was able to generate GlcChol, XylChol and Xyl,Chol as reported earlier.3?

124



Nicotiana tabacum [B-glucosidase B56

HPTLC uv
Enriched 4-MU-GlC  piany MUY gy 4-MU-Glc 4-MU-Xyl
B56 Tag rhGBA1  (NBD-Chol) B56 Tag  rhGBAL (NBD-Chol) B56 Tag rhGBA1  NBD-Chol B56 Tag rhGBA1  NBD-Chol

- —
neochor |- G« G ! . !
- - | — -
J—

NBD-XylChol

NBD-GlcChol

NBD-Xyl,Chol

Figure 8. Transglycosylation capacity of HEK293T-produced B56. V5-tagged B56 enriched by ConA beads was
incubated with either 4-MU-B-D-Glc or 4-MU-B-D-Xyl as sugar donor and 25-NBD-Chol as acceptor for 16 h at
37 °C at pH 5.0. Lanes: ‘B56 Tag’ = the enriched B56 (by ConA beads) expressed in hGBA1/GBA2 KO HEK293T
cells was incubated with substrates (sugar donor and acceptor). ‘rhGBA1’ = isolated rhGBA1 (Imiglucerase)
incubated with substrates at pH 5.2 (supplemented with 0.1% (v/v) Triton X-100, 0.2% (w/v) sodium
taurocholate, and 0.1% (w/v) bovine serum albumin). ‘NBD-Chol’ = sample containing 25-NBD-Chol alone.
Intensity of ‘released 4-MU’ reflects the amount of hydrolyzed 4-MU-glycoside, as detected under ultraviolet
light (UV).

Discussion

The Nicotiana tabacum [3-glucosidase B56 was previously identified as a potential analogue of the
human lysosomal enzyme, deficient in GD, hGBAL. It has about the same molecular weight; it employs
a retaining mechanism; and is active at lysosomal pH.? At the onset of the studies described here,
also some notable differences were apparent. It is a member of the GH5 CAZy family and therefore
has a different fold compared to the GH1 family to which hGBA1 belongs, and indeed there is little to
no sequence homology between the two enzymes (see Sl Figure S1). As well, no GlcCer metabolizing
activity has been ascribed to B56 for which no substrate is known, though B56 is listed as probable
glucan 1,3-B-glucosidase A isoform X2 in UniProt. With this prior information available, a research
campaign was started to investigate the possibility to express B56 in human cells, and to investigate
its fate and catalytic activity in this foreign environment. The results, as described here, reveal that
B56 is readily expressed in hGBA1 as well as hGBA1/hGBA2 KO HEK293 cells. It moreover acquires N-
glycans and ends up in lysosomes, suggesting it is expressed and processed like hGBA1 (expression in
the ER, where it is N-glycosylated and then rooted to lysosomes). Once in lysosomes, it is active both
towards fluorogenic substrates and retaining B-glucosidase ABPs, as well as susceptible to hGBA1-
selective -glucosidase inhibitors. It is, however, not able to process either natural or synthetic GlcCer
derivatives and neither possesses transglycosylation activities. These last two features distinguishes
B56, in this setting, from hGBA1 and also hGBA2. Functionally, B56 can therefore not be seen as a
viable biological for new ERT strategies for treating GD patients. This important caveat aside, the work
presented here does imply that true plant-origin hGBA1 homologues may be considered for this
purpose. Obviously, such species need to be engineered in such way that the host immune system is
not activated (this issue is not addressed in this chapter). Should such entities emerge, the workflow
presented here including the in vitro and in situ assays reporting on enzyme activities as well as
substrate turnover rates should be of help in evaluating their ability to repair, in Gaucher cells,
impaired GlcCer turnover.
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Experimental procedures
Materials

Recombinant human GBA1 (rhGBA1, Imiglucerase) was kindly provided by Genzyme (Genzyme
Nederland, Naarden, The Netherlands). 4-MU-B-D-glucopyranoside (4-MU-B-D-Glc) and 4-MU-B-D-
xylopyranoside (4-MU-B-D-Xyl) were purchased from Glycosynth (Warrington, UK). Wet gel slabs in the
ABPP experiments were imaged using a Typhoon FLA 9500 scanner (GE Healthcare) at Aex 635 nm and
Aem = 665 nm for Cy5 fluorescence. SDS-PAGE gels were stained for loading control of proteins with
Coomassie G250 and scanned on a ChemiDoc MP imager (Bio-Rad, Hercules, CA, USA). Fluorescent
NBD-lipids (C12-NBD-GlcCer, 25-NBD-Chol) were purchased from Avanti (Alabama, USA). Antibodies
purchased from Abcam (Cambridge, MA, USA). PNGase F and Endo H were purchased from New
England Biolabs (Ipswich, USA). Polytron PT 1300D sonicator (Kinematica, Luzern, Switzerland) and
potassium phosphate buffer (25 mM KH,PO4-K;HPO,, pH 6.5, supplemented with protease inhibitor
cocktail (EDTA-free, Roche, Basel, Switzerland) and 0.1% (v/v) Triton X-100) were used for lysing cells.
Harvested cells (cell pellets) and cell lysates not used directly were stored at -80 °C. The protein
concentration of the lysates was determined using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific; Waltham, USA). HEK293T cells were cultured and lysed as described in Chapter 2. CBE
(conduritol B epoxide) was purchased from Enzo Life Sciences (Farmingdale, NY, USA). All other
compounds were synthesized at the department of Bio-organic Synthesis of the Leiden Institute of
Chemistry (LIC), Leiden University

Expression of B56 with or without V5-tag in HEK293T cells

The cDNA of B56 was purchased from GenScript. The B56 wild type gene and the wild type gene
with C-terminal V5 epitope and a His tag (tagged B56) were amplified from pcDNA3.1+/C-(K)-DYK
vectors in DH5a E. coli. After amplification, a BP recombination reaction was conducted according to
the Gateway® Technology with Clonase Il (Invitrogen™). The produced donor vector pDONR221 -wild
type and -tagged were transformed into DH5a E. coli via heat shock. The plates with kanamycin were
used to select the positive transformants and the plasmids were sequenced. Then a LR reaction was
performed to clone both genes into the destination vector pDEST40. Then the pDEST40 wild type or
V5-tagged plasmids were then transfected into the HEK293T cells (in either hGBA1 KO or hGBA1/GBA2
KO background) using polyethylenimine (PEI)® for B56 WT and B56 V5-tagged expression. Primers are
shown in Table 1 below. hGBA1 KO and hGBA1/GBA2 KO HEK293T cell lines were generated as
described in Chapter 2.

Table 1: Primers for the amplification and recombination of WT and tagged version.

Reaction Forward Reverse
Amplification 5’-GCACCAAAATCAA 5’-TTGTCTTCCCAAT
CGGGACT-3’ CcTccce-3
Recombination for WT 5’-GGGGACAAGTTTG 5’-GGGGACCACTTTGT
TACAAAAAAGCAGGCT ACAAGAAAGCTGGGTC
ACCACCATGGCAAGCT TTAAAGCTTGATATAGC
ACTCATGG-3’ CATTC-3’
Recombination for tagged 5’-GGGGACAAGTTTG 5’-GGGGACCACTTTGT
TACAAAAAAGCAGGCT ACAAGAAAGCTGGGTC
ACCACCATGGCAAGCT AAGCTTGATATAGCCAT
ACTCATGG-3’ TCTTG-3’
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4-MU fluorogenic substrate assays

Enzyme activity and apparent ICso of B56 in cell lysates were determined by 4-methylumbelliferyl-
glycoside fluorogenic substrate assays as described in Chapter 2. To determine enzyme activity, lysate
of B56 cells were prepared in 12.5 uL potassium phosphate buffer, and mixed with 12.5 puL Mcllvaine
buffer (150 mM, pH 5.0) and incubated with 100 pL 3.75 mM 4-MU-B-D-Glc or 3 mM 4-MU-B-D-Xyl
dissolved in Mcllvaine buffer (150 mM, pH 5.0) for 30 min at 37 °C. To determine apparent ICso, 12.5
uL lysate of B56 cells were mixed with 12.5 pL inhibitor (4-7) diluted in Mcllvaine buffer (150 mM, pH
5.0) and incubated for 30 min at 37 °C, then the 25 pL samples were incubated with 100 pL 3.75 mM
4-MU-B-D-Glc dissolved in Mcllvaine (150 mM, pH 5.0) at 37 °C for 30 min. After stopping the enzyme
reaction with 200 pL 1 M NaOH-glycine (pH 10.3), 4-Methylumbelliferone fluorescence was measured
with a fluorimeter LS55 (Perkin Elmer, Waltham, MA, USA) with Aex 366 nm and Aem 445 nm. Where
indicated, the pH of Mcllvaine buffer, incubation temperatures, or the percentage of additives (Triton
X-100, sodium taurocholate) in Mcllvaine buffer was varied.

In vitro ABPP with SDS-PAGE

ABPP were conducted as described in Chapter 2. Lysates of B56 cells were incubated with a ABP (8-
10) in Mcllvaine buffer (150 mM, pH 5.0 or at indicated pH) at 37 °C for 30 minutes, and subjected to
proteins denature, SDS-PAGE, and fluorescence scanning of the wet gel slabs.

Immunocytochemistry

HEK293T cells expressing B56 containing a V5-tag were used for immunochemistry using confocal
fluorescence microscopy. Sterile coverslips were put into the wells of 6-well plates and 0.01% of poly-
L-lysine (PLL) milliQ solution was applied on the coverslips for coating the coverslips aseptically. The
cell homogenate was added on the coverslips and DMEM medium (Sigma-Aldrich) was added into
wells for cell growing. When the confluency reached 80%-90%, cells were fixed on the coverslips with
4% (w/v) paraformaldehyde (PFA). After rinsing with phosphate-buffered saline (PBS),
permeabilization buffer (0.1% Triton X-100 in Tris-buffered saline (TBS)) was applied on cells and cells
were incubated in dark for 7 minutes. Then the blocking buffer (3% (w/v) BSA in PBS) was used and
plate was kept in dark for 30 minutes or longer. Primary antibodies, mouse anti-V5 (Fisher) and rabbit
anti-LAMP1 (SouthernBiotech) in blocking buffer (1% and 0.5%, respectively), were then applied on
the coverslips. Incubation was performed in dark at room temperature for 2 hours. Secondary
antibodies, donkey-anti-mouse-Alexa 647 antibody (Invitrogen) and donkey-anti-rabbit-Alexa 488
antibody (Invitrogen) in blocking buffer (0.1% and 0.1%, respectively), were applied on coverslips to
bind with the primary antibodies and cells were incubated in dark at room temperature for 1 hour.
Prolong gold with DAPI was applied then. Nail polish was used to seal the dried coverslips and the
fluorescence of the coverslips was detected by Leica confocal SP8 microscope.

Binding of B56 to Concanavalin A-Sepharose 4B beads

A slurry of Concanavalin A-Sepharose 4B beads (GE healthcare Bio-Sciences) was prior washed with
washing buffer (0.1 M sodium acetate, 0.1 M NaCl, 1 mM MgCl,,1 mM CaCl;,1 mM MnCl,, (pH 6.0))
and then mixed with cell lysates. The mixture was incubated at 4 °C for 2 hours on a tumbling shaker.
After centrifugation, supernatant was collected as flow-through and beads were washed for three time
by washing buffer (collected as wash fractions). Eventually, beads were separated and collected as
beads fraction.3* Fractions were subjected to 500 nM ABP 9 labelling for 30 min at pH 5.0 at 37 °C, SDS-
PAGE and fluorescence imaging of wet gel slabs. For experiments in Figure 6B using B56 enriched by
ConA beads, beads were preincubated with B56 cell lysate for 2 h at 4 °C.
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N-glycanases treatment

In total 20 ug proteins of B56 cell lysates in Mcllvaine buffer (150 mM, pH 5.0) were incubated with
500 nM ABP 9 for 30 min at 37 °C. Afterwards, an aliquot of the samples were treated with PNGase F
or Endo H according to the manufacturer’s protocol (New England BiolLabs). For samples as control
(without N-glycanases treatment), samples with a normalized protein amount were incubated with
500 nM ABP 9 for 30 min at 37 °C in Mcllvaine buffer (150 mM, pH 6.0). Subsequently, both the control
and N-glycanase treated samples were subjected to ABPP as described above.

Assessment of NBD-lipid metabolism

C12-NBD-GlcCer degradation: lysate of hGBA1/GBA2 KO cells expressing B56 (100 pg) were
incubated with NBD-GlcCer (500 nM) in Mcllvaine buffer (150 mM, pH 5.0) for 2.5 h or 16 h at 37 °C.
For rhGBA1, sample containing 10-20 ng rhGBA1 was incubated with NBD-GlcCer in Mcllvaine buffer
(150 mM, pH 5.2, supplemented with 0.2% (w/v) sodium taurocholate, 0.1% (v/v) Triton X-100, and
0.1% (w/v) bovine serum albumin). Afterwards, lipids were extracted by Blight and Dyer method*® and
subjected to HPTLC, using developing solvent (CHCls: methanol, 85:15 (v/v)), followed by fluorescence
scanning at Aex = 473 nm and Aem 2 510 nm for detection of NBD fluorescence. For in situ assay, 80%
confluent hGBA1/GBA2 KO HEK293T cells expressing B56 (WT or Tag) were exposed to 1 uM NBD-
GlcCer for 3 h in situ, and subjected to lipid extraction and HPTLC. For assessment of NBD-GlcCer
degradation by mixture of BY2 cell lysate and B56 WT cell lysate, BY2 cell lysate prepared in potassium
phosphate buffer was preincubated with 200 nM inhibitor 5 or vehicle (DMSO, final concentration is
0.5%) for 1 h at 37 °C, then the sample was washed by passing through a Zeba™ spin desalting column
with 7K molecular weight cutoff (MWCO). Afterwards, 35 uL BY2 lysate (around 50 pg) pre-inhibited
by 5 was mixed with 50 uL lysate of B56 WT cells (70 pg) and incubated with 500 nM NBD-GlcCer in
150 pL Mcllvaine buffer (150 mM, pH 4.5) for 3 h at 37 °C.

For the identification of newly formed fluorescent NBD-lipid, using 25-NBD-cholesterol as acceptor,
ConA beads were pre-incubated with lysate of B56 (WT or Tag) cells for 2 h at 4 °C, followed by
incubation with 400 uM 4-MU-B-D-Glc and 20 uM 25-NBD-cholesterol for 16 h at 37 °C at pH 5.0. For
isolated rhGBA1 (Imiglucerase), samples were incubated in Mcllvaine buffer (150 mM, pH 5.2,
supplemented with of 0.2% (w/v) sodium taurocholate, 0.1% (v/v) Triton X-100, and 0.1% (w/v) bovine
serum albumin) for 16 h at 37 °C. Afterwards, samples were subjected to lipid extraction and HPTLC as
described above. Hydrolysis of 4-MU-B-D-Glc or 4-MU-B-D-Xyl was indicated by the released 4-
methylumbelliferone (released 4-MU) detected under ultraviolet light (UV).
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Appendix

AA

number
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hGBAl : YHVVGWTD N PEEGPN FV---DSPIIVBITKDTF LGHFSKFI-ZOcE------- QRV[ELVAS LY : 491
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Figure S1. Amino acid (AA) allignment of huaman GBA1 (hGBA1, UniProt code: P04062) and B56 (UniProt code:
AOA1S4CL56) by BLAST, no significant similarity was found. Signal peptide (predicted by SignalP 5.0) is marked as
blue. hGBA1 catalytic residues (without counting signal peptides), nucleophile E235 and acid/base E340, were

marked as red.
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Figure S2. B56 (WT and Tag) reacted with varying concentrations of ABPs 8-10. Lysates of B56 cells were
incubated with indicated concentration of ABP 8-10 for 30 min at pH 5.0 at 37 °C and subjected to SDS-PAGE and

fluorescence scanning of the wet gel slabs.
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Figure S3. Influence of varying concentrations of various additives on B56 proteins activity, revealed by 4-MU
fluorogenic substrate assay. B56 (WT and Tag) in hGBA1/GBA2 KO HEK293T cell lysate was incubated with 4-MU-
B-D-Glc for 30 min at 37 °C at pH 5.0 in the presence of Triton X-100, sodium taurocholate (NaTc), bovine serum
albumin (BSA), dimethyl sulfoxide (DMSO) alone, or a combination of these additives as indicated.

Overlap (with DAPI)

Figure S4. Zoom-out confocal microscopy of Figure 5, showing subcellular localization of V5-tagged B56 (shown
as red) expressed in hGBA1/hGBA2 KO HEK293T cells, comparable to subcellular localization of LAMP1 (shown
as green).

133



134

Chapter 6

HPTLC uv
4-MU-B-D-Glc 4-MU-B-D-Xyl 4-MU-B-D-Glc 4-MU-B-D-Xyl
Enriched Blank Enriched Blank  Enriched Blank Enriched Blank
B56 WT  rhGBA1l (NBD-Chol) BS6 WT  rhGBA1 (NBD-Chol) B56 WT rhGBA1 (NBD-Chol) B56 WT rhGBA1 (NBD-Chol)
-
- -
NBD-ChoI? , - 2 -
NBD-XylChol —— —_

NBD-GlcChol——

Figure S5. Transglycosylation assessment of B56 WT (enriched by ConA beads). B56 WT enriched by ConA beads

was incubated with either 400 uM 4-MU-B-D-Glc or 4-MU-B-D-Xyl as sugar donor and 20 pM 25-NBD-Chol as
acceptor for 16 h at 37 °C at pH 5.0. Assay was conducted as described in Figure 8.
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Chapter 7

The research described in this Thesis centered on retaining exo-B-glucosidases implicated in health
and disease, in particular the human inherited lysosomal storage disorder, Gaucher disease (GD). Acid
lysosomal B-glucosidase (GBA1), non-lysosomal B-glucosidase (GBA2), and cytosolic broad-specificity
B-glucosidase (GBA3) all employ a Koshland double replacement mechanism in the hydrolysis of B-D-
glucosides. Activity-based probes (ABPs) labelling retaining B-glucosidases are used throughout this
Thesis to visualize human GBA1, GBA2 and GBA3, as well as analogous enzymes from other species.
Chapter 1 comprises a brief introduction on the human enzymes, their connection to human disease
(Gaucher disease, Parkinson’s disease) as well as on reagents and tools to study their activity. The first
part of this thesis (Chapters 2-4) focus on the identification of selective inhibitors and activity-based
probes (ABPs) for each of the three human retaining 3-glucosidases, GBA1, GBA2 and GBA3. Chapter
2 describes studies on the potency and selectivity of B-D-xylose-configured cyclophellitol aziridine ABPs
towards the three human retaining B-glucosidases. In these studies, B-D-xylose-configured
cyclophellitol, thus the compound lacking the hydroxymethylene as present in cyclophellitol, was
found to be a GBA1 selective inhibitor, this in contrast to cyclophellitol itself which inhibits GBA2 and
GBA3 as well. Chapter 3 reports on the finding that B-D-arabinofuranose configured (B-D-Araf) cyclitol
aziridines can be used to design GBA2-selective ABPs — compounds that did not exist prior to the in
this Chapter described studies. Chapter 4 describes the discovery of some relatively GBA3-selective
mechanism-based inhibitors and ABPs. Their cross-reactivity towards GLB1 and GALC can be
ameliorated by the inclusion of non-fluorescent inhibitors selective for these retaining B-
galactosidases, enabling for monitoring of GBA3 activity in the presence of GBA1 and GBA2. The second
part of this thesis centers on the identification of retaining B-glucosidase homologues in other species
using established B-glucosidase ABPs and inhibitors. Chapter 5 details studies on Caenorhabditis
elegans (C. elegans) retaining B-glucosidases while Chapter 6 characterizes a retaining B-glucosidase
(termed B56) in Nicotiana tabacum and similarities and differences between these enzymes and
human GBA1 and GBA2 are discussed in these chapters.

New GBA2-selective inhibitors and probes. GBA2 has attracted considerable attentions in last
decade because of its involvement in human health and disease (see Chapter 3).13 The discovery that
B-D-Araf cyclitol aziridines equipped with fluorescent aziridine N-substituents are GBA2-selective ABPs
may open new directions for medicinal chemistry. Inhibition of GBA2 ameliorates the phenotypes in
GBA1-deficient type 1 GD and Niemann-Pick disease type C (NPC) mouse models, which highlights
GBA?2 as a potential therapeutic target.*® Conversely, GBA2 deficiency, such as homozygous mutant of
GBA2, has been linked to hereditary spastic paraplegia and autosomal-recessive cerebellar ataxia.?
Miglustat 4 (N-butyl-deoxynojirimycin, NB-DNJ), an iminosugar inhibitor of glucosylceramide synthase
(GCS), has been approved for treatment of mild type 1 GD and NPC.”° Besides inhibiting GCS, Miglustat
4 also potently inhibits GBA2.1° The clinical benefits of Miglustat 4 towards NPC may be partially
attributed to this competitive inhibition of GBA2, which is relatively abundant in the brain and CNS.*
Therefore, the development of GBA2-selective inhibitors presents an attractive avenue for studying
the enigmatic role of GBA2 in human (patho)physiology, for instance in central nervous system (CNS)
motor coordination. Building upon the B-D-Araf aziridine scaffold, mechanism-based, covalent, and
irreversible GBA2-selective inhibitors are thus proposed, as potential drug candidates and also to
create bona fide GBA2-deficient models, complementing GBA2 gene knockout approaches.'*'3 |deally,
GBA2 inhibitors insert well into cell membranes (where GBA2 acts) and are able to pass the blood-
brain barrier (BBB). Therefore, modifications to enhance hydrophobicity, such as installing
hydrophobic substitutions like adamantyl or biphenyl groups on the nitrogen of B-D-Araf aziridine, are
suggested, also based on the precedent of cyclophellitol-C8-modifed GBA1-selective inhibitors 5 and
6 in the generation of a GBA1-deficient zebrafish larvae model.'* Notably, the nature of the B-D-Araf
aziridine tag impacts GBA2 selectivity over GBA1 and GBA3. For instance, Cy5-tagged and biotin-tagged
B-D-Araf aziridine ABPs 3 and 7, are much less selective for GBA2 than BODIPY-tagged derivatives 1
and 2. At present, there is no crystal structure of human GBA2. The bacterial GBA2 homologue
TxGH116,%> with an available crystal structure and a catalytic pocket comparable to that of human
GBA2, may help in revealing the binding model of proposed GBA2-selective B-D-Araf aziridine
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compounds (in Figure 1) and human GBA2. This, combined with structural studies on GBA1-complexed
inhibitors may assist in the design of more active and more selective inhibitors.14%17

In previous studies, overexpressed GBA2 constructs of different nature in cultured cells were found
at different locations. GBA2-GFP was found at the plasma membrane!® while overexpressed, native
GBA2 localized at the ER and Golgi.'® An earlier fractionation study of spleen identified endogenous
GBA2 associated with an endosomal fraction.?® The fluorescent B-D-Araf ABPs may provide a
straightforward way to show the sub-cellular localization of endogenous GBA2 through directly binding
to the catalytic active site of endogenous enzyme. The first attempt, as described in Chapter 3, to use
B-D-Araf ABP 2 to reveal sub-cellular localization of native GBA2 in wild-type HEK293T cells did not
present visible punctate labelling, possibly due to the dispersed distribution and low expression of
GBA2 in these cells. To optimize the visualization of endogenous GBA2 by microscopy, several
strategies could be employed, namely (1) the use of more advanced and sensitive fluorescence
microscopy with higher quantum efficiency; (2) the use of other wild-type cell lines with more
abundant GBA2; (3) substitution of the BODIPY group for a fluorescent group with higher quantum
yield such as BODIPY-TMR to increase the fluorescence signal; or (4) the application of agents to
amplify the labelled-GBA2 signal after initial labelling with tagged B-D-Araf ABP. With respect to the
latter, one can envisage to first label GBA2 with BODIPY-tagged B-D-Araf ABP, then employ an anti-
BODIPY primary antibody which is subsequently detected by a fluorescent secondary antibody for
conjugating primary antibody to increase the fluorescence signal for microscope detection. The GBA2
selectivity window of B-D-Araf ABPs 1 and 2 proved already sufficient to selectively label GBA2 in
different biological samples when used at appropriate concentrations, but also label GBA1 when high
concentrations are used. Therefore, there is room for improvement in the GBA2 selectivity of these
ABPs. In the future, new B-D-Araf ABPs with varying fluorescent substitutions at the aziridine might
provide probes with even superior GBA2 selectivity.

Recently, Shimokawa et al. identified a B-D-arabinofuranosidase in bacteria belonging to the same
GH116 family as human GBA2.%! It may be speculated that B-D-Araf molecules are primary substrates
for GH116 enzymes (including human GBA2) in nature, and that therefore B-D-Araf compounds fit the
catalytic pocket of human GBA2 well. It is intriguing to explore whether the B-D-Araf cyclitol aziridine
ABPs could react well with other GH116 enzymes, which may expand the utility of these B-D-Araf ABPs
as the selective GH116 enzymes labelling probe. At present, a GBA2-selective fluorogenic substrate is
not available, and it may be relevant to assess whether 4-methylumbeliferyl f-D-arabinofuranoside (4-
MU-B-D-Araf) 8 (Figure 1) are hydrolyzed by human GBA2, and as well by other GH116 family glycoside
hydrolases.

137



Chapter 7
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Figure 1. Compounds of (proposed) GBA2-selective inhibitors, ABPs, and fluorogenic substrates.

C. elegans as a model to study retaining -glucosidases. The small round nematode C. elegans, the
first multicellular organism whose genome was fully sequenced??, has been used as a model to study
autophagy, neurobiology, and aging.2*’ As described in Chapter 5, enzymes identified by proteomic
analysis are the hGBA1 resembling protein C-GBA1-3 (UniProt code: G5ECR8) encoded by gba-3 gene
and the hGBA2 resembling protein C-GBA2 (UniProt code: 001893) encoded by RO8F11.1 gene. The
lack of detection of other putative B-glucosidases (encoded by gba-1, 2, 4, or hpo-13) may possibly be
attributed to either low expression or lower reactivity towards the B-glucosidase ABPs used in Chapter
5. The klo-1 and klo-2 genes of C. elegans theoretically encode proteins that exhibit approximately 35%
identity with human cytosolic broad-specificity B-glucosidase (hGBA3). These possible paralogues of
hGBA3 in C. elegans merit characterization using existing B-glucosidase ABPs as well as new ones such
as described in Chapter 4.
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The pathways of carbohydrate and lipid metabolism in C. elegans are in general quite similar to
those in mammals.?® The occurrence of B-glucosidases in C. elegans implies that the nematode could
be used as convenient organismal model to study B-glucosidases in relation to glycolipid metabolism.
The glycosphingolipid d17iso-GlcCer of C. elegans is similar to mammalian GlcCer except for a slight
difference in the sphingoid base (C17iso-sphingosine instead of C18-sphingosine). The lipid d17iso-
GlcCer has been reported to play a vital role in growth of the nematode.?>* The identified putative B-
glucosidases C-GBA1-3 and/or C-GBA2 are hypothesized to be involved in metabolism of d17iso-GlcCer
and future research, including lipid metabolism studies, may point out whether C-GBA1-3 degrades
d17iso-GlcCer in C. elegans. One approach could involve using a gba-3 knockout C. elegans strain,
(available from the Caenorhabditis Genetics Center), to analyze changes in glycosphingolipid as
compared to wild-type strains. Additional putative B-glucosidase KO nematode strains could be
theoretically generated by genetic methods such as transgenesis, RNA interference (RNAi), and
CRISPR-Cas9.%!

Transglycosylation, another capacity of retaining B-glucosidases besides hydrolysis (see Chapter 1),
presents an intriguing avenue for further study.3?3> GlcChol is a glycolipid formed in mammalian cells
by transglycosylation, particularly by GBA2. The presence of GlcChol in C. elegans was observed
(Chapter 5) and comprises the first report on the occurrence of the glycosylated sterol in the nematode.
The physiological role of GlcChol in C. elegans is still unknown and this holds true also for the enzymes
involved in GlcChol metabolism. Future studies should inform whether GlcChol in C. elegans is formed
through transglycosylation and if so by which B-glucosidase.

In conclusion, the past decades have witnessed the design of inhibitors and ABPs designed for
retaining exo-B-glucosidases have been successfully generated and established. The toolbox for
glucosidase research provides powerful and diverse instruments to study aspects of particular
glucosidases of interest. The work described in this thesis has further extended the toolbox, and those
tools have been applied to shed light on retaining exo-B-glucosidases and their homologues in other
species.
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Chemisch-biologischee studies aan retaining exo-B-glucosidases

Dit proefschrift beschrijft chemisch-biologisch onderzoek aan retaining exo-B-glucosidases met
behulp van activiteit-gebaseerde probes (ABP's). Retaining exo-B-glucosidases zijn enzymen die in
organismen voorkomen en de hydrolyse van B-glucosides katalyseren: zespelen een belangrijke rol in
zowel gezondheid als ziekte. In menselijke cellen zijn drie B-glucosidases geidentificeerd: lysosomale
zure B-glucosidase GBA1 (ook bekend als glucosylceramidase, GCase), niet-lysosomale B-glucosidase
GBA2, en cytosolische B-glucosidase GBA3. De eerste twee enzymen zijn betrokken bij de afbraak van
glucosylceramide (GlcCer, ook wel glucocerebroside genoemd). Reduced glucosylceramide
metabolisme is geassocieerd met de ziekte van Gaucher (GD), een lysosomale stapelingsziekte die het
gevolg is van mutaties in het GBA1-gen die leiden tot tot enzym-deficiéntie. GD-patiénten vertonen
doorgaans klinische symptomen als hepatosplenomegalie, en skelet-manifestaties, en in ernstige
gevallen ook klachten in het centrale zenuwstelseln, als gevolg van de ophoping van glucosylceramide.
Bovendien worden mutaties in GBA1 herkend als veelvoorkomende genetische risicofactor voor de
ziekte van Parkinson. De rol van GBA2 en GBA3 in GD en hun functies in het menselijk metabolisme zijn
nog niet volledig begrepen. Activiteitsgebaseerde eiwitprofilering (ABPP), een sleuteltechniek in de
moderne chemische biologie, maakt gebruik van ABP's om de actieve doeleiwitten in complexe
biologische monsters te detecteren. Op dit moment is een reeks ABP's specifiek voor glycosidass
ontwikkeld, inclusief probes die gericht zijn tegen retaining exo-B-glucosidases.

Hoofdstuk 1 biedt een overzicht van de menselijke retaining exo-B-glucosidases, als ook
fundamentele informatie over ABP's die selectief B-glucosidases kunnen labelen. Beschreven worden
de biologische functies van B-glucosidases, ebeknopt de ziekte van Gaucher, het mechanisme van
hydrolyse van B-glucosides, en de ontwikkeling en toepassing van B-glucosidase ABP's. Eerder
onderzoek heeft geleid tot de ontwikkeling van ABP's die in staat zijn B-glucosidases selectief te labelen,
waarbij cyclophellitol wordt gebruikt als een scaffold, een krachtige en actieve GBA1- en GBA2-remmer.
Dit proefschrift beschrijft de ontwikkeling van nieuwe ABP's voor het selectief labelen van retaining B-
glucosidases en de toepassing van bestaande ABP's en remmers in chemisch-biologische studies aan
menselijke retaining exo-B-glucosidases en hun homologe enzymen in andere soorten.

Hoofdstuk 2 beschrijft het gebruik van ABPP en het fluorescente substraat 4-methylumbelliferyl-
B-D-glucopyranoside om de activiteit en selectiviteit van B-D-xyloside verbindingen tegen menselijke
retaining exo-B-glucosidases te onderzoeken. Eerdere studies wezen uit dat menselijk GBA1 chemische
modificaties aan de C8-positie van cyclophellitol kan accommoderen, terwijl GBA2 dat niet kan.
Bijvoorbeeld, een cyclophellitol met C8-verwijdering (bv. conduritol B epoxide, CBE) heeft een lagere
affiniteit voor GBA2 dan voor GBAL. In vergelijking met cyclophellitol missen B-D-xyloside verbindingen
de hydroxymethyl-zijketen op de C8-positie, waarvan werd verondersteld dat deze selectief voor GBA1
was. Hoofdstuk 2 bevestigt dat B-D-xyloside epoxide inderdaad meer selectief is voor GBA1 dan voor
andere menselijke B-glucosidases (GBA2 en GBA3). B-D-xyloside aziridines vertonen ook selectiviteit
voor GBA1. Echter, vergeleken met B-D-xyloside, vertonen B-D-xyloside aziridines een kleinere GBA1
selectiviteitsvenster vanwege hun betere affiniteit voor GBA2. B-D-xyloside aziridine ABP's kunnen
breed menselijke B-glucosidases labelen (GBA1, GBA2, en GBA3), vergelijkbaar met cyclophellitol
aziridine ABP's. Bovendien toonde lipide analyse van zebravislarven die met B-D-xyloside verbindingen
werden behandeld verhoogde niveaus van glucosylsfingosine (GlcSph), een biomarker die kenmerkend
is voor een GD-model veroorzaakt door GBA1-deficiéntie.

Hoofdstuk 3 onderzoekt de activiteit en selectiviteit van B-D-arabinofuranose-geconfigureerde
aziridineverbindingen op menselijke retaining exo-B-glucosidases.in het bijzonder GBA2. De rol van
GBA2 in de ziekte van Gaucher (GD) vereist verder onderzoek. Defecten in het GBA2-gen in verband
gebracht met erfelijke spastische paraplegie. Anderzijs, remming van GBA2 activiteit is gemeld om
symptomen te verlichten bij patiénten met type 1 GD en de ziekte van Niemann-Pick C (NPC), wat GBA2
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tot een potentieel therapeutisch doelwit maakt. Voorafgaand aan het onderzoek dat in dit hoofdstuk
wordt gepresenteerd, waren er geen covalente GBA2-selectieve remmers of ABP's geidentificeerd. Dit
hoofdstuk rapporteert de ontdekking van B-D-arabinofuranose aziridine ABP's die een goede
selectiviteit vertonen voor GBA2, met lagere schijnbare ICso-waarden voor GBA2 vergeleken met GBA1
en GBA3. Verdere ABPP-experimenten bevestigden de selectiviteit van B-D-arabinofuranose aziridine
ABP's voor GBA2. Deze ABP's labelen GBA2 selectief, zowel in vitro als in situ, waarbij
fluorescentiemicroscopie het selectieve labelen van GBA2 to overexpressie gebracht in cellen bevestigt.
Een kristalstructuur studie toonde aan dat B-D-arabinofuranose aziridineverbindingen covalent binden
aan een bacteriéle GBA2-homoloog enzym met een vergelijkbaar actief centrum als dat van menselijk
GBA2. Competitieve ABPP toonde aan dat de B-D-arabinofuranose aziridine ABP's GBA2 onomkeerbaar
labelen. Bovendien blijken B-D-arabinofuranose aziridine ABP's selectief voor GBA2-homologen in
zebravissen en muizen. De bevindingen in dit hoofdstuk wijzen op het potentieel van B-D-
arabinofuranose aziridine scaffoldvoor de ontwikkeling van nieuwe GBA2-selectieve covalente
remmers en ABP's.

Hoofdstuk 4 beschrijft een verkenning van fluorescente substraten en ABP's die door GBA3
gehydrolyseerd kunnen worden. GBA3 was eerder bekend tot hydrolyse van verschillende
glycosidesubstraten (bijvoorbeeld B-D-glucosides, [-D-galactosides en a-L-arabinosides) en
waargenomen was dat het gelabeld werd door cyclophellitol aziridine ABP's. De rol van GBA3 in het
menselijke metabolisme blijft echter onduidelijk, en er waren voor deze studie geen fluorescente
substraten of ABP's bekend die specifiek aan GBA3 konden binden. Dit hoofdstuk evalueert
verschillende 4-methylumbelliferyl glycoside fluorescente substraten en ABP's voor hun activiteit tegen
B-glucosidases. De studie leerde dat B-D-fucoside en a-L-arabinopyranoside substraten relatiefselectief
worden gehydrolyseerd door GBA3 enzym vergeleken met andere retaining exo-B-glucosidases. Deze
substraten kunnen echter ook worden gehydrolyseerd door andere enzymen (mogelijk B-D-
galactosidases), wat hun toepassing voor selectieve GBA3-activiteitsdetectie beperkt. Daarnaast
werden twee ABP's met relatief hoge selectiviteit voor GBA3 geidentificeerd: a-L-arabinopyranoside
aziridine ABP's en B-D-galactoside ABP's, die in vitro een grotere selectiviteit vertoonden voor GBA3
ten opzichte van andere B-glucosidases (GBA1, GBA2). Deze ABP's labelen echter ook B-galactosidases,
waardoor ze geen ideale GBA3-selectieve ABP's zijn.

Hoofdstuk 5 onderzoekt B-glucosidases in het organisme Caenorhabditis elegans (C. elegans), dat
vaak wordt gebruikt in biologisch onderzoek aan koolhydraat- en lipide metabolisme dat vrij
overeenkomstig is met zoogdieren. Door sequentie-alighnment met menselijke B-glucosidases werden
verschillende potentiéle B-glucosidase-kandidaten in C. elegans geidentificeerd. Onderzoek toonde aan
dat C. elegans-homogenaten in staat zijn 4-methylumbelliferyl-B-D-glucopyranoside-substraat en een
kunstmatig GlcCer-analoog, C12-NBD-GlcCer, te hydrolyseren. Bovendien labelden de ontwikkelde B-
glucosidase ABP's eiwitten binnen de homogenaten van C. elegans. Proteomics analyse gebruik
makend van pull-down-experimenten met biotine-gelabelde ABP's voor pull-down-experimenten
resulteerde in aanzienlijke verrijking van twee B-glucosidase-kandidaten uit de homogenaten van C.
elegans. Deze B-glucosidase-kandidaten vertoonden kenmerken vergelijkbaar met respectievelijk
menselijke GBA1 of GBA2, zoals binding aan specifieke remmers of ABP's en het hebben van
vergelijkbare optimale pH-waarden, wat suggereert dat ze homoloog kunnen zijn aan het menselijke
GBA1 en GBA2.

Hoofdstuk 6 onderzoekt een B-glucosidasekandidaat-eiwit (B56) dat in tabak werd geidentificeerd.
Eerdere studies hebben aangetoond dat B56 interactie vertoonde met een GBA1l-selectieve ABP en
verrijkt werd in pull-down assays met biotine-gelabelde B-glucosidase ABP's. In dit hoofdstuk werd B56
tot expressie gebracht in menselijke embryonale nier (HEK293T) cellen, waarin de endogene B-
glucosidases waren uitgeschakeld, om de karakterisering ervan te onderzoeken. B56 vertoont
verschillende overeenkomsten met menselijke GBA1, waaronder een zure optimale pH voor activiteit,

144



Nederlandse samenvatting

het vermogen om 4-methylumbelliferyl-B-D-glucopyranoside en 4-methylumbelliferyl-B-D-
xylopyranoside te hydrolyseren, de binding van GBAl-selectieve ABP's en remmers, en de
aanwezigheid van high-mannose N-glycanen. Fluorescentiemicroscopie toonde dat de subcellulaire
locatie van B56 sterk overlapt met lysosomale geassocieerd membraaneiwit 1 (LIMP-1), wat wijst op
een primaire locatie in lysosomen. B56 verschilt echter ook van menselijke GBA1 op verschillende
punten, zoals een hogere thermische stabiliteit bij 60°C en een verminderde enzymactiviteit in de
aanwezigheid van bepaalde toevoegingen. Het meest opmerkelijke is dat de experimentele gegevens
in dit hoofdstuk aangeven dat B56 in HEK293T-cellen, glucosylceramide niet afbreekt zoals menselijke
GBA1 doet en dus niet functioneel kan substitueren voor menselijke GBA1.

Hoofdstuk 7 biedt een samenvatting van de onderzoeksresultaten, bespreekt de vragen die zijn
opgeworpen en beschrijft de vooruitzichten voor toekomstig gerelateerd onderzoek.

Deze dissertatie beschrijft de ontdekking van nieuwe tools voor B-glucosidase onderzoek,
waaronder activiteit-gebaseerde probes (ABP's) en remmers, en de gerelateerde chemisch-biologische
methoden die zijn gebruikt voor de identificatie en karakterisering van retaining B-glucosidases met
behulp van deze bestaande ABP's en remmers. Het werk dat in deze dissertatie wordt gepresenteerd
biedt nieuwe tools voor de studie van B-glucosidases en verkent potentiéle homologe enzymen in
andere soorten, waardoor nieuwe inzichten worden geboden voor onderzoek op het gebied van
retaining B-glucosidases.
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(Summary in Chinese FI3C & 45)
FREESM-B-FERERN L EEMERAR

AN EEMR T AN D FHRET (activity-based probes, ABPs) Xf{R B BUSMY)-B- E4E
H i (retaining exo-B-glucosidases)# {THI L 2 E YR . REBIN)-B-BHEFHBE— KL
FETEYMETNTRATEAR-EEEEKENRE, ERRIERIPEMNEEEEZAC. AK
MR MB-FEREEBIER = AL (lysosomal) FRMR-FEHIEFES GBAL (XIREFHE
L FEBRES glucosylceramidase, GCase), JEREFIA (non-lysosomal) B-EEHEEES GBA2, FiE
Ja (cytosolic) B-HEIEHES GBA3, X=MESIYRIEMETREHELEI (glucosylceramide,
GlcCer, XFREFMEMEPS glucocerebroside) . FHEMAREILAIRE FE 5 KIHAR (Gaucher
Disease, GD)MHX%. Xiftfm, EERERLTIEMAY GBAL EFERFEFTEAY—FR & IS ATTRE

(lysosome storage disorder), BEREAENEHEHEMEEBESHSEHREFECR, M
IR, BRZIERFREEZREZRFRKER. AERE, GBAL WERAER
BTERMIAEFHRE (Parkinson disease) HyIELBERE X, MERI, B GBAL 5+, GBA2 F
GBA3 AXHIRHPHEASEmMINRENEAGREHTAMENACHRTZERA. AHER
FIATE (activity-based protein profiling, ABPP) , RN FAE M7 FHRET X & Z+ 4 W 4F i R AV EEAR R
B#ETEHREN, BUREMERRFN—MEERATFER., SIAMOEAR, —RIATH
SHUFCEER (BERBEIMIB-EFEEE) /A ABPs 258 THA.

EARRXF, BLEHENAT ANERBEIIMNI-B-EEREER, DUARFRMEIRC -8
WEEE M ABPs WEAGE., TE0H: B-EERETBENEYFEIIR. KRR, B-858R
H KBS X B- BB EES ABPs FUIRITTHAIN . EARIRXZRI, MEESR-BEREESX
BRFRUESHIEND FRTHEEE cyclophellitol ABR, EZFARL T EBEFMIRCE-H
EEEREA ABPs, RIRSHER T X FHENAFEMIRCRBEB-FEEELS ABPs IR A LT
£, UMRFIBEBNITEREMLEY (ABPs XHNFIF]) S AEFPREEIMIB-EFEFRERIUREN
EHMmYM RN EERE RESFT AT FEE Y FMR.

F2ENATHA ABPP R 4R EQEIE-B-D-BEHIEFE (4-methylumbelliferyl-p-D-
glucopyranoside) ICIEMIBR B-D-AREERMU G NERBEIM) B-BHRBEERACE L
EMN T, FHEMRIRE T A GBAL TJPUER cyclophellitol Tk 8 AIAYLFLEMEIH,
GBA2 N TCEFRAIZALANE M, #7 cyclophellitol 8 ik FIFEEE (Eb 4N conduritol B epoxide, CBE
1) S SEEX GBA2 EFFAERANEZERE{K. 5 cyclophellitol #8EE, B-D-ARIFEEMLEMTREKT
ATk 8 AL (MBEEEEE ST ko6 i) MEFEXM, BA#EBEEARF GBAL BEM
M EY. AZENMRIUESL T B-D-AERXRARE NSV AFX GBAL B n HEX THMAKR-EE
YEEES (GBA2 F1 GBA3) E S AYIEIFE M. B-D-ARHERARRIE (aziridine) LEHIXS GBAL thHRLGF
FIERE M, EEXR-D-AEXARELEYNS, BHENX GBA2 thFRI BN KT FMM,
PRI E 77X E/NAY GBAL M E O . B-D-AHEXEANE ABPs o] A4N cyclophellitol % ALE
ABPs — ¥ T MIFRC AERIR-BEMEEES (GBAL, GBA2 X GBA3), ltih, HEBMIEHHE
TEER-D-AREXMUEY (GBALIEFMHIHIF) MHRRHEKARXRE, BI ICMS WD E
NEFNERATHITEENT, ERFABD-KBERUEHAEENHIEHERTES
GBA1 fRFESEA X EHRIR BRI A B B EE S RES (glucosyl sphingosine, GlcSph) ik &
KEEF.

5 3 TJHR 7 B-0-FI R ARk IEFE R A IE (B-D-arabinofuranose-configured aziridine){k, & 4913 A
FRBESNMIB-FEETEAEENEFEM. GBA2 AXEIRAMENERAERTEEE.
GBA2 E R SR EMETERE (NNILFRE) HTREX. BERERF GBA2 f9HIHI o]
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BER BT E X EHm | B0 Niemann-Pick C  (NPC) SR ABIIGARAEIR. ELt, GBA2 AiXLEyesR
BERGATTEE R, EAZZH], HAKMEEFMS GBA2 1HE (ERAILMHIHIFIFI ABPs,
REPFREZIM T B-0-FIHAkRAER ANE ABPs EFR AFEHY GBA2 M, T3 GBA2 B
NHAEXF GBAL & GBA3 ERAYFRMFEINFIIRE (apparent ICso) . JEELIBEIT ABPP H—1
UET B-D-PeThi Ak e kE R A NE ABPs XTF GBA2 AYIE#E M. B-D-FIH{HARHER R ANE ABPs o] |)
SN (in vitro) IRBRAIEAL (in situ) EFEMEHARC GBA2, FHHWHBRIERNERKR
HIR T IR B 45 F AT IR RE RIA MY GBA2, =4 RAREMDHTRP, B-D-FIhi Ak
BERAELESYEIIF cyclophellitol 1EUIMESIER, S5RBETHRENERF GBA2 JEMALS
LS EJRES (TXGH116)#H THNE S . =41 ABPP thiE AR T B-D-FuH ANk If#E & R IE ABPs
o[ FRIC GBA2, Hh, B-D-FIHI{RkREER R ANE ABPs X TP 5 & A/ ViR A A9 GBA2 [EJRE
FigthRILE THNE GBA2 @M., Eit, AZAAMAIR-D-FIHAKMERREEMEE
BFHFAREZHH GBA2 i F M LM HIFIFI & ABPs,

B4 BNET UM GBA3 KM 4-FEEREREY IR T IUFRC AR GBA3 fJ ABPs,
GBA3 R Ri#iRE T EM S MEEEMAKE (0 B-0-BEEE. B-D-FARE. aL-fHAlE
FHREYE), BRI cyclophellitol &RIE ABPs (A 2 HIREBEISM)) B-B B HEFBS ABPs)
Fr#ric. B GBA3 ZE AMERIFHETEMERIIRT LRI, BB EE N GBA3 B E 4
BT IR A R IEFF AR GBA3 B9 ABPs s RBEIIRE. A7 FIHABEMNEE GBA3 IEFEMH
4-REOHEREE IR IAK ABPs, AZIF(L T JLF 4-FELCEEREET ROCEY LK ABPs
N REEREEBRNEN. HREXIPO-5FEE (fucoside) [ K o-L-Fa] $ 1R Ntk Teg 4 F
(arabinopyranoside) XK TEIR BB EUSMY) B-BEEEBE P R BE#K GBA3 /KR, BT XEHMTSE
EYMBEE RGO DI AIMNIEE (N ABR-D-FALEE) KE SASEEEFMERN GBA3
BEAMA R NEY . B, REXNBTRMNTT GBA3 AFENRIFEF R ABPs, Blo-L-
FeJ R It TRg A K R A E ABPs FB-D--F¥EK ABPs, fth{ e s2ZE (Ao UL T H At B-B B EEES

(GBA1, GBA2) RYMEFEFMXS GBA3 MfTH#RrIC, H B-D-FIAMERIAE (Y ABPs T UFE AR R
NAMCKRIE FRIFHE GBA3 FUiE M, AMEMELRENIRC p-FAREFE FUAISEEN
GBA3 Y£3% 14 ABPs,

E5EWR T FMEATL R (Caenorhabditis elegans) H{FEMB-BIHEE. FaiT4
HEEVEMRPERNEYERE, ZEHBEF SHANBUNRKELEDRERRERR.
S ANER-EHE B AR R E TN E R FI LB R T LA S a4 R o] sE MR- B 1
HiEFEEER. BREX&RTR-AEREBENEENAER, FILEEWMRITLRENR-F
HREEBMRELNTRENEHTESRIL. EAEZELEY, XANLRIRITUFE 4-FES
FERR-EEREE R IR A LS AT GlcCer 21014 C12-NBD-GlcCer 7Kf#, HEBHIR-EEEH
fi§ ABPs i@id ABPP fRicH T RAENMN— Lo HEEANER, RPTELRHEFAER-FEEE
fg. &A% (Proteomics) FAWHEY R (biotin) FRICHY ABPs H1THIEE (Pull-down) 3L
B MEAEIRFEEZEEERE TAM-EEREREEER. XRMR-FFREH FRRLE
7 5 Ak GBAL I GBA2 AB{UAYIFME, D] S4FEEFMINGIFIS ABPs 5 EFEENKIE
pHEZ. Elt, EMZFD A AF WAL H Y GBAL F1 GBA2 [EREREES.

6 ENATHEFN—MR-EEREREEER (B56)., 2a/BMREAI BS6 TS
GBALl & #F 1 ABPs RAKRKN, FATUMETEEMRIFCH B-HEMEE S ABPs RIS LK
BE&. AZF, BS6 WRIATEAGKIE A8 (HEK293T) A (4P NER-EERERE
FHEWIRaTER) BFRATYL ., FIETF HEK293T 4REEH Y B56 5 Ak GBAL HiF LB 4k,
BS6 BB MAIREEM pH{E, TN AR GBAL —H/K1R 4-FELFER-3-D-FHEE A1 4-F
BT E-p-D-A¥EE, B56 0]5 GBAL %M ABPs FI&IFIS LS, HA BS6 AR ESH
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BRIER N-BAE, FOLRMERNE R 856 SN TAMEAARMAEXEES 1 (UMP-1) Y4
AN ESEES, kI 56 ERTERATMRTAAEEME. KM, BSe HAXKLTHS
Af& GBAL A[F], tbgn B56 T 60°CHEIRIX R ERAMRRAINMFIZIIMIER, KEZNA
BAzaET: BRIHSBRERKIPRIAT HEK293T FAEMHE B56 TR AR GBAL —HEEMRE
IR AR AR MR B A GBAL 1R TIRE.

F7ENAT BEAREHNARAR, WA TXRHPERIAEB, FER T HAXMRHR

AR T HEB-AHREEBIENLEY (ABPs MIFIFH) NAI, HERTNAER
HIB-EEEE S ABPs TIHIHIFIXHR B R B- A AR HBHETEEMRILMNLZEYEMRITE.
FRXFR TENARB-ATREEBREMAT IO IALEY. UERRT Ht¥Fh T oI se/p-
BEREHBREERE, AREL-AFREBIUENEXMRIERE T HNER.
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