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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, we sought to develop a GBA2-specific activity-based probe (ABP). A library of
probes was tested for activity against GBA2 and the two other cellular retaining B-glucosidases,
lysosomal GBA1l and cytosolic GBA3. We show that B-p-arabinofuranosyl cyclitol aziridine (B-p-Araf
aziridine) reacts with the GBA2 active site nucleophile to form a covalent and irreversible bond.
Fluorescent B-b-Araf aziridine probes potently and selectively label GBA2 both in vitro and in cellulo,
allowing for visualization of the localization of overexpressed GBA2 using fluorescence microscopy. Co-
staining with an antibody selective for the lysosomal B-glucosylceramidase GBAl1, shows distinct
subcellular localization of the two enzymes. We proffer our ABP technology for further delineating the
role and functioning of GBA2 in disease and propose the B-p-Araf aziridine scaffold as a good starting
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Introduction

GBA2 (EC 3.2.1.45, CAZY' GH116), a retaining B-glucosidase,
was first discovered during the analysis of NBD-GlcCer metab-
olism in cultured cells. Ensuing studies demonstrated that
GBA2, initially named non-lysosomal glucosylceramidase, is
capable of hydrolysing glucosylceramide (GlcCer), which until
that date was thought to be the exclusive activity of the enzyme
deficient in Gaucher disease (GD), lysosomal glucocere-
brosidase (GBA1, EC 3.2.1.45, GH30).> GBA2 is now recognised
to play a role in several inherited metabolic disorders.** As well,
companies have announced the development of GBA2 inhibi-
tors for the treatment of parkinsonism.” Despite this, the
physiological role of GBA2, the consequences of cytosolic
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point for the development of GBA2-specific inhibitors for clinical development.

GlcCer metabolism and the interplay of GBA2 with lysosomal
GlcCer breakdown is unclear.

GBA2 is a tightly membrane-bound enzyme whose activity
can be assessed in cell and tissue lysates using the artificial
fluorogenic substrate, 4-methylumbelliferyl-B-p-glucopyrano-
side (4MU-B-p-Glc). Compared to GBA1, GBA2 is less sensitive to
inactivation by conduritol B epoxide (CBE), but more suscep-
tible to inactivation by various detergents.> The loss of enzy-
matic activity following its extraction from membranes
complicates its purification, and the enzyme's identity was
definitively elucidated only through the independent cloning of
its cDNA.»°* GBA2 homologues are found in several species,
including archaea and bacteria,'®"* and GBA2 proteins degrad-
ing GlcCer are found, besides mammals, in plant and fish.'*"*
To date mammalian GBA2 has defied resolution of a 3D struc-
ture, but structures of bacterial homologs (such as SSO1353
(GH116) in S. solfataricus and TxGH116 in T. xylanolyti-
cum'''®) 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 retain-
ing glycosidase processing its substrate following a classical
Koshland double displacement mechanism. GBA2 is initially
synthesized as a soluble cytosolic protein that rapidly and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tightly associates with membranes by an unknown mechanism.
Various subcellular localizations of GBA2 have been reported in
the literature. These include localization to the endoplasmic
reticulum, Golgi apparatus, endosomes and the plasma
membrane, as observed in studies where GBA2 was either
overexpressed and visualized by western blotting (WB) or
genetically tagged at the N-terminus or C-terminus with GFP.>*®
Notably, an investigation using cultured human melanoma
cells and employing a subcellular fractionation technique
combining density gradient centrifugation and free-flow elec-
trophoresis revealed GBA2 activity in fractions coinciding with
light endosomal structures.' Furthermore, there is only one
study using endogenous GBA2 (in cultured mouse embryonic
neuronal cells) where the localization of GBA2 at the ER and
Golgi apparatus was reported using a monoclonal antibody."®
The enzyme's localization may vary among cells, potentially
reflecting their metabolic status. Unlike GBA1, GBA2 is able to
hydrolyse both B-glucosidic and B-galactosidic 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.>***

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 treat-
ment for GBAl-deficient type 1 GD and Niemann-Pick disease
type C (NPC) patients. While miglustat acts by pharmacological
inhibition of glucosylceramide synthase (GCS),*>* 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-
DNM) 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

B-D-Arabinofuranosyl cyclitol aziridine (3-D-Araf aziridine) compounds
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a compensatory mechanism between these enzymes." In type 1
GD mice generated by knockdown of GBA1 in hematopoietic
stem cell lineage, GBA2 gene deletion was found to exert bene-
ficial effects.” In addition, increased GBA2 activities have been
documented in leukocytes of GBA1l-deficient GD patients.®
Finally and importantly, GBA2 knockout (KO) mice develop no
overt pathology besides a partially reduced fertility, a phenom-
enon not observed in primates.'®*

Several classes of GBA2 inhibitors have been identified in the
past decades. Competitive GBA2 inhibitors include iminosugars
such as AMP-DNM with an ICs, value of approximately 1 nM for
GBA2, and N-butyl-deoxynojirimycin (miglustat) with an ICs,
value of 150-300 nM for GBA2." Mechanism-based, covalent
and irreversible inhibitors, such as cyclophellitol aziridine act
on GBA2 but also potently inhibit GBA1, and activity-based
probes (ABPs) derived from these are not ideal for selective
GBA2 detection and imaging in cells.?®

For this reason, we sought 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 value of cyclophellitols as GBA1-specific
probes,*>** however the closely related cyclophellitol aziridine
ABPs (ABP 7 and 8, Fig. 1) label both GBA1 and GBA2.2*** 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, we set out to investigate
cyclophellitol-type compounds with varying configurations on
their reactivity with GBA2 and related cellular retaining fB-
glucosidases. Our findings demonstrate that ABPs with a f-p-
Araf aziridine configuration, published here for the first time
(Fig. 1), potently and selectively label GBA2 by reacting with its
catalytic nucleophile to form a covalent and irreversible bond.

BODIPY green = BODIPY red =

Fig.1 Chemical structures of B-p-arabinofuranosyl cyclitol aziridine 1-6, cyclophellitol epoxide and aziridine activity-based probes (ABPs) 7-11,

and inhibitors 21 and 22.
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Results

In vitro activity and selectivity of B-b-Araf cyclitol aziridine
ABPs towards human B-glucosidases

To identify an ABP that selectively labels human GBA2 over
GBA1 and GBA3, a library of cyclophellitol-based ABPs with
varying configurations (ESI Fig. S1f) was screened for their
selectivity towards human retaining p-glucosidases. For this
purpose, we initially assessed the inhibition properties of the
compounds using recombinant human GBA1 (rhGBA1, imi-
glucerase), lysates of cells overexpressing GBA2 or GBA3 (both in
combination with knockout of the other retaining B-glucosi-
dases). In a preliminary screen, enzymes were pre-incubated for
30 min with the tested compounds, followed by the addition of
the fluorogenic substrate, 4MU-B-p-Glc, and subsequent quan-
tification of released fluorescent 4MU after 30 minutes. This
screening brought our attention to a new set of B-p-Araf cyclitol
aziridines as potential GBA2 inhibitors. The synthesis of these
compounds is detailed in the ESIL} Pre-incubation of the
enzymes with B-p-Araf cyclitol aziridine 1 did not show inhibi-
tory 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 ICs, values: GBA2 630 nM, GBA1
2730 nM, GBA3 8150 nM) with some selectivity for GBA2 over
GBA1 and GBA3 (ESI Table S17). Interestingly, BODIPY green-
and BODIPY red-tagged ABPs 3 and 4 exhibited substantial
activity towards GBA2 (apparent ICs, value: 120-160 nM) with
clear selectivity (defined as IC5, enzyme 1/IC5, enzyme 2) for
GBA2 over GBA1 and GBA3 (Fig. 2A). In contrast, B-p-Araf ABP 5
equipped with a Cy5 fluorophore inhibited GBA1 and GBA2 with
about equal potency (apparent ICs, values of 250-300 nM). On
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the other hand, the biotin-tagged B-p-Araf compound 6 is a poor
inhibitor of all three glucosidases (apparent ICs, > 8 uM). Ara-
binofuranosyl cyclitol 12-20 with various configurations (o-1-
Araf and B--Araf) were also evaluated (ESI Fig. S1f). Most of
these proved to be poor GBA2 inhibitors (apparent ICs, values >
20 uM), and none matched the selectivity of B-b-Araf cyclitol
aziridines 3 and 4 for GBA2 (Table S17).

Armed with ABPs 3 and 4, both of which displayed high
selectivity for GBA2 over GBA1 and GBA3, we next sought to
analyse their activity in cell lysates. To this end, lysates of
HEK293T cells containing all B-glucosidases (endogenous GBA1
with overexpressed GBA2 and GBA3) were treated with ABPs 3, 4,
5 or 7, followed by protein separation by SDS-PAGE and fluo-
rescence scanning of the wet gel slabs. As illustrated in Fig. 2B,
ABP 7 labelled all three B-glucosidases, consistent with the
previous report.®* In contrast, the p-o-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-p-
Araf cyclitol aziridines 3, 4 and 5 was confirmed in a mixture of
a lysate of overexpressed GBA2 cells spiked with 3 ng rhGBA1
(Fig. 2C and ESI Fig. S31). In this experiment, the enzyme
mixture was first incubated with B-p-Araf aziridine ABPs 3, 4, or
5 for 30 minutes, after which selective GBA1 ABP 10°* or 113°
was added to label the remaining active rhGBA1 active site. This
experiment revealed the ability of B-p-Araf cyclitol aziridine
ABPs, and in particular 3 and 4, to selectively label GBA2
without significant rhGBA1 labelling (marginal GBA1 labelling
occurring at 10 pM). The pH and incubation time dependence
labelling of GBA2 in HEK293T cells containing all three
retaining B-glucosidases by B-p-Araf ABPs was next investigated
(Fig. 2D, E and ESI Fig. S47). All ABPs selectively label GBA2 at
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Fig. 2 Fluorescent gel images of in vitro labelling of lysates using B-p-Araf aziridine ABPs. (A) Apparent ICsg values (nM) of B-b-Araf ABPs,
determined in a 4MU fluorogenic substrate assay: [1] GBA2 = GBA1/GBA2 KO GBA2 OE HEK293T cell lysate, [2] rhGBAL = imiglucerase (Cer-
ezyme®). [3] GBA3 = GBA1/GBA2 KO GBA3 OE HEK293T cell lysate. Error ranges = £SD, n = 3 replicates. (B) In vitro labelling after 30 min
incubation at pH 6.0. HEK293T GBA1 endogenous and GBA2/3 OE cell lysate were used as enzyme source in these experiments. (C) B-p-Araf
ABPs labelled mixture of HEK293T GBA1/2 KO, GBA2 OE lysate spiked with rhGBA1 (3 ng). Labelling was performed at pH 5.8. After incubation of
B-p-Araf ABPs, rhGBA1 was labelled by ABP 10 at 500 nM (for 3 and 4) or ABP 11 at 500 nM (for 5). (D) In vitro pH-dependent labelling of ABP 4
(500 nM). Band quantification is shown on the right graph. (E) In vitro time-dependent labelling of ABP 4 (500 nM). Band quantification is shown

on the right graph.
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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. Labelling kinetic studies in HEK293T
GBA1/2 KO, GBA2 OE lysate showed that ABP 4 irreversibly
inhibited GBA2 within one minute. Therefore, only a combined
inactivation rate constant (kjnac) and binding constant (K;) ratio

(kinact/Ki) could be measured. ABP 4 exhibited rapid first-order
-1

labelling kinetics with a kjpac/K; of 1.15 + 0.565 min~

demonstrating similar fast kinetics as reported for GBA1-
targeting cyclophellitol aziridine-based probes (ESI Fig. S4-17
for SDS-PAGE gels and labelling kinetics).*® Importantly, no
labelling of GBA1 or GBA3 was detected under varying pH and

time conditions (ESI Fig. S4-27).

1

uM

Identification of the catalytic nucleophile of GBA2 reacted

with B-p-Araf cyclitol aziridines

GBA2, like TxGH116 (the bacterial homologue of GBA2),
induces hydrolysis through the conventional Koshland two-step
pathway typical
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retaining B-glucosidases, progressing from 'S; to “H; to ulti-
mately adopt the *C; in the covalent complex (Fig. 3A)."* In
contrast to cyclophellitol aziridines, which mimic the *Hj
transition state, B-p-Araf aziridine adopts an *E conformation
which resembles the 'S; initial Michaelis complex conforma-
tion (Fig. 3B).>* Previous research had established that E527
(catalytic nucleophile) and D677 (catalytic acid/base) are the
catalytic residues in the human GBA2 active site.”” To investi-
gate whether B-p-Araf aziridine ABPs bind GBA2 in an activity-
based manner, first 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-p-Araf ABPs 3-5 or cyclophellitol ABP 7
and their labelling pattern was analysed (Fig. 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-
p-Araf ABPs 3-5 exhibited poor reactivity with the acid/base
mutant D677G when compared to ABP 7 (Fig. 3D). At higher
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Fig. 3 Mechanism of B-p-Araf aziridine inhibition of GBA2. (A) Conformational itinerary of the Koshland double-displacement mechanism
employed by retaining B-b-glucosidases from the Michaelis complex to the covalent intermediate. (B) B-p-Arabinofuranosyl cyclitol aziridine 1
inhibits retaining B-p-glucosidases by adopting an envelope-like *E conformation prior to reacting with the catalytic amino acid similar to the S5
Michaelis complex conformation, whereas cyclophellitol aziridines mimic the *Hs transition state conformation. (C) Fluorescent gel images of
500 nM B-p-Araf aziridine ABPs (3—5) and cyclophellitol-aziridine ABP 7 labelling HEK293T lysate with overexpressed GBA2 E527G, D677G or
E527G/D677G mutants containing a myc tag. mock = HEK293T GBA1/GBA2 KO lysate, GBA2 = HEK293T GBA1/GBA2 KO GBA2 OE cell lysate.
Fluorescent gel images were captured by: row [1] = fluorescence scanning of ABP labelling in slab-gel, row [2] = fluorescence scanning of anti-
myc antibody (a.-myc) using western blotting to examine the expression of GBA2 mutant, row [3] = western blot of ABP fluorescence and a.-myc
overlap, row [4] = Ponceau S staining to show protein loading for sets of ABP 4 and ABP 7. (D) Fluorescent gel images of concentration-
dependent and time-dependent labelling of B-p-Araf aziridine ABPs of D677G mutant GBA2. Upper image: 2 uM B-p-Araf ABPs 3—-5 and ABP 7
incubated with GBA2 D677G mutant for 1 h (at 37 °C) or 24 h (at 4 °C). Lower image: B-p-Araf ABP 3 labelling of GBA2 D677G mutant at 37 °C at
increasing concentrations and incubation times. (E) Structure of TxGH116 complexed with 2 showing electron density difference map calculated
for the ligand and side chain of Glu441, contoured at 2.5¢ (0.275 electrons per A%), and showing hydrogen bonds represented as dashed lines.
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ABP concentrations and/or longer incubation times higher
degree of labelling of the acid/base mutant GBA2 was detected
also with ABP 3.

To firmly establish the mode of action of B-p-Araf cyclitol
aziridines as mechanism-based GBA2 inhibitors, the 3-D
structure of the GH116 bacterial GBA2 homolog, TxGH116 from
Thermoanaerobacterium xylanolyticum in complex with B-p-Araf
compound 2 was solved at 1.9 A resolution. The —1 subsite of
TxGH116 is well conserved relative to human GBA2. Electron
density shows unambiguous covalent reaction of 2 with the
catalytic nucleophile of TxGH116 (Fig. 3E). Reacted compound
2 is 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 octyl chain and the azido group, which extend into
a more open region at the edge of the protein where they are less
constrained.

When the structure of TxGH116 with cyclophellitol aziridine
(8R06.pdb) is superposed on our structure with 2 (ESI Fig. S137),
the ligand ring C atoms lie in similar positions, apart from C1
and C2 of the former, which straddle the position of the cova-
lently bound C1 atom of 2. There are very similar hydrogen
bonding interactions with the active site residues to those for 2.
However, both the hydroxyl groups on C2 and C3 of the
cyclophellitol-configured aziridine form hydrogen bonds to
His507, whereas for 2, only a single hydrogen bond is possible
with the side chain. The hydroxyl group on C2 of the former also
forms a hydrogen bond to the carboxyl oxygen of Glu441 which
does not participate in the covalent link to the ligand. Having
demonstrated specific active site nucleophile labelling, and
GBA2 selectivity, we felt confident to next investigate the use of
the B-p-Araf ABPs for studying GBA2 orthologs across species.

In vitro labelling across species labelling of B-p-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 labelling capability of B-o-
Araf aziridine ABPs toward GBA2 orthologs in these species was
therefore evaluated. Homogenates of zebrafish larvae or mice
brain homogenates were incubated with B-p-Araf ABPs 3-5 or
broad-spectrum ABP 7 (Fig. 4). As observed in human cell
extracts, B-p-Araf ABPs 3-5 also selectively label GBA2 in these
species, whereas ABP 7 show cross-reactivity towards GBA1.
We next sought to investigate whether we could identify and
localize active GBA2 molecules in human cells using our B-b-
Araf aziridine ABPs. For this purpose, HEK293T cells with
endogenous GBA1 and overexpressed GBA2/GBA3 were treated
with varying concentrations of B-p-Araf aziridine ABPs 3-5 for
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Fig. 4 Fluorescent gel images of selective labelling of GBA2 ortho-
logues by B-p-Araf aziridine ABPs in different species. Cyclophellitol-
aziridine ABP 7 (1 uM) and B-b-Araf ABPs (ABP 3 at 1 uM and ABP 4 and
5 at 2.5 uM) were incubated with homogenates of zebrafish (15 pg total
protein) and mice brain (15 pg total protein) for 1 h at 37 °C.

CBB

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. Following this procedure, we
observed that all three B-p-Araf ABPs 3-5 enter intact cells,
where they react with GBA2, and given the enzyme lifetime (>24
h), also with newly synthesized GBA2 (Fig. 5A, ESI Fig. S8A and
Bt). 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 (ESI Fig. S8Bt).

To address the concern that our ABPs may attach to the cell
surface and subsequently label GBA2 in vitro following cell lysis,
a non-tagged GBA2 inhibitor was added to the lysis buffer. The
presence of high concentrations of cyclophellitol (CP) or cyclo-
phellitol aziridine ABP 8, both potent human GBA1 and GBA2
inactivators, did not diminish GBA2 labelling efficiency by ABP
4 (Fig. 5B), thus indicating that these ABPs indeed labelled
GBA2 in situ.

Importantly, the GBA2 selectivity of B-n-Araf ABPs 3-5 was
maintained during in situ labelling of wild-type HEK293T cells
(ESI Fig. S9t). GBA1 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 under these
conditions (Fig. 5B and ESI Fig. S9%1). Even after 24 h incubation,
similar results were obtained: ABP 4 selectively labelled GBA2 at
10 nM, with only slight concomitant GBA1 labelling at
concentrations higher than 100 nM (ESI Fig. S107). Selective
GBA2 labelling by ABP 3 and 4 finally was also observed in
human retinal pigment epithelial-1 cells (Fig. 5C).

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

For the final set of experiments, red fluorescent ABP 4 was used
to study the localization of GBA2 in HEK293T cells. After incu-
bation with ABP 4 at 50 nM for 2 h, the samples were fixed and
also co-stained with a green-fluorescent anti-GBA1l-antibody in
order to discern 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

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescent gel images of B-p-Araf ABPs labelled GBA2 in intact cells. (A) In situ cell labelling of endogenous GBA1 and overexpressed
GBA2/3 in intact cells by B-p-Araf ABPs at varying concentrations and 1 h incubation. (B) Wild-type HEK293T cells treated in situ with 150 nM ABP

4 for 1 h, followed by incubation with competitor 8 or CP in vitro during the lysis procedure; slash = DMSO replacement, CP = cyclophellitol (1
uM), ABP 8 (1 uM). (C) ABP 3 and 4 in situ labelled GBA2 in wild-type RPE-1 intact cells after 2 h incubation.

signals for ABP 4 modified proteins were observed (Fig. 6).
When using wild-type RAW 264.7 cells, which show slightly
more in vitro labelled GBA2 than wild-type HEK293T, it was
neither possible to visualize endogenous GBA2 (ESI Fig. 11B¥).
Attention was therefore redirected to the use of GBA2 over-
expression (OE) cells and GBA1/2 knockout (KO) + GBA2 OE
cells.”*** These cells did present clear GBA2 labelling, localized
primarily to the cell membrane (Fig. 6). It is apparent that GBA1
and GBA2 have different sub-cellular localization, since no
overlap of their labelling is seen.

To confirm the specific staining of GBA2, cells over-
expressing GBA2 were pre-treated with either the specific GBA1
inhibitor 213 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, whereas the
signal of GBA2 was completely abrogated by pre-treatment with
the dual GBA1/GBA2 inhibitor 22 (Fig. S11Af). In addition,
labelling of GBA2 with ABP 4 (50 nM) in HEK293T GBA2 KO cells
transiently overexpressing mouse GBA2 C-terminally tagged
with GFP showed highly overlay of the GFP and BODIPY-red
signals (Fig. 6B). In all, this demonstrates that ABP 4 is able
to specifically label overexpressed GBA2 in situ.

Discussion

GBA2 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

© 2024 The Author(s). Published by the Royal Society of Chemistry

established, little is known about its physiological role and 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 GBAL1 in living
cells.***”° The work described here was aimed to rectify this
situation. Screening of our activity-based glycosidase probes
library led to the discovery of fluorescent B-p-Araf cyclitol azir-
idines that selectively label GBA2 both in vitro and in intact
cells. The labelling occurs through covalent mechanism-based
binding of the ABP and is abolished by mutagenesis of the
catalytic nucleophile. Fluorescent microscopy of GBA2-labelled
cells clearly demonstrates that, unlike GBA1, GBA2 is not
located within lysosomes.

While labelled GBA2 is easily detected in cells overexpressing
the enzyme, the intensity of the fluorescent signal in wild type
HEK293T cells (Fig. 6A) and RAW264.7 cells (ESI Fig. 11Bt), is
relatively weak. Future use of more advanced fluorescence
microscopy (for instance, including spectral imaging and/or use
of a supersensitive camera with higher quantum efficiency) may
improve detection of endogenous GBA2. Also, functionalization
of the B-o-Araf cyclitol aziridine scaffold with fluorophores
exhibiting higher quantum yields and photostability may aid in
the detection of endogenous GBA2.* It should be kept in mind
that disperse distribution of GBA2 among membranes, contrary
to the intrinsic concentration of GBA1 molecules in lysosomes,
does not favour detection by simple fluorescence microscopy.

The observed high affinity and selectivity of B-p-Araf cyclitol
aziridines equipped with a hydrophobic fluorescent tag for
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06146a

Open Access Article. Published on 03 September 2024. Downloaded on 1/30/2025 2:25:56 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

(A)

GBA2 OE

ABP4

Overlay

View Article Online

Edge Article

GBA1/2 KO GBA2 OE GBA2-GFP

ABP4

Zoom overlay

Fig. 6 Confocal fluorescence microscopy of (A) HEK293T wild-type (WT), GBA2 overexpressed (OE), and GBA1/2 knock out (KO) + GBA2
overexpressed (OE) cells labelled with B-p-Araf aziridine BODIPY-red ABP 4 (50 nM) for 2 h, and after fixation with an a-GBA1 antibody (green). (B)
Labelling of HEK293T cells transiently overexpressing mouse GBA2 with a C-terminal GFP-tag (green) with BODIPY-red ABP 4 (50 nM) for 2 h. In

all samples nuclei were stained with 10 pg mL™* DAPI (blue).

labelling GBA2 is quite remarkable. Very recent publication by
Shimokawa and coworkers** reports that a GH116 exo-B-b-
arabino-furanosidase from Microbacterium arabinogalactanoly-
ticum termed ExoMA2 shows similarities in structure to that of
the GH116 B-glucosidase from Thermoanaerobacterium xylano-
lyticum (TxGH116). Both enzymes have a two-domain structure
consisting of N-terminal B-sandwich and C-terminal (o/a) 6-
barrel domains, the latter being the catalytic domain. The two
catalytic residues, and several residues in the 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*>**** of the three enzymes,
it is perhaps not surprising that B-p-Araf cyclitol aziridines bind
well to the GBA2 active site.

Conclusions

In conclusion, screening of our ABP library towards B-glucosi-
dase GBA1, GBA2 and GBA3 has led to the identification of B-p-
Araf aziridine ABPs as a new class of covalent GBA2 selective
ABPs. These probes address the need for selective GBA2 ABP
tools, allowing for specifically monitoring of GBA2 and serving
as specific GBA2 suicide inhibitors to selectively inactivate the
enzyme. The f-p-arabinofuranosyl cyclitol aziridine ABPs

15218 | Chem. Sci., 2024, 15, 15212-15220

represent novel tools for studying the intriguing enzyme GBA2,
and future efforts to develop more GBA2-selective inhibitors
based on the functionalized B-p-Araf scaffold is warranted.

Data availability

The authors declare that all data supporting the findings of this
study are available within the article and ESI, and raw data files
are available from the corresponding author upon request.f

Author contributions

J. M. F. G. A. and M. A. conceived and designed the investiga-
tions, interpreted experimental data, wrote and proofread the
manuscript. Q. S. conducted most of chemical biological
experiments, interpreted experimental data, wrote and proof-
read the manuscript. M. L. conducted microscopy experiment,
R.F.L, E.M, S.P. S,, D. L. and V. B. synthesized B-p-Araf-, B-r-
Araf- and a-1-Araf-based probes, M. ]J. conducted chemical bio-
logical assays, R. G. B. assisted in the interpretation of experi-
mental data, W. A. O. solved the 3-D structure of the enzyme-
ligand complex, and together with G. J. D. and H. S. O wrote and
proofread the manuscript.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06146a

Open Access Article. Published on 03 September 2024. Downloaded on 1/30/2025 2:25:56 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Marijn van der Lienden is acknowledged for providing zebrafish
larvae. Laura van Vliet and Maria Ferraz are acknowledged for
technical assistance. The work was supported by a scholarship
from the China Scholarship Council (CSC, PhD Grant to Q. Su,
No. 201906050018), NWO-BBOL grant (Glace; #737.016.002 and
ICI grant #100029 to J. M. F. G. A.), and the European Research
Council (ERC-2020-SyG-951231 “Carbocentre” to H. S. O. and G.
J. D.). G. J. D. is supported by the Royal Society Ken Murray
Research Professorship.

References

1 E. Drula, M. L. Garron, S. Dogan, V. Lombard, B. Henrissat
and N. Terrapon, Nucleic Acids Res., 2022, 50, D571-D577.

2 S. van Weely, M. Brandsma, A. Strijland, J. M. Tager and
J. M. Aerts, Biochim. Biophys. Acta, 1993, 1181, 55-62.

3 S. Sultana, J. Reichbauer, R. Schule, F. Mochel, M. Synofzik
and A. C. van der Spoel, Biochem. Biophys. Res. Commun.,
2015, 465, 35-40.

4 E. Martin, R. Schule, K. Smets, A. Rastetter, A. Boukhris,
J. L. Loureiro, M. A. Gonzalez, E. Mundwiller,
T. Deconinck, M. Wessner, L. Jornea, A. C. Oteyza, A. Durr,
J. J. Martin, L. Schols, C. Mhiri, F. Lamari, S. Zuchner,
P. De Jonghe, E. Kabashi, A. Brice and G. Stevanin, Am. J.
Hum. Genet., 2013, 92, 238-244.

5 M. Gatti, S. Magri, D. Di Bella, E. Sarto, F. Taroni, C. Mariotti
and L. Nanetti, Neurol. Sci., 2021, 42, 4741-4745.

6 M. A. Woeste, S. Stern, D. N. Raju, E. Grahn, D. Dittmann,

K. Gutbrod, P. Dormann, J. N. Hansen, S. Schonauer,
C. E. Marx, H. Hamzeh, H. G. Korschen, J. M. Aerts,
W. Bonigk, H. Endepols, R. Sandhoff, M. Geyer,

T. K. Berger, F. Bradke and D. Wachten, J. Biol. Chem.,
2019, 294, 3853-3871.

7 Biogen, Biogen and Alectos Therapeutics Announce License and
Collaboration Agreement for AL01811, a Novel GBA2 Inhibitor
for the Potential Treatment of Parkinson’s Disease, June 6,
2022, https://investors.biogen.com/news-releases/news-
release-details/biogen-and-alectos-therapeutics-announce-
license-and.

8 Y. Yildiz, H. Matern, B. Thompson, J. C. Allegood, R. L. Warren,
D. M. Ramirez, R. E. Hammer, F. K. Hamra, S. Matern and
D. W. Russell, J. Clin. Invest., 2006, 116, 2985-2994.

9 R. G. Boot, M. Verhoek, W. Donker-Koopman, A. Strijland,
J. van Marle, H. S. Overkleeft, T. Wennekes and J. M. Aerts,
J. Biol. Chem., 2007, 282, 1305-1312.

10 B. Cobucci-Ponzano, V. Aurilia, G. Riccio, B. Henrissat,
P. M. Coutinho, A. Strazzulli, A. Padula, M. M. Corsaro,
G. Pieretti, G. Pocsfalvi, I. Fiume, R. Cannio, M. Rossi and
M. Moracci, J. Biol. Chem., 2010, 285, 20691-20703.

11 S. Pengthaisong, B. Piniello, G. J. Davies, C. Rovira and
J- R. K. Cairns, ACS Catal., 2023, 13, 5850-5863.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

12 G.Y. Dai, J. Yin, K. E. Li, D. K. Chen, Z. Liu, F. C. Bi, C. Rong
and N. Yao, J. Biol. Chem., 2020, 295, 717-728.

13 L. T. Lelieveld, M. Mirzaian, C.-L. Kuo, M. Artola,
M. ]. Ferraz, R. E. A. Peter, H. Akiyama, P. Greimel,
R. J. B. H. N. van den Berg, H. S. Overkleeft, R. G. Boot,
A. H. Meijer and ]J. M. Aerts, J. Lipid Res., 2019, 60, 1851-
1867.

14 S. Sultana, N. Y. Truong, D. B. Vieira, ]J. G. Wigger,
A. M. Forrester, C. J. Veinotte, J. N. Berman and A. C. van
der Spoel, Zebrafish, 2016, 13, 177-187.

15 A. R. Marques, J. Aten, R. Ottenhoff, C. P. van Roomen,
D. H. Moro, N. Claessen, M. F. V. Veloz, K. Zhou, Z. Lin,
M. Mirzaian, R. G. Boot, C. I. De Zeeuw, H. S. Overkleeft,
Y. Yildiz and J. M. Aerts, PLoS One, 2015, 10, ¢0135889.

16 R. Charoenwattanasatien, S. Pengthaisong, I. Breen,
R. Mutoh, S. Sansenya, Y. Hua, A. Tankrathok, L. Wu,
C. Songsiriritthigul, H. Tanaka, S. J. Williams, G. J. Davies,
G. Kurisu and J. R. Cairns, ACS Chem. Biol., 2016, 11,
1891-1900.

17 W. W. Kallemeijn, M. D. Witte, T. M. Voorn-Brouwer,
M. T. Walvoort, K. Y. Li, J. D. Codée, G. A. van der Marel,
R. G. Boot, H. S. Overkleeft and J. M. Aerts, J. Biol. Chem.,
2014, 289, 35351-35362.

18 H. G. Korschen, Y. Yildiz, D. N. Raju, S. Schonauer,
W. Bonigk, V. Jansen, E. Kremmer, U. B. Kaupp and
D. Wachten, J. Biol. Chem., 2013, 288, 3381-3393.

19 H. S. Overkleeft, G. H. Renkema, ]J. Neele, P. Vianello,
I. O. Hung, A. Strijland, A. M. van der Burg, G. ]J. Koomen,
U. K. Pandit and J. M. Aerts, J. Biol. Chem., 1998, 273,
26522-26527.

20 A. R. Marques, M. Mirzaian, H. Akiyama, P. Wisse,
M. J. Ferraz, P. Gaspar, K. Ghauharalivan der Vlugt,
R. Meijer, P. Giraldo, P. Alfonso, P. Irun, M. Dahl,
S. Karlsson, E. V. Pavlova, T. M. Cox, S. Scheij, M. Verhoek,
R. Ottenhoff, C. P. van Roomen, N. S. Pannu, M. van Eijk,
N. Dekker, R. G. Boot, H. S. Overkleeft, E. Blommaart,
Y. Hirabayashi and J. M. Aerts, J. Lipid Res., 2016, 57, 451—
463.

21 H. Akiyama, M. Ide, Y. Nagatsuka, T. Sayano, E. Nakanishi,
N. Uemura, K. Yuyama, Y. Yamaguchi, H. Kamiguchi,
R. Takahashi, J. M. Aerts, P. Greimel and Y. Hirabayashi, J.
Biol. Chem., 2020, 295, 5257-5277.

22 T. Cox, R. Lachmann, C. Hollak, J. M. Aerts, S. van Weely,
M. Hrebicek, F. Platt, T. Butters, R. Dwek, C. Moyses,
I. Gow, D. Elstein and A. Zimran, Lancet, 2000, 355, 1481-
1485.

23 T. M. Cox, J. M. Aerts, G. Andria, M. Beck, N. Belmatoug,
B. Bembi, R. Chertkoff, S. Vom Dahl, D. Elstein,
A. Erikson, M. Giralt, R. Heitner, C. Hollak, M. Hrebicek,
S. Lewis, A. Mehta, G. M. Pastores, A. Rolfs, M. C. Miranda
and A. Zimran, J. Inherited Metab. Dis., 2003, 26, 513-526.

24 M. Pineda, M. Walterfang and M. C. Patterson, Orphanet J.
Rare Dis., 2018, 13, 140.

25 P. K. Mistry, J. Liu, L. Sun, W. L. Chuang, T. Yuen, R. Yang,
P. Lu, K. Zhang, J. Li, J. Keutzer, A. Stachnik, A. Mennone,
J. L. Boyer, D. Jain, R. O. Brady, M. 1. New and M. Zaidi,
Proc. Natl. Acad. Sci. U.S.A., 2014, 111, 4934-4939.

Chem. Sci., 2024, 15, 15212-15220 | 15219


https://investors.biogen.com/news-releases/news-release-details/biogen-and-alectos-therapeutics-announce-license-and
https://investors.biogen.com/news-releases/news-release-details/biogen-and-alectos-therapeutics-announce-license-and
https://investors.biogen.com/news-releases/news-release-details/biogen-and-alectos-therapeutics-announce-license-and
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06146a

Open Access Article. Published on 03 September 2024. Downloaded on 1/30/2025 2:25:56 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

26 D. G. Burke, A. A. Rahim, S. N. Waddington, S. Karlsson,
I. Enquist, K. Bhatia, A. Mehta, A. Vellodi and S. Heales, J.
Inherited Metab. Dis., 2013, 36, 869-872.

27 J. K. Amory, C. H. Muller, S. T. Page, E. Leitke, E. R. Pagel,
A. Bhandari, B. Subramanyam, W. Bone, A. Radlmaier and
W. J. Bremner, Hum. Reprod., 2007, 22, 702-707.

28 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,
Angew. Chem., Int. Ed., 2012, 51, 12529-12533.

29 L. Wu, Z. Armstrong, S. P. Schroder, C. de Boer, M. Artola,
J. M. Aerts, H. S. Overkleeft and G. ]J. Davies, Curr. Opin.
Chem. Biol., 2019, 53, 25-36.

30 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, Nat. Chem. Biol., 2010, 6,
907-913.

31 Q. Su, S. P. Schréder, L. T. Lelieveld, M. J. Ferraz, M. Verhoek,
R. G. Boot, H. S. Overkleeft, J. M. Aerts, M. Artola and
C. L. Kuo, Chembiochem, 2021, 22, 3090-3098.

32 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, J. Am. Chem. Soc., 2019, 141, 4214-4218.

33 S. P. Schroder, J. W. van de Sande, W. W. Kallemeijn,
C. L. Kuo, M. Artola, E. J. van Rooden, ]. 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

15220 | Chem. Sci., 2024, 15, 15212-15220

View Article Online

Edge Article

Marel and H. S. Overkleeft, Chem. Commun., 2017, 53,
12528-12531.

34 0. Lopez Lopez, J. G. Fernandez-Bolanos, V. H. Lillelund and
M. Bols, Org. Biomol. Chem., 2003, 1, 478-482.

35 D. E. Koshland, Biol. Rev., 1953, 28, 416-436.

36 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, Org.
Biomol. Chem., 2014, 12, 7786-7791.

37 A. K. Yadav, D. L. Shen, X. Shan, X. He, A. R. Kermode and
D. J. Vocadlo, J. Am. Chem. Soc., 2015, 137, 1181-1189.

38 M. C. Deen, C. Proceviat, X. Shan, L. Wu, D. L. Shen,
G. ]. Davies and D. J. Vocadlo, ACS Chem. Biol., 2020, 15,
824-829.

39 S. Zhu, M. C. Deen, Y. Zhu, P. A. Gilormini, X. Chen,
O. B. Davis, M. Y. Chin, A. G. Henry and D. J. Vocadlo,
Angew. Chem., Int. Ed., 2023, 202309306, DOI: 10.1002/
anie.202309306.

40 J. B. Grimm, B. P. English, ]J. Chen, J. P. Slaughter, Z. Zhang,
A. Revyakin, R. Patel, J. J. Macklin, D. Normanno,
R. H. Singer, T. Lionnet and L. D. Lavis, A general method
to improve fluorophores for live-cell and single-molecule
microscopy, Nat. Methods, 2015, 12, 244-250.

41 M. Shimokawa, A. Ishiwata, T. Kashima, C. Nakashima, J. Li,
R. Fukushima, N. Sawai, M. Nakamori, Y. Tanaka, A. Kudo,
S. Morikami, N. Iwanaga, G. Akai, N. Shimizu, T. Arakawa,
C. Yamada, K. Kitahara, K. Tanaka, Y. Ito, S. Fushinobu
and K. Fujita, Nat. Commun., 2023, 14, 5803.

42 S. Pengthaisong, Y. Hua and J. R. K. Cairns, Arch. Biochem.
Biophys., 2021, 706, 108924.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/anie.202309306
https://doi.org/10.1002/anie.202309306
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06146a

	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...

	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...
	Selective labelling of GBA2 in cells with fluorescent tnqh_x03B2-d-arabinofuranosyl cyclitol aziridinesElectronic supplementary information (ESI)...


