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Abstract 

GBA2, the non-lysosomal β-glucosylceramidase, is an enzyme involved in glucosylceramide metabolism. 
Pharmacological inhibi�on of GBA2 by N-alkyl iminosugars is well tolerated and benefits pa�ents 
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 ul�mate goal to unravel the 
role of GBA2 in (patho)physiology, this chapter describes the development of a GBA2-selec�ve ac�vity-
based probe (ABP). A library of probes was tested for ac�vity against GBA2 and the two other cellular 
retaining β-glucosidases, lysosomal GBA1 and cytosolic GBA3. It is shown that β-D-arabinofuranosyl 
cyclitol aziridine (β-D-Araf aziridine) reacts with the GBA2 ac�ve site nucleophile to form a covalent and 
irreversible bond. Fluorescent β-D-Araf aziridine probes potently and selec�vely label GBA2 both in 
vitro and in situ, allowing for visualiza�on of subcellular localiza�on of overexpressed GBA2 using 
fluorescence microscopy. The here-presented ABP technology may be useful for further delinea�ng the 
role and func�oning of GBA2 in disease. As well, the β-D-Araf aziridine scaffold may serve as a good 
star�ng point for the development of GBA2-specific inhibitors for clinical development. 
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Introduction 
GBA2 (EC 3.2.1.45, CAZy1 GH116), a retaining β-glucosidase, was first discovered during the analysis 

of N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-β-D-glucosylceramide (NBD-GlcCer) 
processing in cultured cells. Ensuing studies demonstrated that GBA2, ini�ally named non-lysosomal 
glucosylceramidase, is capable of hydrolyzing glucosylceramide (GlcCer), which un�l that date was 
thought to be the exclusive ac�vity 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.3-6 As well, companies have announced the development of GBA2 inhibitors for the treatment 
of Parkinsonism.7 Despite this, the physiological role of GBA2, the consequences of cytosolic GlcCer 
metabolism and the interplay of GBA2 with lysosomal GlcCer breakdown is unclear. 

GBA2 is a �ghtly membrane-bound enzyme whose ac�vity can be assessed in cell and �ssue lysates 
using the ar�ficial fluorogenic substrate, 4-methylumbelliferyl-β-D-glucopyranoside (4MU-β-D-Glc). 
Compared to GBA1, GBA2 is less sensi�ve to inac�va�on by conduritol B epoxide (CBE), but more 
suscep�ble to inac�va�on by various detergents.2 The loss of enzyma�c ac�vity following its extrac�on 
from membranes complicates its purifica�on, and the enzyme’s iden�ty was defini�vely elucidated 
only a�er the independent cloning of its cDNA.8,9 GBA2 homologues are found in several species, 
including archaea and bacteria,10,11 and GBA2 proteins degrading glucosylceramide are found, besides 
mammals, in plant and fish.12-15 To date mammalian GBA2 has defied resolu�on of a 3D structure, but 
structures of bacterial homologs (such as SSO1353 (GH116) in S. solfataricus and TxGH116 in T. 
xylanolyticum10,11,16) provide insight in the cataly�c machinery of the enzyme. 

Human GBA2 is encoded by the GBA2 gene at locus 9p13.3 and is a 927 amino acid β-glucosidase 
with E527 as the cataly�c nucleophile and D677 as the cataly�c acid/base.17 It is a retaining glycosidase 
processing its substrate following a classical Koshland double displacement mechanism. GBA2 is 
ini�ally synthesized as a soluble cytosolic protein that rapidly and �ghtly associates with membranes 
by an unknown mechanism. Various subcellular localiza�ons of (overexpressed, tagged) GBA2 have 
been reported, ranging from endoplasmic re�culum, Golgi apparatus, endosomes and the plasma 
membrane.9,18 The enzyme’s localiza�on possibly varies among cells, perhaps reflec�ng their metabolic 
status. Unlike GBA1, GBA2 is able to hydrolyze both β-glucoside and β-galactoside substrates.2 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 GBA2.19,20 

GBA2 is increasingly considered as therapeu�c target for the treatment of a variety of diseases. 
Inhibi�on 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) pa�ents. Miglustat acts by 
pharmacological inhibi�on of glucosylceramide synthase (GCS).21-23 Individuals under this treatment 
appear to develop no overt side effects upon long-term therapy. In line with this, inhibi�on of GBA2 
ac�vity with N-adamantanemethyloxypentyl-deoxynojirimycin (AMP-DMN) or its gene�c abla�on has 
been found to increase the life span of NPC mice.22 Tissues of NPC mice show par�al increase in GBA2 
and par�al reduced GBA1 levels sugges�ng a compensatory mechanism between these enzymes.15 In 
type 1 GD mice generated by knockdown of GBA1 in a hematopoie�c stem cell lineage, GBA2 gene 
dele�on was found to exert beneficial effects.24 In addi�on, increased GBA2 ac�vi�es have been 
documented in leukocytes of GBA1-deficient GD pa�ents.25 Finally and importantly, GBA2 knockout (KO) 
mice develop no overt pathology besides par�ally reduced fer�lity, a phenomenon not observed in 
primates.10,26 

Several classes of GBA2 inhibitors have been iden�fied in the past decades. Compe��ve GBA2 
inhibitors include iminosugars such as AMP-DNM, with an IC50 of approximately 1 nM with respect to 
GBA2, and N-butyl-deoxynojirimycin (Miglustat), with an IC50 of 150-300 nM for GBA2.27 Mechanism-
based, covalent and irreversible inhibitors, such as cyclophellitol aziridine act on GBA2 but also on GBA1, 
and ac�vity-based probes (ABPs) derived from these cannot be used for selec�ve GBA2 detec�on and 
imaging in cells.28 

For this reason the aim was to develop a GBA2-selec�ve ac�vity-based probe for in cellulo GBA2 
imaging, and the results of studies in this direc�on are presented here.29 Previous studies showed the 
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value of cyclophellitols as GBA1-specific probes,15,30 however the closely related cyclophellitol aziridine 
ABPs (ABP 7 and 8, Figure 1) label both GBA1 and GBA2.28,31 Some cell types also express a soluble, 
cytosolic β-glucosidase with broad substrate specificity, termed GBA3 (EC 3.2.1.21, GH1), which also 
reacts with these ABPs.28 Since none of these ABPs react selec�vely with GBA2, cyclophellitol-type 
compounds with varying configura�ons were inves�gated on their reac�vity with GBA2 and related 
cellular retaining β-glucosidases. The findings of these studies, detailed in this chapter, demonstrate 
that ABPs with a β-D-Araf aziridine configura�on (Figure 1) potently and selec�vely label GBA2 by 
reac�ng with its cataly�c nucleophile. 

 

Figure 1. Chemical structures of β-D-arabinofuranosyl cyclitol aziridine 1-6, cyclophellitol epoxide and aziridine 
ac�vity-based probes (ABPs) 7-11, and inhibitors 21 and 22. 

Results 

In vitro affinity and selec�vity of β-D-Araf cyclitol aziridine ABPs towards human β-glucosidases 

To iden�fy an ABP that selec�vely labels human GBA2 over GBA1 and GBA3, a library of 
cyclophellitol-based ABPs with varying configura�ons (Figure S1) was screened for their selec�vity 
towards human retaining β-glucosidases. For this purpose, the inhibi�on proper�es of the compounds 
were first assessed using recombinant human GBA1 (rhGBA1, Imiglucerase), lysates of cells 
overexpressing GBA2 and lysates overexpressing GBA3, the later two both in combina�on with 
knockout of the other retaining β-glucosidases. In a preliminary screen, enzymes were pre-incubated 
for 30 min with the tested compounds, followed by the addi�on of the fluorogenic substrate, 4MU-β-
D-Glc, and then quan�fica�on of released fluorescent 4MU a�er 30 minutes. This screening revealed a 
set of β-D-Araf cyclitol aziridines as poten�al GBA2 inhibitors. Pre-incuba�on of the enzymes with β-D-
Araf cyclitol aziridine 1 did not show inhibitory effect towards any of the β-glucosidases assayed up to 
50 μM, whereas N-azido-octyl aziridine 2 displayed inhibi�on of all three β-glucosidases (apparent IC50: 
GBA2 630 nM, GBA1 2730 nM, GBA3 8150 nM) with some selec�vity for GBA2 over GBA1 and GBA3 
(Table S1). Interes�ngly, BODIPY green- and BODIPY red-tagged ABPs 3 and 4 exhibited substan�al 
affinity towards GBA2 (apparent IC50: 120-160 nM) with clear selec�vity (defined as IC50 Enzyme1/IC50 
Enzyme2) for GBA2 over GBA1 and GBA3 (Figure 2A). In contrast, β-D-Araf ABP 5 equipped with a Cy5 
fluorophore inhibited GBA1 and GBA2 with about equal potency (apparent IC50 250-300 nM). The 
bio�n-tagged β-D-Araf compound 6 is a poor (apparent IC50 > 8 µM) inhibitor of all three glucosidases. 
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Arabinofuranosyl cyclitol 12-20 with various configura�ons (α-L-Araf and β-L-Araf) were also evaluated 
(Figure S1). Most of these proved to be poor GBA2 inhibitors (apparent IC50 > 20 µM), and none 
matched the selec�vity of β-D-Araf cyclitol aziridines 3 and 4 for GBA2 (Table S1). 

Armed with ABPs 3 and 4, both of which displayed high selec�vity for GBA2 over GBA1 and GBA3, 
their ac�vity in cell lysates was analyzed next. To this end, lysates of HEK293T cells containing all three 
β-glucosidases (endogenous GBA1 with overexpressed GBA2 and GBA3) were treated with ABPs 3, 4, 
5 and 7, followed by protein separa�on by SDS-PAGE and fluorescence scanning of the wet gel slabs. 
As depicted in Figure 2B, ABP 7 labelled all β-glucosidases as previously reported.31 In contrast, the β-
D-Araf aziridine ABPs 3 and 4 selec�vely labelled GBA2 at a concentra�on of 100 nM, while Cy5 tagged 
ABP 5 did so at 500 nM. The GBA2 selec�vity of β-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 β-D-Araf aziridine ABPs 3, 4, or 5 for 30 
minutes, a�er which selec�ve GBA1 ABP 1032 or 1130 was added to label the remaining ac�ve rhGBA1 
molecules. This experiment revealed the ability of β-D-Araf cyclitol aziridine ABPs, and in par�cular 3 
and 4, to selec�vely label GBA2 without significant rhGBA1 labelling, with marginal GBA1 labelling 
occurring at 10 µM. 

The pH and incuba�on �me dependent labelling of GBA2 in HEK293T cells containing all three 
retaining β-glucosidases by β-D-Araf ABPs was next inves�gated (Figure 2D, E and Figure S4). All ABPs 
selec�vely 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 a�er 20-30 minutes. Importantly, no labelling of GBA1 
or GBA3 was observed under varying pH and �me condi�ons (Figure S4). 
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Figure 2. In vitro ABPP with β-D-Araf aziridine ABPs 3-5. (A) Apparent IC50 (nM) of β-D-Araf ABPs, determined by 
4MU-β-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 β-D-Araf ABPs (3-5) for 30 min at pH 5.8, following addi�on 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 �me-dependent ABPP assay of ABP 4 (500 
nM). 

Iden�fica�on of the cataly�c nucleophile of GBA2 reacted with β-D-Araf cyclitol aziridines 

GBA2, like TxGH116 (the bacterial homologue of GBA2), induces hydrolysis through a conven�onal 
Koshland two-step double-displacement conforma�onal pathway typical of retaining β-glucosidases, 
progressing from 1S3 to 4H3 to ul�mately adopt the 4C1 in the covalent complex (Figure 3A).11 In contrast 
to cyclophellitol aziridines, which mimic the 4H3 transi�on state, β-D-Araf aziridines adopt an 3E 
conforma�on33 which resembles the 1S3 ini�al Michaelis complex conforma�on (Figure 3B).34 Previous 
research had established that E527 (cataly�c nucleophile) and D677 (cataly�c acid/base) are the 
cataly�c residues in the human GBA2 ac�ve site.17 To inves�gate whether β-D-Araf aziridine ABPs bind 
GBA2 in an ac�vity-based manner, firstly mutants of GBA2 were generated by subs�tu�ng either the 
E527 nucleophile or the D677 acid/base. Lysates from cells expressing these mutant GBA2 proteins 
were then incubated with β-D-Araf ABPs 3-5 or cyclophellitol ABP 7 and their labelling patern was 
analyzed (Figure 3C). None of the ABPs were found to label the E527G mutant or the E527G/D677G 
double mutant, demonstra�ng that these probes require the nucleophile E527 for reac�on with GBA2. 
Notably, β-D-Araf ABPs 3-5 exhibit poor reac�on with the acid/base mutant D677G, whereas ABP 7 
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modified this mutant in significant amounts. At higher ABP concentra�ons and/or longer incuba�on 
�mes (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 ac�on of β-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 β-D-Araf compound 2 was solved at 1.9 Å 
resolu�on. The -1 subsite of TxGH116 is well conserved rela�ve to human GBA2. The solved structure 
(Figure 3E) reveals reacted 2 with the cataly�c nucleophile of TxGH116, occupying the enzyme ac�ve 
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 addi�on, 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. 

 

 

Figure 3. Mechanism of inhibi�on of GBA2 by β-D-Araf cyclophellitol aziridines. (A) Conforma�onal i�nerary of 
the Koshland double-displacement mechanism employed by retaining β-D-glucosidases. (B) β-D-Araf cyclitol 
aziridine 1 adopts an envelope-like 3E conforma�on prior to reac�on with the GBA2 ac�ve site, whereas 
cyclophellitol aziridines mimic the 4H3 transi�on state conforma�on. (C) β-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 an�-myc an�body (row 2). Row 3 represents the Western 
blot showing fluorescence of both ABPs (3-5, 7) and the an�-myc an�body. row 4 represents Ponceau S stain. (D) 
2 µM β-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 σ (0.275 
electrons Å−3), and showing hydrogen bonds represented as dashed lines. 
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In vitro labelling across species and in situ labelling of β-D-Araf cyclitol aziridine ABPs 

GBA2 orthologs are highly conserved among different species. BLAST analysis revealed that human 
GBA2 shares 87% sequence iden�ty and 93% similarity in the cataly�c domain with murine GBA2 and 
66% iden�ty and 79% similarity with the zebrafish (Danio rerio) enzyme.14 The reac�vity of β-D-Araf 
aziridine ABPs 3-5 with GBA2 orthologs in these was therefore evaluated. Homogenates of zebrafish 
larvae or mice brain were incubated with β-D-Araf ABPs 3-5 or broad-spectrum β-glucosidase ABP 7 
(Figure 4). As was seen for human cell extracts, β-D-Araf ABPs 3-5 selec�vely label GBA2 also in these 
species whereas ABP 7 showed cross-reac�vity towards GBA1. 

 

Figure 4. β-D-Araf aziridine ABPs selec�vely label GBA2 orthologues in different species. Cyclophellitol aziridine 
ABP 7 (1 µM) and β-D-Araf ABPs (ABP 3 at 1 µM and ABP 4 and 5 at 2.5 µM) were incubated with homogenates 
of zebrafish larvae and mice brain �ssue for 1 h at 37 °C. 

As the next research objec�ve, experiments were done to establish whether ac�ve GBA2 molecules 
could be detected and iden�fied in human cells using the β-D-Araf aziridine ABPs. For this purpose, 
HEK293T cells with endogenous GBA1 and overexpressed GBA2/GBA3 were treated with varying 
concentra�ons of β-D-Araf aziridine ABPs 3-5 for 1 h, a�er which the cells were harvested and washed 
mul�ple �mes prior to lysis. The lysates were then denatured, their protein content separated by SDS-
PAGE and the resul�ng wet gel slabs scanned for fluorescence. In this way it was observed that all three 
β-D-Araf ABPs 3-5 enter intact cells where they react with endogenous, and given the >24 h life�me, 
newly synthesized GBA2 (Figure 5A, Figure S8 A, B). BODIPY tagged ABPs 3 and 4 proved to be the most 
effec�ve GBA2 probes in these experiments and inac�vate GBA2 almost completely at 100 nM final 
concentra�on. 

To address the concern that the ABPs atach 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 
concentra�ons of cyclophellitol (CP) or cyclophellitol aziridine ABP 8, both potent human GBA1 and 
GBA2 inac�vators, did not diminish GBA2 labelling efficiency by ABP 4 (Figure 5B), thus indica�ng that 
these ABPs indeed labelled GBA2 in situ. Importantly, the GBA2 selec�vity of β-D-Araf ABPs 3-5 was 
maintained during in situ labelling of wild-type HEK293T cells (Figure S9). GBA1 labelling only occurred 
when using a high concentra�on (500 nM) and longer incuba�on �me (2.5 h) for ABP 5, while ABP 3 
and 4 did not visibly label GBA1 at these condi�ons (Figure 5B and Figure S9). Even incuba�on for 24 h 
gave similar results: ABPs 3 and 4 s�ll selec�vely labelled GBA2 at 10 nM, and only slight concomitant 
GBA1 labelling at higher concentra�ons was observed (Figure S10). Selec�ve GBA2 labelling by ABPs 3 
and 4 finally was also observed in human re�nal pigment epithelial-1 cells (Figure 5C).  

 
 



β-D-Arabinofuranosyl cyclitol aziridine 

   49 

 

Figure 5. Trea�ng intact cells with β-D-Araf ABPs labels GBA2 in situ. (A) Labelling of β-D-Araf ABPs in intact 
HEK293T cells (GBA1 endogenous and GBA2/3 overexpression) at varying concentra�ons 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 
µM final concentra�on with 1% DMSO final concentra�on), or cyclophellitol (CP, 1 µM final concentra�on with 
1% DMSO final concentra�on), or the blank (‘/’) 1% DMSO (final concentra�on) for ABPP analysis. (C) ABP 3 and 
4 labelling of GBA2 in intact wild-type human re�nal pigment epithelial-1 (RPE-1) cells. 

Localiza�on of GBA2 with an β-D-Araf cyclitol aziridine ABP 

As the final set of experiments, red fluorescent ABP 4 was used to study the localiza�on of GBA2 in 
HEK293T cells. A�er incuba�on with 50 nM ABP 4 for 2 h, the samples were fixed and also stained with 
a green-fluorescent an�-GBA1-an�body in order to observe the difference in localiza�on between 
GBA1 and GBA2. Confocal microscopy of wild-type (WT) HEK293T cells showed an unambiguous 
staining for GBA1 with a dis�nct perinuclear lysosomal distribu�on patern. However, no clear signals 
for ABP 4 modified proteins were observed (Figure 6). Aten�on was therefore redirected to the use of 
GBA2 overexpression (OE) cells and GBA1/GBA2 knockout (KO) + GBA2 OE cells.19,31 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 (localiza�on of GBA2-selec�ve ABP 4) and green fluorescence 
(localiza�on of GFP-tagged an�-GBA1), indica�ng that GBA2 resides in subcellular compartments 
dis�nct from those in which GBA1 resides. To confirm the selec�ve staining of GBA2, cells 
overexpressing GBA2 were pre-treated with either the selec�ve GBA1 inhibitor 2132 or the GBA1/GBA2 
inhibitor 2235. Confocal microscopy showed no change in the staining of GBA2 a�er 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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Figure 6. Confocal fluorescence microscopy of GBA1 and GBA2 as detected by red fluorescent β-D-Araf aziridine 
4 and green fluorescent an�-GBA1-an�body with Alexa Fluor® 647 conjuga�on. 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 β-D-Araf aziridine 4 (red) for 2 h. A�er fixa�on all cells were 
stained for GBA1 using an an�-GBA1-an�body (green) and nuclei were stained with 10 µg/ml DAPI (blue). 

Discussion 
GBA2 atracts increasing aten�on given its poten�al role in pathophysiological mechanisms in a 

variety of human diseases. While the cataly�c machinery, the mode of ac�on and the substrate 
specificity of the enzyme has now been firmly established, litle is known about its physiological role 
and even its subcellular localiza�on is a mater of debate. The acquisi�on of such knowledge is 
hampered by the absence of cell-permeable, GBA2-selec�ve chemical probes, comparable to the 
counterpart developed for the selec�ve visualiza�on of ac�ve GBA1 in living cells.30,36-38 The work 
described here was aimed to rec�fy this situa�on. Screening of a library of ac�vity-based glycosidase 
probes led to the discovery of fluorescent β-D-Araf cyclitol aziridines that selec�vely label GBA2 both 
in vitro and in intact cells. The labelling occurs through mechanism-based, covalent and irreversible 
inhibi�on of the ABP and is abolished by mutagenesis of the cataly�c 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 rela�vely weak in wild type cells, and future use of more advanced 
fluorescence microscopy (for instance, including spectral imaging and use of a supersensi�ve camera 
with higher quantum yield) may improve detec�on of na�ve GBA2. It should be kept in mind that 
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disperse distribu�on of GBA2 among membranes, contrary to the intrinsic concentra�on of GBA1 
molecules in lysosomes, does not favor detec�on by simple fluorescence microscopy. 

The observed high affinity and selec�vity of β-D-Araf cyclophellitol aziridines equipped with a 
hydrophobic fluorescent tag for labelling GBA2 is quite remarkable. A very recent publica�on by 
Shimokawa and coworkers39 reports that a GH116 exo-β-D-arabinofuranosidase from Microbacterium 
arabinogalactanolyticum termed ExoMA2 shows similari�es in structure to that of the GH116 β-
glucosidase from Thermoanaerobacterium xylanolyticum (TxGH116). Both enzymes have a two-
domain structure consis�ng of N-terminal β-sandwich and C-terminal (α/α) 6-barrel domains, the later 
being the cataly�c domain. The two cataly�c residues, as well as several other residues in the ac�ve 
site pocket are conserved, but substrate recogni�on at subsite −1 differs. Given the similari�es in the 
cataly�c pocket, the cataly�c residues and even the transglycosyla�on abili�es19,39,40 of the three 
enzymes, it is perhaps not surprising that β-D-Araf cyclitol aziridines bind well to the GBA2 ac�ve site. 

In conclusion, β-D-Araf aziridine ABPs were iden�fied as a new class of GBA2 selec�ve ABPs. The 
newly described ABPs allow to specifically monitor GBA2 and act as specific GBA2 suicide inhibitors to 
selec�vely inac�vate GBA2. The β-D-arabinofuranosyl cyclophellitol aziridine ABPs are novel tools for 
the study of the intriguing enzyme GBA2, and the development of GBA2 selec�ve inhibitors based on 
the β-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-β-D-glucopyranoside was purchased from Glycosynth 
(Warrington Cheshire, UK). Polytron PT 1300D sonicator (Kinema�ca, Luzern, Switzerland) and 
potassium phosphate buffer (K2HPO4-KH2PO4, 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 �ssues. Harvested cells (cell pellets), cell lysates and 
�ssue homogenates not used directly were stored at -80 °C. Protein concentra�on was measured using 
the Pierce BCA assay kit (Thermo Fisher Scien�fic, 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% CO2. 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% CO2. 

Genera�on of cells gene�cally modified in β-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 β-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 Dulbeccoʹs phosphate buffered saline (PBS), subsequently collected 
and lysed as the method described in Chapter 2 which were adapted from the literature.41  

4MU fluorogenic substrate assay for determina�on of enzyme ac�vity and apparent IC50  

4MU fluorogenic substrate assays (using isolated recombina�on human GBA1 or lysates of HEK293T 
cells) were conducted in 96-well plates at 37 °C. Assay procedures and condi�ons for measuring 
enzyme ac�vity and apparent IC50 of each enzyme (rhGBA1, GBA2, or GBA3) are the same as previously 
described in Chapter 2. In brief, enzymes were diluted with McIlvaine buffer (150 mM citric acid-
Na2HPO4, at the appropriate pH for each enzyme), to a final volume of 25 μL with or without inhibitors. 
For enzyme ac�vity measurement, samples were incubated with 100 μL 4-methylumbelliferyl-β-D-
glucopyranoside substrates diluted in McIlvaine buffer for 30 min. For apparent IC50 measurement, 
enzymes were incubated with inhibitor diluted in McIlvaine buffer for 30 min or 3 h, followed by 
incuba�on with 100 μL 4-methylumbelliferyl-β-D-glucopyranoside substrates for 30 min. A�er stopping 
the enzyme reac�on with 200 μL 1M NaOH-glycine (pH 10.3), 4-methylumbelliferone fluorescence was 
measured with a fluorimeter LS55 (Perkin Elmer, Waltham, MA, USA). Enzyme ac�vi�es and apparent 
IC50 values were determined by subtrac�on of the background signal (measured for incuba�ons 
without enzyme), as previously described.42 The IC50 value was calculated using Graphpad Prism 9.0 
with the Nonlinear regression (curve fit) - [Inhibitor] vs. response - Variable slope (four parameters) 
equa�on. 
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Ac�vity-based protein profiling (ABPP) with SDS-PAGE  

Samples containing GBA1, GBA2 or GBA3 (see the exact cons�tu�on of these samples as described 
in the specific case) were incubated with fluorescent ABPs at op�mum condi�ons at 37 °C for 30 min 
(if not otherwise stated) as described in Chapter 2. The total sample volume was 20–40 μL with a 0.5–
1% final concentra�on of DMSO in the appropriate pH McIlvaine buffer (150 mM). For assessing the 
reac�vity of arabinofuranose-configured cyclitol ABPs towards β-glucosidases, lysates of HEK293T cells 
expressing endogenous GBA1 and overexpressed GBA2/GBA3 were incubated with varying 
concentra�on of ABP in McIlvaine buffer (150 mM, pH 6.0). A�er incuba�on 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 λEX 473 nm and λEM ≥ 510 nm for BODIPY green 
fluorescence; at λEX 532 nm and λEM ≥ 575 nm for the BODIPY red fluorescence; at λEX 635 nm and λEM 
≥ 665 nm for Cy5 fluorescence. A�erwards, the wet gel slab was stained by Coomassie brilliant blue 
(CBB) G250 or R250 for loading control of proteins.  

β-Glucosidase inac�va�on visualized by compe��ve ABPP with SDS-PAGE  

In general, samples containing GBA1, GBA2 or GBA3 (see the exact cons�tu�on 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 inac�vated by the inhibitor compound.  

To Figure S12, lysate of HEK293T cells expressing all cellular β-glucosidases were first incubated with 
compound 6 for 3 h at 37°C (in vitro), a�er which readout ABP 7 was added and incubated for 30 min 
at 37 °C (in vitro) to reveal the residual ac�ve β-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 β-glucosidases were first incubated with fluorescent ABP 3-5 (in situ) for 24h 
at 37°C under 7% CO2, then cells were harvest and lysed as descrip�on in cell lysis. Subsequently, 
readout ABP (one of 7-9) was added, and same procedures described above for outcome visualiza�on 
were conducted to reveal the ac�ve β-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 inac�vate β-glucosidases, the readout ABP should be 
ABP 7 with Cy5 tag or ABP 9 with BODIPY-red tag.  

To obtain compe��ve ABPP quan�fied IC50 values, the ABP-emited fluorescence of the read out 
ABP was quan�fied by ImageQuant (GE Healthcare, Chicago, IL, USA) and calculated with Graphpad 
Prism 9.0 using Analyze – Nonlinear regression (curve fit) – One phase associa�on. 

Irreversibility evalua�on by compe��on with irreversible ABP 

The irreversibility of enzyme inhibi�on was evaluated as below (Figure S6A). Lysates of GBA1/GBA2 
KO HEK293T with GBA2 OE were used. A total of 60 µg lysate was incubated with or without 1 µM β-
D-Araf cyclitol aziridines 2-4 for 1 h at 37 °C, a part of the lysates was taken and used for parallel ac�vity 
measurements using the 4MU-β-D-Glc fluorogenic substrate assay. Subsequently, the lysate mixtures 
were washed by passing through Zeba™ spin desal�ng columns with 40k MWCO (Thermo Scien�fic) 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. A�er the last washing step, the same volume of 
lysates was taken and incubated with 1 µM β-glucosidase ABP 7, over 30 min at 37 °C, or over 24 h or 
48 h at 4 °C. Then the compe��on results were revealed by SDS-PAGE and in-gel fluorescence scanning 
as described above. Parallel ac�vity measurement results show GBA2 ac�vity recovery a�er desal�ng 
washing (Figure S6B). 
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Stability of β-D-Araf aziridine binding towards GBA2 

In Figure S6C, A total of 90 µg GBA2 (lysates of GBA1/GBA2 KO HEK293T with GBA2 OE) in potassium 
phosphate buffer was diluted with 60 µL McIlvaine buffer (150 mM, pH 6.0) and incubated with or 
without 1 µM β-D-Araf aziridine compound 2-5 for 1 h at 37 °C. Therea�er, the total 100 µL sample was 
passed through a desal�ng column as described above. To assess the ac�vity of GBA2 bound with the 
β-D-Araf compound 2-5, all samples were kept at 4 °C un�l GBA2 ac�vity was measured by incuba�on 
with 4MU-β-D-Glc at �me points 0.5 h, 24 h and 96 h and subsequent measurement of emerging 
fluorescence. The GBA2 ac�vity assays were performed with 10 µL sample in triplicate, and the ac�vity 
of GBA2 incubated without inhibitors was used as a control.  

Reac�vity of β-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.17 Next, 500 nM β-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 blo�ng. Ponceau S staining was used to show 
loading control of proteins. Primary an�body used was Mouse an� myc (α-myc, Bioke). Secondary 
an�bodies, donkey an� mouse with Alexa 488 (Invitrogen) or goat an� mouse with Alexa 532 
(Invitrogen) were used to visualize GBA2 mutants with the myc tag. 

Reac�vity of β-D-Araf aziridines towards GBA2 orthologue in other species  

β-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 μg L-1 sea salt, Sera Marin) for 5 
days, larvae were collected and sacrificed for making homogenates, a total 10-20 μg larvae 
homogenates were used for ABPP. Extracts of mouse brain were obtained from exis�ng mice extrac�on 
stocks that were stored at –20 °C; a total of 10-20 μg mouse brain homogenate was used. The zebrafish 
homogenate was passed through a desal�ng column (in the same way as described for the 
irreversibility evalua�on above) to remove interference from biological pigments when scanning at λEX 
473 nm and λEM ≥ 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 re�nal 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 
incuba�on �mes using the condi�ons as described for the cell culture. The cells were harvested and 
lysed as described in the cell lysis method. A�er determina�on of the protein concentra�on by BCA 
assay, the lysates were adjusted to 10 μL by addi�on of potassium phosphate buffer in order to 
normalize the amount of protein loaded (to 10-25 μg total protein per measurement) and subjected to 
ABPP as described above.  

In situ visualiza�on 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.31,43 Cells were grown to approximately 75% confluency on Ø15 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 (2132, 0.5% 
DMSO), 500 nM of a GBA1 and GBA2 inhibitor (2235, 0.5% DMSO) or with 0.5% DMSO alone. GBA2 was 
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subsequently incubated by the addi�on of 50 nM ABP 4 (BODIPY-red) to cells for 2 h at 37 °C with 5% 
CO2. Unbound probe was washed away with PBS and cells were fixed with 4% paraformaldehyde (Alfa 
Aesar)/PBS for 15 min at RT. A�er fixa�on the cells were washed with PBS and directly permeabilized 
with 0.1% Tween20 (Sigma-Aldrich)/TBS for 30 min at RT. A�er 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-αn�-GBA1 (8E4, generated as described in the literature44 1:250 in 3% BSA-PBS 
and visualized with a donkey-αn�-mouse-Alexa647 (Molecular Probes) 1:1000 in 3% BSA-PBS. Nuclei 
were stained with 10 µg/ml DAPI (Sigma-Aldrich). A�erwards 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 objec�ve equipped with a PMTs detector. 

Expression, purifica�on and crystalliza�on of TxGH116  

A construct consis�ng of TxGH116Δ1-18 cloned into pET30a was transformed into E. coli BL21(DE3) 
and used for the expression of TxGH116 and its purifica�on based on the method described.16 Purified 
TxGH116 at 1 mg/ml in 20 mM Tris–HCl pH 8.0, 150 mM NaCl was crystalized in a si�ng drop plate, in 
a 2:1 ra�o to the well solu�on, 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 
addi�on of a 10 mM solu�on of 8-azidooctyl-β-D-arabinofuranosyl cyclitol aziridine 2 dissolved in water 
to a final concentra�on of 3.3 mM in the drop and fished a�er 68 hours into liquid nitrogen without 
addi�onal cryoprotec�on.  

Data collec�on and refinement 

Data were collected at beamline io4 at the Diamond Light Source (UK), processed using DIALS45 and 
scaled with AIMLESS46. There are 2 molecules per asymmetric unit and the space group is P212121. The 
structure was solved using Phaser47 with PDB entry 5BVU as the model, and refined using REFMAC548 
interspersed with rounds of model building in Coot49. The ligand was built and dic�onary restraints 
generated using AceDRG50. The programs were run through the CCP4I251 graphical interface. Data 
collec�on and refinement sta�s�cs are given in Table S2. 
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Appendix 

Table S1. Apparent IC50 values (nM) of arabinofuranosyl cyclitol configured compounds as β-glucosidase inhibitors, 
determined by 4-MU-β-D-Glc fluorogenic substrate assays. 

β-D-Araf GBA2 [a] rhGBA1 [b] GBA3 [c] 
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 4292.3 ± 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 (Bio�n) 8481.0 ± 762.6 10671.0 ± 786.5 10281.7 ± 1896.5 

α-L-Araf GBA2 [a] rhGBA1 [b] GBA3 [c] 

12 (epoxide) > 50000  > 50000  > 50000  

13 (aziridine) > 50000  > 50000  > 50000  

14 (aziridine Cy5) 1850 (30 min) 
N.D. (3 h) 

> 50000 (30 min) 
1340 (3 h) > 50000 (3 h) 

β-L-Araf GBA2 [a] rhGBA1 [b] GBA3 [c] 

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. Incuba�on �me 
of compounds and enzymes is 30 min, assays was also conducted for 3 h incuba�on of compound 14 and marked 
in the table. Error ranges = ± SD, n = 3 replicates for β-D-Araf aziridine compounds, n = 1 replicates for α-L-Araf  
and β-L-Araf compounds.  

 
Figure S1. Compound library used in this chapter. 
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Apparent IC50 curves of β-D-Araf compounds 

  

Apparent IC50 curves of α-L-Araf compounds 

  

Apparent IC50 curves of β-L-Araf compoumds 

  

Figure S2. Apparent IC50 curves of arabinofuranosyl configured compounds (1-6, 12-20) based on 4MU 
fluorogenic substrate assays using 4MU-β-D-Glc. The enzymes used were recombinant GBA1 (Imiglucerase), 
lysates of GBA1/GBA2 KO cells with overexpression of either GBA2 or GBA3. Incuba�on �me 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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Figure S3-1. In vitro reac�vity of β-D-Araf aziridine ABPs 3-5 towards β-glucosidases. (A) β-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 ac�vity 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) β-D-Araf ABPs 3-5 labelled mixture 
of HEK293T GBA1/GBA2 KO GBA2 OE cell lysates and recombinant human GBA1 (rhGBA1) at op�mal cond�ons 
of GBA2 (le�) or rhGBA1 (right). Lysate mixtures were first incubated with β-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 op�mal condi�on, 
McIlvaine buffer (pH 5.2) with 0.1% (v/v) Triton X-100 and 0.2% (w/v) sodium taurocholate (NaTc) was used. 
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Figure S3-2. Reac�vity of α-L-Araf and β-L-Araf ABPs towards β-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. 

 

 

  

Figure S4. In vitro pH- or �me-dependent reac�vity of β-D-Araf ABPs 3-5 (500 nM) towards β-glucosidases. 
HEK293T GBA1 endogenous and GBA2/GBA3 OE cell lysates were used and incubated with ABP 3-5 at the 
indicated condi�ons. Fluorescence intensity of ABPs 3-5 was quan�fied and the result was presented as the curve 
on the right. 
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The GBA2 interac�on efficiency of β-D-Araf aziridine ABPs 3-5 and cyclophellitol-aziridine ABP 7 was 
compared by simultaneous incuba�on with GBA2 for compe��on. The mixture of β-D-Araf aziridine 
ABP (3-5) against cyclophellitol-aziridine ABP (7 or 8) in varying ra�os was set up for assays. For each 
ra�o, the amount of total molecules is same (final 500 nM concentra�on). A�er incuba�on, 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 ra�o (nM of β-D-Araf aziridine ABP : cyclophellitol-aziridine ABP) 
and ABP 5 only able to label GBA2 at 100:1 ra�o when compe�ng with ABP 8.  

 

Figure S5. Comparison of the interac�on efficiency between β-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 β-D-Araf ABP and cyclophellitol aziridine ABP 7 (or 8) mixture in varying ra�o 
as indicated. 

 

 
 
 
 
 
 
 
 
 
 
 
 
To assess the irreversibility of the GBA2 labelling by β-D-Araf cyclitol aziridines, compe��ve ABPP 

experiment was conducted. First, lysates of HEK293T GBA1/GBA2 KO cells with GBA2 OE was 
preincubated with β-D-Araf compound 2-4. A�er employing a desal�ng column to remove unbound 
probe with three consecu�ve washing steps, the lysate was next incubated with fluorescent broad-
spectrum β-glucosidase ABP 7, an ABP irreversibly binds β-glucosidases, for variable �me. No further 
labelling with 7 was observed compared to the control set (first lane of each set), indica�ng that the 
GBA2 molecule had formed a covalent and irreversible bond with β-D-Araf compound 2-4, preven�ng 
binding of ABP 7 to GBA2 anymore (Figure S6A). In complementary experiments in which GBA2 lysates 
were incubated with β-D-Araf compounds 2-5 followed by washing to remove any unbound probe, no 
recovery of GBA2 ac�vity was observed even a�er 96 h (Figure S6C). 
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Figure S6. (A) Irreversibility of β-D-Araf aziridine compounds revealed by a compe��on ABPP assay. Lysates of 
GBA1/GBA2 KO cells with GBA2 overexpression were first pre-treated with the β-D-Araf compounds 2-4 or an 
equivalent volume without compound (0.5% DMSO final concentra�on in this step as control) for 30 min at 37°C, 
followed by three �mes of consecu�ve washing with a desal�ng column and incuba�on with 1 µM irreversible 
ABP 7 for 30 min (for compe��on analysis) a�er the washing step, the final concentra�on of DMSO in all samples 
a�er addi�on 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 incuba�ng 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. A�erwards, samples were 
subjected to ABPP. (B) A subset of above samples pre-treated with compounds 2-4 or DMSO, were washed three 
�mes with a desal�ng column, subsequently, samples were measured for GBA2 ac�vity by the 4-MU-β-D-Glc 
fluorogenic substrate assay, to assess whether GBA2, which had reacted with compounds 2-4, could recover 
ac�vity a�er the washing step. (C) Binding stability of compounds 2-5 towards GBA2 revealed by the 4-MU-β-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 desal�ng column, then the 
lysates were stored at 4°C un�l the �me point for ac�vity measurement was reached. 0 h = measured ac�vity of 
lysates prior to washing by desal�ng column. ‘0.5 h, 24 h, or 96 h’ = measured ac�vity of lysates at a certain �me 
point a�er washing steps.  
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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 α-glucosidase (EC 3.2.1.20, CAZy GH31).  
 
 

 

 
Figure S8. β-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 β-D-Araf ABPs (3-5) for 24 h at 37 °C under 7% CO2, then 
cells were collected and lysed, followed by ABPP. (A) ABPP of intact cells labelled by β-D-Araf ABPs (3-5) in situ. 
(B) Intact cells labelled by β-D-Araf ABPs (3-5) in situ were lysed and followed by in vitro incuba�on with 500 nM 
broad-spectrum β-glucosidase ABP 7 (for 3 and 4) or 11 (for 5), to reveal residual ac�ve β-glucosidases not bound 
by ABP 3-5. 
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Figure S9. Intact wild-type HEK293T cells treated with β-D-Araf aziridine ABPs (3-5) in situ. β-D-Araf ABPs were 
firstly incubated with intact wild-type HEK293T in situ for the indicated  incuba�on �me, then cells were harvested, 
followed by adding lysis buffer (potassium phosphate buffer) containing ABP (7, 8, or 9, 1 µM final concentra�on 
with a 1% DMSO final concentra�on), or cyclophellitol (CP, 1 µM final concentra�on with a 1% DMSO final 
concentra�on), or the blank (‘/’) 1% DMSO (final concentra�on) 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.  

 

  

Figure S10. (A) Intact HEK293T wild-type cells treated with β-D-Araf aziridine ABPs 3-5 in situ for 24 h. Intact wild-
type HEK293T cells were incubated with described concentra�on of β-D-Araf ABP, a�er 24 h, cells were collected 
and lysed, residual GBA2 and GBA1 ac�vity were read out by incuba�on with 500 nM ABP 7 (for 3 and 4) or ABP 
8 (for 5). (B) Wild-type human re�nal pigment epithelial-1 (RPE-1) cells were treated with β-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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Figure S11. Confocal fluorescence microscopy of GBA1 and GBA2. Applied for incuba�on were β-D-Araf ABP 4 
and an�-GBA1 (α-GBA1) an�body. 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 β-D-Araf aziridine ABP 4 (Red) for 2 h. A�er fixa�on all cells were stained for GBA1 using an an�-GBA1-
an�body with Alexa Fluor® 647 conjuga�on (green) and nuclei were stained with 10 µg/ml DAPI (Blue). (A) 
without inhibitor pretreatment. α-GBA1 = immunofluorescent stain of α-GBA1 an�body, GBA2 = fluorescent 
labelling of ABP 4, DAPI = nuclei stained by DAPI. (B) microscopy with inhibitor pretreatment. DMSO = same 
concentra�on 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 selec�vity of a bio�n-tagged compound 6 via in vitro compe��ve ABPP 
assay. Lysates of HEK293T GBA1 endogenous and GBA2/GBA3 OE cell were pre-treated with 6 for a 3 h incuba�on 
at 37 °C, then the residual ac�ve β-glucosidases were read out by 500 nM ABP 7 by compe��ve ABPP quan�fied 
IC50 was determined by the fluorescence intensity of ABP 7.  

 
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 interac�ng side chains 
(with hydrogen bonds as coral dashed lines), and in green for 2 and ice blue for interac�ng side chains (with 
hydrogen bonds as blue dashed lines). 
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Table S2. Data collec�on and refinement sta�s�cs for the complex of TxGH116 and β-D-Araf 2. 

 TxGH116-2 
Data collec�on  
Space group P 21 21 21 
Cell dimensions    
    a, b, c (Å) 55.0, 165.1, 178.9 
    α, β, γ  (°)  90.0, 90.0, 90.0 
Resolu�on (Å) 56.09 – 1.90 (1.93 - 1.90)* 
Total no. reflec�ons 1381158 
No. unique reflec�ons 129333 (6302) 
Rsym or Rmerge 0.249 (2.052) 
Rpim 0.079 (0.643) 
CC1/2 0.996 (0.554) 
I / σI 7.1 (1.3) 
Completeness (%) 100.0 (100.0) 
Redundancy 10.7 (10.9) 
  
Refinement  
No. reflec�ons working set 122902 
No. reflec�ons test set 6306 
Rwork / Rfree 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 devia�ons  
    Bond lengths (Å) 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 resolu�on shell given in parentheses 

 

Compound synthesis 

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

β-D-arabinofuranosyl cyclitol-aziridines : 1,1 2-6.2  
α-L-arabinofuranosyl cyclitol-configured compounds: 12-14.3  
β-L-arabinofuranosyl cyclitol-configured compounds: 154 and 16-205.   
Cyclophellitol-configured compounds: 76, 87, 98, 109 and 1110.  
Other compounds: 219, 2211. 
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