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Abstract 

Glucocerebrosidase (GBA1), a lysosomal retaining β-D-glucosidase, has recently been shown 
to hydrolyze β-D-xylosides and to transxylosylate cholesterol. Gene�c defects in GBA1 cause 
the lysosomal storage disorder Gaucher disease (GD), and also cons�tute a risk factor for 
developing Parkinson’s disease. GBA1 and other retaining glycosidases can be selec�vely 
visualized by ac�vity-based protein profiling (ABPP) using fluorescent probes composed of a 
cyclophellitol scaffold having a configura�on tailored to the targeted glycosidase family. GBA1 
processes β-D-xylosides in addi�on to β-D-glucosides, this in contrast to the other two 
mammalian cellular retaining β-D-glucosidases, GBA2 and GBA3. Here it is shown that the 
xylopyranose preference also holds up for covalent inhibitors: xylose-configured cyclophellitol 
and cyclophellitol aziridines selec�vely react with GBA1 over GBA2 and GBA3 in vitro and in 
vivo. As well, it is shown that the xylose-configured cyclophellitol is more potent and more 
selec�ve for GBA1 than the classical GBA1 inhibitor, conduritol B epoxide (CBE). Both xylose-
configured cyclophellitol and cyclophellitol aziridine cause accumula�on of 
glucosylsphingosine in zebrafish embryo, a characteris�c hallmark of GD, and it can be 
concluded that these compounds are well suited for crea�ng such chemically induced GD 
models. 
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Introduc�on 

The lysosomal retaining β-D-glucosidase, glucocerebrosidase (GBA1) receives considerable 
interest given its role in several pathologies.1 Gaucher disease (GD), an autosomal recessive 
lysosomal storage disorder, is caused by muta�ons in the GBA1 gene that result in reduced 
lysosomal GBA1 ac�vity. In GD pa�ents, �ssue macrophages excessively store in their 
lysosomes glucosylceramide (GlcCer), an ubiquitous glycosphingolipid.2 Part of the 
accumula�ng GlcCer is converted into glucosylsphingosine (GlcSph) by lysosomal acid 
ceramidase.3 The water-soluble GlcSph is able to leave cells and is prominently elevated in 
plasma and �ssues of GD pa�ents.4 This striking abnormality is exploited for diagnosis.5-7 
Recently, it has been recognized that carriers of muta�ons in the GBA1 gene are at an 
increased risk for developing Parkinson’s disease (PD)8, in which excessive GlcSph is speculated 
to promote harmful α-synuclein aggrega�on.9,10 

The current therapies for the treatment of GD are enzyme supplementa�on based on 
chronic intravenous administra�on of macrophage-targeted human recombinant GBA1, also 
known as “enzyme replacement therapy”, and “substrate reduc�on therapy” founded on the 
inhibi�on of GlcCer synthesis.11 Gene therapy approaches are presently ac�vely studied in pre-
clinical and clinical se�ngs.12,13 GBA1 has been extensively examined and its life cycle and 
structural features have been elucidated by various techniques.1 The cataly�c mechanism of 
GBA1 involves a Koshland double-displacement mechanism in which E340 and E325 serve as 
nucleophile and acid/base cataly�c residues, respec�vely.14 Conduritol B epoxide (CBE)15 
reacts with the cataly�c nucleophile of GBA1 to form a covalent and irreversible bond, thereby 
irreversibly inac�va�ng the enzyme,16,17 and is used extensively in GD17-20 and PD research.21-

23 Cyclophellitol and its analogues react in the same manner (Figure 1A), but are much more 
potent GBA1 inhibitors.16,24 Based on the cyclophellitol scaffold two classes of GBA1-reac�ve 
ac�vity-based probes (ABPs) were recently developed: one with the reporter group 
(fluorophore or bio�n) connected via the cyclophellitol O8 and one with the reporter group 
gra�ed onto the nitrogen of cyclophellitol aziridine.25,26 The cyclophellitol-based ABPs react in 
a highly specific manner with GBA1 and allow its selec�ve and sensi�ve visualiza�on in 
organisms and intact cells, even in individual lysosomes.27,28 The cyclophellitol aziridine-based 
ABPs on the other hand react with all the cellular retaining β-D-glucosidases: lysosomal GBA1, 
cytosol-facing, membrane bound GBA2 and cytosolic GBA3.29 

Recent inves�ga�ons have revealed that GBA1 is cataly�cally more versa�le than 
previously considered. Besides hydrolysis of β-D-glucosides, the enzyme catalyses 
transglucosyla�on, a process in which glucose is transferred, with reten�on of anomeric 
configura�on, from GlcCer to an acceptor hydroxyl such as the one in cholesterol.30,31 In 
addi�on, GBA1 hydrolyses β-D-xylosides, including 4-methylumbelliferyl-β-D-xylopyranoside 
and plant derived β-xylosides like cyanidin-β-xyloside from plums and berries, as well as 
xylosylceramide.32 GBA1 is also able to use β-xylosides as donors in transglycosyla�on 
reac�ons, genera�ng xylosylcholesterol and di-xylosylcholesterol, again with reten�on of 
configura�on with respect to the anomeric centre of the transferred xylose residues.33 In 
contrast to GBA1, GBA2 is not ac�ve towards β-xylosides and the ac�vity of GBA3 towards 
these substrates is very low.33 It thus appears that the presence of the pendant CH2OH group 
that dis�nguishes β-glucosides from β-xylosides is a prerequisite for affinity for GBA2 and 
GBA3. The flexibility of GBA1 for substrates with a modifica�on at the glucose-C6 is also 
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reflected by its selec�ve reac�vity towards O8-modified cyclophellitol-based inhibitors and 
ABPs and with those of glucose-C6 modified substrates.34-37 

In the study described in this chapter, it was examined whether xylose-configured 
cyclophellitol and cyclophellitol aziridines can react with GBA1, GBA2 and/or GBA3 in vitro and 
in vivo, by applying ac�vity-based protein profiling (ABPP) and fluorogenic substrate hydrolysis 
readouts. These studies reveal that xylo-cyclophellitol is a highly effec�ve GBA1 inhibitor that 
is both more potent and more selec�ve than the widely applied GBA1 inhibitor, CBE. 

 

 
Figure 1. (A) Irreversible inhibi�on by cyclophellitol and cyclophellitol-aziridine configured compounds. 
(B) Structures of cyclophellitol configured epoxide and aziridines subject of the research described in 
this chapter. 
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Results 

In vitro affinity and selec�vity of cyclophellitol- and xylo-cyclophellitol-based inhibitors and 
ABPs towards human β-glucosidases 

The synthesis of β-xylo-cyclophellitol 1, β-xylo-cyclophellitol aziridines 2 and 5 and ABPs 6 
and 738,39, cyclophellitol aziridine 440, conduritol B aziridine 1440, α-D-xylose-configured 
cyclophellitol 11 and cyclophellitol aziridine 12 was published previously38, whereas that of 
ABP 8 can be found in the appendix and is based on synthe�c procedures reported 
previously.41 

In the first instance, the inhibitory potency of 1 and 2 for GBA1, GBA2, and GBA3 was 
assessed by compe��ve ac�vity-based protein profiling (cABPP). For this, HEK293T cells were 
generated that contain endogenous GBA1 and overexpressed GBA2 and GBA3. Cell lysates 
were incubated with 1 or 2 at different concentra�ons before treatment with the broad-
spectrum retaining β-glucosidase ABP 10.42 As can be seen in Figure 2, β-xylo-cyclophellitol 1 
is able to compete ABP labelling of GBA1 but not that of GBA2 or GBA3 at 10-100 µM. β-Xylo-
cyclophellitol aziridine 2 similarly competes labelling of GBA1 with 10 at lower concentra�ons 
(1-10 µM), and also competes ABP labelling of GBA2 at a higher concentra�on (100 µM). GBA3 
was found to be very insensi�ve towards both compounds, 1 and 2. GBA1-selec�vity was not 
observed for cyclophellitol 3 nor cyclophellitol aziridine 4 when assessed in the same cABPP 
assay: both inhibitors block ABP labelling of GBA1 and GBA2 at equal concentra�ons (0.1-1 
µM) (Figure 2) and, though with less potency, also that of GBA3. Compound 5 comprises an 
extended version of compound 2 bearing an azido-octyl moiety at the aziridine, and it 
appeared that this hydrophobic extension greatly enhances inhibitory potency against GBA1 
and GBA3, but not against GBA2. Conduritol B epoxide 13 (CBE), which is o�en used to block 
GBA1 in situ or in vivo,18,37,43 showed less GBA1 selec�vity: both GBA1 and GBA2 were shown 
to be inhibited at close concentra�ons. 

Figure 2. Selec�vity of compounds 1-5 towards GBA1, GBA2 and GBA3 as visualized by compe��ve ABPP. 
Lysates of HEK293T cells expressing human GBA1, GBA2 and GBA3 were incubated with compounds 1-
5 at indicated concentra�ons for 30 min, following by treatment with ABP 10, separa�on of the 
denatured protein content by SDS-PAGE and fluorescence scanning of the wet gel slabs. 
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ABPP was next used to assess the GBA1/GBA2/GBA3 ac�vity and selec�vity of β-xylo-
cyclophellitol aziridine ABPs 6 and 8 in comparison to those of GBA1-selec�ve ABP 9 and ABP 
10. Surprisingly, the labelling patern of GBA1 and GBA2 with xylo-cyclophellitol ABP 6 was 
very similar to that of the broad-spectrum retaining β-glucosidase ABP 10 (Figure 3): both 
probes label the two enzymes equally well, while ABP 6 labels GBA3 tenfold less efficiently 
than ABP 10. ABP 8 gives a similar labelling patern of GBA1 and GBA2 but has a higher affinity 
for GBA3, similar to that of ABP 10 (Figure S4). Cyclophellitol ABP 9 proved to be the most 
selec�ve ABP towards GBA1 over GBA2 and GBA3, in line with previous results.36 The 
unexpected reac�on of GBA2 with 6 happens at the cataly�c nucleophile (E527) and not at 
other sites of GBA2, since the GBA2 E527G mutant and the E527G/D677G double mutant did 
not yield a fluorescent band upon treatment with 6 (Figure 3B). This result is consistent with 
the observed labelling patern from the glucose-configured cyclophellitol aziridine ABP 10 
(Figure S5).  

 

Figure 3. (A) Lysate of HEK293T cells expressing human GBA1, GBA2 and GBA3 was incubated with 
indicated ABPs (6, 9 or 10) for 30 min at pH 6.0. ABP-reacted proteins were visualized a�er SDS-PAGE 
by fluorescence scanning of the wet gel slabs. (B) Labelling with ABP 6 of wild type, cataly�c nucleophile 
mutant (E527G), cataly�c acid/base mutant (D677G) or double (E527G/D677G) mutant GBA2 in 
HEK293T cell extracts. 

Apparent IC50 values for xylo-cyclophellitols (1, 2, 5-8), in comparison with Glc-
cyclophellitols (3, 4), as inhibitors of GBA1, GBA2 and GBA3 were next determined in 
fluorogenic substrate assays as follows. Either recombinant, isolated GBA1 (imiglucerase), 
lysate of GBA1/GBA2 knockout (KO) HEK293T cells overexpressing GBA2, or lysate of 
GBA1/GBA2 KO cells overexpressing GBA3 were incubated for 30 min with varying 
concentra�ons of each of the inhibitors 1-14 followed by treatment with the fluorogenic 
substrate, 4-methylumbelliferyl-β-D-glucopyranoside (4-MU-β-D-Glc) and fluorescence 
readout. In agreement with the cABPP results, compounds 1 and 2 proved to be potent 
inhibitors of GBA1 (apparent IC50 of 2671 nM and 719 nM respec�vely) while only modestly 
inhibi�ng GBA2 and GBA3 (apparent IC50 > 25 μM), whereas cyclophellitol 3 and aziridine 4 are 
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equally potent against GBA1 and GBA2.44 A somewhat decreased potency against GBA3 was 
also noted from 1 and 2 over 3 and 4, consistent with the cABPP results. N-octyl xylo-
cyclophellitol aziridine 5 proved to be a much more potent GBA1 and GBA3 inhibitor with 600-
fold increased potency for GBA1 and over 40-fold increased potency for GBA3, when 
compared to the unsubs�tuted xylo-cyclophellitol aziridine 2. In contrast, its potency as GBA2 
inhibitor proved to be only five-fold higher than that of 2 (Table 1). Compound 5 is therefore 
an even more GBA1-selec�ve inhibitor in vitro when compared to 2 (IC50 ra�o GBA2/GBA1 = 
5317, GBA3/GBA1 = 486). The xylo-cyclophellitol aziridine ABPs 6-8 also selec�vely inhibit 
GBA1 over GBA2 and GBA3, but their selec�vity window between GBA1 and GBA2 is less than 
that of 5.45 Neither α-D-xylo-configured epoxide 11 nor aziridine 12 show significant inhibi�on 
of either of the three retaining β-glucosidases (Table S1), in contrast to the observed affinity 
of α-glucose configured cyclophellitol aziridines, both of which have been shown to react with 
GBA1 and GBA2.39  

Table 1. In vitro apparent IC50 values (nM) of compounds 1-8 and 13 towards β-glucosidases rhGBA1, 

GBA2 and GBA3. Apparent IC50 values were derived from the average of three individual experiments 

as measured by enzyma�c assays using 4-MU-β-D-Glc as the fluorogenic substrate. Inhibitors were 

incubated with enzymes for 30 min, following addi�on of 4-MU-β-D-Glc for 30 min incuba�on. Error 

ranges = ± SD, n = 3 replicates. 

inhibitors rhGBA1[a] GBA2[b] GBA3[c] (Ra�o)  
GBA2/ GBA1 

(Ra�o) 
GBA3/ GBA1 

1 2671 ± 94.5  > 5×104   > 5×104   > 19 > 19 

2 719 ± 196  31587 ± 926  > 2.5×104   44 > 35 

3 (CP) 400 ± 12.4  148 ± 7.51  51499 ± 4013   0.4 129 

4 341 ± 5.82  279± 44.5  33817 ± 2428   0.8 99 

5 1.20 ± 0.06  6380 ± 1155  583 ± 202  5317 486 

6 6.44 ± 0.49  544 ± 110  10055 ± 1003  84 1561 

7 164 ± 22.1 48270 ± 9014  25267 ± 5007 295 155 

8 2.70 ± 0.45  61.2 ± 12.0  522 ± 209  23 193 

13 (CBE) 34902 ± 1668  > 5×105  > 5×105  > 14 > 14 

[a]rhGBA1 = isolated, recombinant human GBA1 (Imiglucerase). [b]GBA2 = lysate of GBA1/GBA2 KO 
HEK293T cells with GBA2 overexpression. [C]GBA3 = lysate of GBA1/GBA2 KO HEK293T cells with GBA3 
overexpression. 

Affinity and selec�vity of xylose-configured cyclophellitol epoxide 1 and aziridine 2 towards 
human β-glucosidases in vivo 

The ac�vity of 1 and 2 towards the three human β-glucosidases in intact HEK293T cells was 
inves�gated next. For this experiment, HEK293T cells expressing endogenous GBA1, and 
overexpressing GBA2 and GBA3 were treated with varying concentra�ons of 1 or 2 for 24 h, 
a�er which lysates were subjected to ABPP using the broad-spectrum β-glucosidase ABP 10, 
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followed by SDS-PAGE, fluorescence scanning of the gels and quan�fica�on of the fluorescent 
bands. Compounds 1 and 2 show low IC50 values (5.7 nM and 42.2 nM, respec�vely) for GBA1 
and good selec�vity for this enzyme rela�ve to GBA2 and GBA3 (Figure 4).  

 

Figure 4. Inhibitory effect of β-D-xylo-cyclophellitol 1 and β-D-xylo-cyclophellitol aziridine 2 on β-
glucosidases in intact HEK293T cells expressing endogenous GBA1, and overexpressing GBA2 and GBA3. 
(A) Representa�ve gel images of cABPP where cells were treated for 24 h with varying concentra�ons 
of the indicated inhibitor. Lysates were then prepared and labelled with fluorescent ABP 10. 
Fluorescently labelled proteins were visualized a�er SDS-PAGE (1 set from n = 3 replicates), and IC50 
values were determined by quan�fica�on of fluorescence intensity of the bands. (B) IC50 curves (C) IC50 
values for compounds 1 and 2 as GBA1, GBA2 and GBA3 inhibitors as derived from this cABPP assay. 

The affinity of xylo-configured cyclophellitols 1 and 2 for retaining β-glucosidases in living 
animals was then inves�gated using zebrafish (Danio rerio) embryos, which express 
homologues of both human GBA1 and GBA2. Following exposure for 5 days, fish larvae were 
sacrificed and lysed, and treatment with ABP 10 was used to detect residual ac�ve β-
glucosidase molecules in the lysates and for IC50 determina�on. Epoxide 1 selec�vely 
abrogates ABP labelling of GBA1 without targe�ng GBA2 at 150 μM (Figure 5A). Aziridine 2 is 
also selec�ve against GBA1 over GBA2, albeit with a narrower selec�vity window (Figure 5A-
C). The apparent IC50 in zebrafish embryo is much lower than that observed in intact cells 
despite the longer incuba�on �me, which could be a result of poor bioavailability of the 
cyclophellitol-related structures in whole animal, as noted earlier.37 It was also observed that 
xylo-cyclophellitol 1 has a beter GBA1:GBA2 selec�vity window over CBE 13 in zebrafish 
embryo using the same experimental setup, but s�ll do not outperform the previously 
reported novel GBA1-selec�ve inhibitors based on cyclophellitol func�onalized with 
hydrophobic moie�es at C8 (cyclophellitol numbering, the primary carbon corresponding to 
C6 in glucose).36 Finally, as revealed by quan�fica�on of LC-MS/MS, treatment of zebrafish 
embryos with compound 1 or 2 in zebrafish embryos led to increased levels of GlcSph (Figure 
5D) when compared to non-treated embryos, reflec�ng func�onal inac�va�on of GBA1.  
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Figure 5. In vivo inhibitory ac�vity of β-D-xylo-cyclophellitol 1 and β-D-xylo-cyclophellitol aziridine 2 
towards GBA1 and GBA2 in zebrafish (Danio rerio) larvae. (A) Larvae were exposed to the indicated 
inhibitor for 5 days. Larvae were harvested, lysed and incubated with fluorescent ABP 10. Fluorescently 

labelled proteins were visualized a�er SDS-PAGE. (B) Apparent IC50 values towards β-glucosidases (GBA1 
and GBA2) were determined by fluorescence quan�fica�on. (C) In vivo inhibi�on curves. (D) 
Glucosylsphingosine (GlcSph) levels in zebrafish larvae were determined by quan�fica�on of LC-MS/MS, 
n = 2 replicates. 

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

Prompted by the observa�on that β-D-xylo-cyclophellitol 1 has a beter in vivo GBA1:GBA2 
selec�vity profile than CBE (compound 13), these compounds were compared head-to-head 
as inhibitors of GBA1 and GBA2 in an in vitro se�ng. For comparison, recombinant, isolated 
GBA1 (imiglucerase), or lysate of GBA1/GBA2 KO HEK293T cells overexpressing GBA2 were 
used to incubated with compound 1, 2, or 13 for 3 h. In addi�on, CBE-aziridine 14 was 
synthesized38 to allow comparison with β-D-xylo-cyclophellitol aziridine 2 in this se�ng. Using 
a fluorogenic substrate assay (hydrolysis of 4-MU-β-D-Glc) as readout, a marked increase of 
potency was observed towards GBA1 for 1 compared to CBE 13, leading to a seven-fold 
increase in GBA1:GBA2 selec�vity window (as calculated by IC50 ra�o of GBA2/GBA1, Table 2). 
Xylo-cyclophellitol aziridine 2 also has a slightly larger (three-fold increase) GBA1:GBA2 
selec�vity window when compared to that of conduritol B aziridine 14 (Table 2), however it is 
apparent that aziridines 2 and 14 are not as selec�ve towards GBA1 as their epoxide analogues 
1 and 13. In addi�on, the cABPP assays reveal the poor reac�vity of all these compounds 
towards GBA3 (Figure S3). 

 

 



Chapter 2 
 

24 

Table 2. Inhibi�on of GBA1 and GBA2 by conduritol B epoxide 13 and aziridine 14 in comparison with 

β-D-xylo-cyclophellitol 1 and aziridine 2. In vitro apparent IC50 of 1, 2, 13 and 14 as determined by 
using recombinant GBA1 or lysates of GBA1/GBA2 KO HEK293T cells expressing GBA2. Enzyma�c assays 
were performed for 3 h incuba�on, n = 3 replicates. 

Apparent 
IC50 Inhibitors rhGBA1 [a] GBA2 [b] GBA2/ 

GBA1 ratio 

In vitro   
(3 h) 

13 2.63 ± 0.34 μM 105.3 ± 5.85 μM 40 

14 1.63 ± 0.07 μM 10.79 ± 3.30 μM 6.6 

1 0.45 ± 0.02 μM 122.3 ± 30.20 μM 272 

2 0.24 ± 0.03 μM 5.31 ± 0.12 μM 22 

[a] rhGBA1 = recombinant human GBA1, Imiglucerase. [b] GBA2 = lysate of GBA1/GBA2 KO HEK293T cells 
with GBA2 overexpression. 

Discussion 

Following the observa�on that GBA1 is able to hydrolyze β-D-xylosides33, the ques�on 
arose whether xylose-configured cyclophellitols can be exploited as GBA1 selec�ve inhibitors. 
The here-described study reveals that xylo-configured cyclophellitol 1 is indeed a potent GBA1 
inhibitor that poorly reacts with GBA2 and GBA3 in vitro, in intact cells, and in zebrafish larvae. 
In zebrafish larvae, it func�onally inhibits GBA1 as demonstrated by elevated levels of 
glucosylsphingosine (GlcSph). These data highlight that compound 1 has the required features 
for the genera�on of GBA1 chemical knockouts in cells and animals in the context of Gaucher 
and Parkinson disease research. 

The xylo-configured cyclophellitol aziridine 2 and its N-octyl deriva�ves 5-8 are also all 
potent GBA1 inhibitors, however their concomitant increase in potency towards GBA2 renders 
them less GBA1:GBA2 selec�ve compared to xylo-cyclophellitol 1. The labelling of GBA2 by a 
xylo-configured cyclophellitol aziridine 2 is somewhat surprising given the finding that GBA2 
does not hydrolyze 4-methylumbelliferyl-β-D-xylopyranoside.33 Neither the cataly�c 
nucleophile mutant (E527G) nor a combined subs�tu�on of cataly�c nucleophile and 
acid/base residue (E527G/D677G) were shown to react, sugges�ng that the labelling proceeds 
via the cataly�c nucleophile, iden�cal to that of the broad-spectrum β-glucosidase 
cyclophellitol aziridine ABP 10. 

Finally, it was demonstrated in a head-to-head comparison that xylose-configured 
cyclophellitol 1 is more potent and selec�ve against GBA1 than conduritol B epoxide (CBE, 13), 
which is the compound commonly used to generate chemical knockdown GD models in cells 
and even organisms such as mice.18,37,43 Xylo-cyclophellitol aziridine 2 is similarly more potent 
and selec�ve against GBA1 than conduritol aziridine 14, again demonstra�ng the superiority 
of the xylo-configura�on over the CBE configura�on in terms of GBA1 selec�vity. Xylo-
cyclophellitol 1 may therefore be a suitable compound for genera�ng improved chemical GBA1 
knockout cells and animal models for the study of Gaucher disease and Parkinson’s disease. 
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Experimental procedures 

Materials 

Recombinant human GBA1 (rhGBA1, Imiglucerase) was obtained from Sanofi Genzyme 
(Cambridge, MA, USA). 4-Methylumbelliferyl-β-D-glucopyranoside was purchased from 
Glycosynth (Warrington Cheshire, UK). HEK293T (CRL-3216™) cells were purchased from ATCC 
(Manassas, VA, USA), and cultured in DMEM medium (Sigma-Aldrich), supplied with 10% (v/v) 
FCS, 0.1% (w/v) penicillin/streptomycin and 1% (v/v) Glutamax, at 37°C under 7% CO2. 
Zebrafish (strain AB/TL) were housed at Leiden University, The Netherlands, and maintained 
and handled in compliance with the direc�ves of the local animal welfare commitee (Instan�e 
voor Dierwelzijn, Leiden) and guidelines specified by the EU Animal Protec�on Direc�ve 
2010/63/EU. Polytron PT 1300D sonicator (Kinema�ca, Luzern, Switzerland) and potassium 
phosphate buffer (25 mM KH2PO4-K2HPO4, pH 6.5, supplemented with protease inhibitor 
cocktail (EDTA-free, Roche, Basel, Switzerland) and 0.1% (v/v) Triton X-100) were used for 
lysing cells and homogenizing zebrafish larvae. Protein concentra�on was measured using the 
Pierce BCA assay kit (Thermo Fisher Scien�fic, Waltham, MA, USA). Harvested cells (cell pellets) 
and cell lysates not used directly were stored at -80 °C. 

Cyclophellitol and xylose-configured inhibitors and ABPs 1, 2, 11 and 1238; 4 and 1426; 5, 6 
and 746; 3, 9, 10 and 1339,47 were synthesized as described in the literature. Synthe�c methods 
and NMR characteriza�on of compound 8 can be found in the appendix (Scheme S1). 
Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) if not otherwise indicated. 
Conduritol B epoxide (CBE) was purchased from Enzo Life Sciences (Farmingdale, NY, USA). 

Genera�on of cells gene�cally modified in β-glucosidase expression 

For overexpression of the different β-glucosidases, use was made of HEK293T cells lacking 
both GBA1 and GBA2. To this end the CRISPR/Cas9 system and the PX330 plasmid were used 
in order to generate knockout HEK293T cells for both GBA1 and GBA2 genes in these cells.48 
First the GBA1 knockout cells were generated using the annealed oligonucleo�des (top strand: 
5’-CACCGCGCTATGAGAGTACACGCAG-3’, botom strand: 5’- AAACCTGCGTGTACTCTCATAGCGC-
3’) a�er liga�on in the BbsI site of the px330 and subsequent transfec�on into HEK293T cells. 
Single cells were created and the different clones were analyzed for lack of expression of GBA1 
with enzyme ac�vity assays and ABPP and subsequent genomic sequence analysis. GBA1 
knockout cells were next used to create the GBA1/GBA2 double knockout cells using the px330 
and the following annealed and ligated oligonucleo�des (top strand: 5- 
CACCGGACGGACTGCTGCAATCCGG-3’, botom strand: 5’-AAACCCGGATTGCAGCAGTCCGTCC-
3’). Double GBA1/GBA2 knockout cells were selected using fluorogenic substrate and ABPP 
assays and used for transfec�on with either human GBA2 or human GBA3 constructs. The 
design of cloning primers was based on NCBI reference sequences NM_020944.2 for human 
GBA2 and NM_020973.3 for human GBA3.  

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

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

HEK293T cells expressing GBA2-E527G, GBA2-D677G, or GBA2-E527G/D677G mutants 
were generated as described previously for COS-7 cells.49 

Cell lysis  

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

Zebrafish maintaining and homogeniza�on 

As earlier described50, zebrafish embryos and larvae were kept at a constant temperature 
of 28.5 °C. Embryos and larvae were raised in egg water (60 μg·L−1 sea salt, Sera Marin). 
Synchronized wild-type ABTL zebrafish embryos were acquired a�er fer�lizing adult female 
zebrafish (> 3 months old). Larvae were homogenized by using potassium phosphate buffer 
and a sonicator.  

Enzyme ac�vity assays using 4MU fluorogenic substrate 

All assays were performed with either recombinant GBA1 or lysates of HEK293T cells or 
zebrafish larvae in 96-well plates at 37 °C. Samples were diluted with McIlvaine buffer (150 
mM citric acid-Na2HPO4) to a final volume of 25 μL, at pH appropriate for each enzyme. Assays 
were performed by incuba�ng the samples with 100 μL 4-methylumbelliferyl-β-D-
glucopyranoside substrate diluted in McIlvaine buffer (with 0.1% (w/v) bovine serum albumin 
(BSA)) for a period of 30 min. The substrate mixtures used for each enzyme were as follows: 
GBA1: 3.75 mM 4-MU-β-D-glucopyranoside at pH 5.2, supplemented with 0.2% (w/v) sodium 
taurocholate, 0.1% (v/v) Triton X-100, 0.1% (w/v) bovine serum albumin (BSA); GBA2: 3.75 mM 
4 MU-β-D-glucopyranoside at pH 5.8; GBA3: 3.75 mM 4-MU-β-D-glucopyranoside at pH 6.0. 
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) with λEX 366 nm and λEM 445 nm. Enzyme ac�vi�es were determined by 
subtrac�on of the background signal (measured for incuba�ons without enzyme).  

The IC50 values were determined using fluorogenic substrate assays. For GBA1, 3.16 ng (53 
fmol) of rhGBA1 was prepared in 12.5 μL McIlvaine buffer (150 mM, pH 5.2) supplemented 
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with 0.1 % (v/v) Triton X-100, and 0.2 % (w/v) sodium taurocholate, 0.1% (w/v) bovine serum 
albumin (BSA). The enzyme was incubated with 12.5 μL of inhibitors diluted in McIlvaine buffer 
(150 mM, pH 5.2) at 37 °C for 30 min or 3 h. For GBA2, lysate of GBA1/GBA2 KO HEK293T cells 
overexpressing GBA2 was prepared in 12.5 μL McIlvaine buffer (150 mM, pH 5.8) and 
incubated with 12.5 μL of inhibitors diluted in McIlvaine buffer (150 mM, pH 5.8) at 37 °C for 
30 min or 3 h. For GBA3, lysate of GBA1/GBA2 KO HEK293T cells overexpressing GBA3 was 
prepared in 12.5 μL McIlvaine buffer (150 mM, pH 6.0) and incubated with 12.5 μL of inhibitors 
diluted in McIlvaine buffer (150 mM, pH 6.0) at 37 °C for 30 min or 3 h. The enzyma�c ac�vi�es 
of GBA1, GBA2 and GBA3 were measured as described above. The IC50 value was calculated 
using Graphpad Prism 8.0 with the Nonlinear regression (curve fit) - [Inhibitor] vs. response - 
Variable slope (four parameters) equa�on as earlier descrip�on.37  

Ac�vity-based protein profiling (ABPP) with SDS-PAGE 

Samples containing GBA1, GBA2 or GBA3 (see above for the exact cons�tu�on of these 
samples) were incubated with excess fluorescent ABPs at op�mized condi�ons. ABPP assays 
were performed at 37 °C for 30 min if not otherwise stated, in a total sample volume of 20-40 
μL and 0.5-1 % final concentra�on of DMSO. For ABPP of recombinant GBA1 (Imiglucerase),  
samples containing recombinant GBA1 were treated with either 200 nM β-glucose-configured 
epoxide ABP 9 or aziridine ABP 10 in McIlvaine buffer (150 mM, pH 5.2, 0.1 % (v/v) Triton X-
100, 0.2 % (w/v) sodium taurocholate). For ABPP of samples containing GBA1 and GBA2, such 
as HEK293T cell lysates containing endogenous GBA1 and overexpressed GBA2, or zebrafish 
larvae homogenates containing endogenous GBA1 and GBA2, samples were treated with 200 
nM ABP 10 in McIlvaine buffer (150 mM, pH 5.8). For ABPP of HEK293T cell lysates containing 
endogenous GBA1 and overexpressed GBA2/GBA3, samples were treated with 200 nM ABP 
10 in McIlvaine buffer (150 mM, pH 6.0). For tes�ng reac�vity of β-xylo-cyclophellitol aziridine 
ABP 6 or 8 towards β-glucosidases (GBA1/GBA2/GBA3), ABP 6, 8 and cyclophellitol configured 
ABP 9, 10 (for comparison) with varying concentra�ons were incubated with HEK293T cell 
lysates containing endogenous GBA1 and overexpressed GBA2/GBA3 in McIlvaine buffer (150 
mM, pH 6.0). For compe��ve ABPP, HEK293T cell lysates containing endogenous GBA1 and 
overexpressed GBA2/GBA3 were first treated with inhibitors (1-5, 13, 14) in McIlvaine buffer 
(150 mM, pH 6.0), following incuba�on with ABP 10 to reveal residual ac�ve β-glucosidases. 
A�er incuba�on with ABP, samples were boiled in 5× Laemmli buffer (50 % (v/v) 1 M Tris-HCl, 
pH 6.8, 50 % (v/v) 100 % glycerol, 10 % (w/v) DTT, 10 % (w/v) SDS, 0.01 % (w/v) bromophenol 
blue) for 5 min at 98 °C, and separated by gel electrophoresis on 10 % (w/v) SDS-PAGE gels 
running con�nuously at 90V for 1-1.5 h. Wet gel slabs were scanned for fluorescence using the 
Typhoon FLA 9500 (GE Healthcare) at λEX 473 nm and λEM ≥ 510 nm for fluorescent ABP 8; and 
at λEX 635 nm and λEM ≥ 665 nm for fluorescent ABP 6, 9 and 10. ABP-emited fluorescence was 
quan�fied using ImageQuant so�ware (GE Healthcare, Chicago, IL, USA) and curve-fited using 
Prism 8.0 (GraphPad So�ware). A�er fluorescence scanning, SDS-PAGE gels were stained for 
loading control of proteins with Coomassie G250 and scanned on a ChemiDoc MP imager (Bio-
Rad, Hercules, CA, USA).25  
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Assessment of inhibitor ac�vity in cultured cells 

Confluent HEK293T expressing human GBA1 and overexpressing both GBA2 and GBA3 
were cultured in 24-well plates in triplicates with or without inhibitors for 24 h at 37 °C under 
7% CO2. Next, cells were washed three �mes with PBS, subsequently lysed in potassium 
phosphate buffer (with 2.5 U/ mL Benzonase® nuclease), the thus obtained samples were 
incubated for 30 min on ice (for degrada�on of DNA and RNA by Benzonase® nuclease), 
aliquoted, and used. A�er determina�on of the protein concentra�on, lysates containing 
equal protein amount (4−8 μg total protein per measurement) were adjusted to 4 μL with 
potassium phosphate buffer and subjected to residual ac�vity measurements and/or 
detec�on of remaining ac�ve enzyme molecules using ABP labelling (n = 3 biological 
replicates).  

Inhibi�on of enzymes in zebrafish larvae 

Experiments were performed with 5 dpf (days post fer�liza�on) larvae. For inhibitor 
treatment, a single fer�lized embryo was seeded in a well of a 96-wells plate and exposed to 
200 μL inhibitor with varying concentra�ons in egg water (60 μg·L−1 sea salt) for 115 hours at 
28.5 °C. Per condi�on, n = 24 embryos were used. At 115 hours, larvae were collected, rinsed 
three �mes with egg water, fully aspirated, snap-frozen in liquid nitrogen and homogenized in 
96 μL 25 mM potassium phosphate buffer per 24 individuals. Lysis was conducted by 
sonica�on on ice with a sonicator at 20% power, three �mes for three seconds. Samples 
containing 5-20 μg total protein were used for ABPP assays. 

Sphingolipid extrac�on and analysis by mass spectrometry in inhibitor treated zebrafish 
larvae 

Zebrafish embryos were seeded in 96-well plates (1 fish embryo/well, 200 µL egg 
water/well) and treated with inhibitors at various concentra�ons for 103 hours at 28.5 °C. 
Therea�er, zebrafish larvae were washed three �mes with egg water, and collected in clean 
snap-cap Eppendorf tubes. Lipids were extracted and measured according to the methods 
below which were adapted from the literature.50 Briefly, a�er removing the supernatant, 20 
µL of 13C-GlcSph (0.1 pmol/ µL–1 in MeOH), 480 µL MeOH, and 250 µL CHCl3 were added to the 
sample. The samples were then s�rred, le� for 30 min at RT, sonicated (5 x 1 min in sonica�on 
water bath) and centrifuged for 10 min at 15,700 rpm. Supernatant was collected in a clean 
tube, and 250 µL CHCl3 and 450 µL 100 mM formate buffer (pH 3.2) were added. The samples 
were s�rred and centrifuged, a�er which the upper phase was transferred to a clean tube. The 
lower phase was extracted with 500 µL MeOH and 450 µL formate buffer. The upper phases 
were pooled and taken to dryness in a vacuum concentrator at 45 °C. The residue was 
extracted with 700 µL butanol and 700 µL water, s�rred and centrifuged. The upper phase 
(butanol phase) was dried and the residue dissolved in 100 µL MeOH. 10 µL of this sample was 
used for LC-MS-mediated lipid detec�on and iden�fica�on.51 Two-tailed unpaired t-test was 
performed in Prism 8.0 so�ware (GraphPad) to determine sta�s�cal significance; p value <0.05 
was considered significant. 
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Appendix 

 

Figure S1. The HEK293T cell line lysates used for experiments.  Lane 1, GBA1/GBA2 knock out; Lane 2, 
GBA1/GBA2 knock out with overexpressed GBA2; Lane 3, GBA1/GBA2 knock out with overexpressed 
GBA3; Lane 4, GBA1 (endogenous) with overexpressed GBA2; Lane 5, endogenous GBA1 with 
overexpressed GBA2/GBA3. The cell lysates were incubated with ABP 10 (30 min at pH 6) followed by 
SDS-PAGE and fluorescent scanning of the gel. 

 

 

Table S1. In vitro apparent IC50 of cyclophellitol epoxide ABP 9, cyclophellitol aziridine ABP 10, α-xylo-
configured epoxide 11 and aziridine 12. The Inhibi�on curves are showed in Figure S2. [a]rhGBA1 = 
recombinant human GBA1 (Imiglucerase). [b]GBA2 = lysate of GBA1/GBA2 KO HEK293T cells with GBA2 
overexpression. [C] GBA3 = lysate of GBA1/GBA2 KO HEK293T cells with GBA3 overexpression. 

 

 

in vitro  
IC50  rhGBA1[a] GBA2[b] GBA3[c] (Ratio) GBA2/ 

GBA1 
(Ratio) GBA3/ 

GBA1 

9 45.20 ± 4.54 nM  > 5 μM  5.78 ± 0.08 μM  > 111 128 

10 8.10 ± 1.94 nM 21.5 ± 0.42 nM  8.54 ± 1.18 nM 2.6 1 

11 > 50 µM > 50 µM > 50 µM / / 

12 > 50 µM 55.76 ± 2.34 µM > 50 µM / / 
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Figure S2 con�nued (1/3) 
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Figure S2 con�nued (2/3) 
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Figure S2. Apparent In vitro IC50 curves of the different inhibitors (compounds 1-14) as determined by 
ac�vity measurements a�er incuba�on with the inhibitors. 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 figure) 
at the appropriate pH.  

 
Figure S3. Compe��ve ABPP assay to visualize the inhibi�on of compounds (1-5, 13, 14) on HEK293T 
cell lysates (endogenous GBA1 with overexpressed GBA2/GBA3). Lysates were incubated with inhibitor 
for 30 min at 37°C in vitro, followed by labelling with ABP 10, SDS-PAGE and fluorescent scanning of the 
gels. Coomassie brilliant blue staining (CBB) was performed as a loading control.  
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Figure S4. Lysates of HEK293T cells (endogenous GBA1 with overexpressed GBA2/GBA3) were incubated 

with indicated ABPs (6, 8, 9 or 10) for 30 min at pH 6.0 in vitro. ABP-labelled proteins were visualized 

a�er SDS-PAGE by fluorescence scanning of the gels. Coomassie brilliant blue staining (CBB) was 

performed as a loading control. 

 

Figure S5. Lysates of HEK293T cells with overexpressed GBA2 variants (either WT, cataly�c nucleophile 
mutant (E527G), cataly�c acid/base mutant (D677G) or the double mutant (E527G/D677G)) were 
incubated with ABP 6 or 10 in vitro. ABP-labelled proteins were visualized a�er SDS-PAGE by 
fluorescence scanning of the gels. Coomassie brilliant blue staining (CBB) was performed as a loading 
control.  
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Figure S6. Live cell in situ inhibi�on using β-xylo-cyclophellitol epoxide 1 and aziridine 2 in intact HEK293T cells 
(expressing endogenous GBA1 with overexpressed GBA2/GBA3) for 24 h. A�er the incuba�on the cells were 
harvested and lysed, followed by labelling with ABP 10 in vitro. ABP-labelled proteins were visualized a�er SDS-
PAGE by fluorescence scanning of the gels. Coomassie brilliant blue staining (CBB) was performed as a loading 
control. 

 

Figure S7. Live zebrafish larvae were incubated with β-xylo-cyclophellitol epoxide 1 or aziridine 2 for 5 days in 
vivo. The larvae were harvested, and the homogenate was labelled with ABP 10 in vitro. ABP-labelled proteins 
were visualized a�er SDS-PAGE by fluorescence scanning of the gels. Coomassie brilliant blue staining (CBB) was 
performed as a loading control. 
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Scheme S1. Synthesis of β-D-xylo-cyclophellitol aziridine BODIPY-FL ABP 8. Reagents and condi�ons: a) BODIPY 
tag-alkyne, CuSO4, sodium ascorbate, DMF/H2O, rt, 16 h, 58% yield. 

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

Compound 51 (4.4 mg, 14.7 µmol) was dissolved in degassed DMF (0.2 mL), then alkyne-BODIPY (1.1 eq), 
CuSO4 (0.2 eq) and sodium ascorbate (0.4 eq) were added and the mixture s�rred at rt for 16 h. The reac�on 
mixture was concentrated and purified by semi-prepara�ve reversed phase HPLC (linear gradient. Solu�ons used: 
A: 50 mM NH4HCO3 in H2O, B: acetonitrile) yielding the desired product as an orange powder (5.4 mg, 58%). 

 

1H NMR (500 MHz, CD3OD): δ 7.73 (s, 1H), 6.11 (s, 2H), 4.35 (t, J = 6.9 Hz, 2H), 3.60 (d, J 
= 8.0 Hz, 1H), 3.38 (m, 1H), 3.05 (dd, J = 9.8, 8.0 Hz, 1H), 3.03 – 2.98 (m, 2H), 2.78 (t, J = 
7.2 Hz, 2H), 2.44 (s, 6H), 2.38 (s, 6H), 2.30 (dd, J = 13.1, 5.5 Hz, 1H), 2.20 (t, J = 7.3 Hz, 
2H), 1.92 – 1.82 (m, 5H), 1.81 – 1.77 (m, 1H), 1.68 – 1.58 (m, 3H), 1.56 (d, J = 6.3 Hz, 1H), 
1.54 – 1.48 (m, 2H), 1.35 – 1.20 (m, 7H) ppm. 13C NMR (125 MHz, CD3OD): δ 153.6, 147.2, 
146.6, 140.8, 131.2, 122.0, 121.3, 77.8, 72.7, 66.8, 60.3, 49.9, 48.5, 44.0, 39.7, 32.1, 
30.9, 29.9, 29.5, 29.1, 29.0, 28.5, 27.8, 26.8, 25.9, 24.6, 15.2, 13.1 ppm. HRMS (ESI) m/z: 
[M+H]+ calculated for C33H49BF2N6O3 627.4000, found 627.4029. 
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