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Abstract

Zebrafish, and especially their developing off-spring, offer attractive features to study 
the molecular basis of genetic disorders as well as pharmacological intervention in 
a whole organism. Gaucher disease (GD) is a common lysosomal storage disorder, 

characterized by a defect in the enzyme glucocerebrosidase (GCase or GBA, official gene 
name: GBA) which hydrolyses the lipid glucosylceramide in lysosomes. Studying GD in an 
animal model has been hampered by the premature death of mammals with a complete 
genetic abrogation of GBA. Therefore, on-demand GBA deficiency has been induced 
chemically, by treatment of animals with the mechanism-based irreversible GBA inhibitors 
conduritol B epoxide (CBE) or cyclophellitol (CP). Zebrafish larvae are used in this chapter 
to study the in vivo target engagement of CBE and CP and compare the results to values 
obtained from cultured human cells. Only at significantly higher CBE concentrations, non-
lysosomal glucosylceramidase (GBA2) and lysosomal α-glucosidase were identified as 
major off-targets both in cells and zebrafish larvae. CP was found to inactivate GBA and 
GBA2 with equal affinity and is therefore not suitable to generate genuine GD-like models. 
New CP derivatives, functionalized with a bulky hydrophobic moiety at C8, were validated 
as potent and selective GBA inhibitors in cultured cells and developing zebrafish larvae. 
Moreover, these CP analogues selectively inhibit GBA in the brain of adult zebrafish. Overall, 
this chapter demonstrates the applicability of enzymatic assays and ABPs as tools to study 
zebrafish glycosidase enzymes as well as the attractive features of the zebrafish animal model 
for evaluating drug potency, specificity and biodistribution, in particular brain permeability.  
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Introduction
The lysosomal enzyme glucocerebrosidase (GCase or GBA, EC 3.2.1.45) is a retaining 
β-glucosidase that degrades the glycosphingolipid, glucosylceramide (GlcCer). Inherited 
deficiency of GBA is the cause of autosomal recessive Gaucher disease (GD)1. Most GD 
patients display heterogeneous symptoms including spleen and liver enlargement, bone 
deterioration, anaemia, leukopenia, and thrombocytopenia, while some patients also 
develop fatal neurological symptoms2. 

Research on GD has been hampered by the premature death of mice with a complete 
genetic abrogation of GBA. Therefore, on-demand GBA deficiency have been generated 
by treatment of animals with conduritol B epoxide (CBE 1, Figure 1A)3-5. CBE is a cyclitol 
epoxide that covalently and irreversibly reacts with the catalytic nucleophile of GBA and 
thus inactivates the enzyme irreversibly (Figure 1B). The crystal structure of GBA with 
bound CBE confirmed the covalent linkage of the compound to the catalytic nucleophile 
Glu 3406,7. Building on the initial work by Kanfer and co-workers, a regimen using different 
doses of CBE has been established to generate a phenotypic copy of neuronopathic GD in 
mice4,6-8. This pharmacological model is widely used to study the nature of neuropathology 
resulting from GBA deficiency, including Parkinsonism9-11.

A major advantage of CBE’s pharmacological use in cultured cells and mice is its 
tunability: the extent of GBA inactivation can be adjusted by variation of the inhibitor 
concentration and/or exposure time4. However, distinct treatment regimens across 
studies have been reported: exposure of cells ranging from 50 µM to 100 mM CBE for 2 
hours up to 60 days12-18 and daily exposure of mice from 25 to 300 mg per kg body weight 
during 2 hours up to 36 days4. The use of a high CBE concentration raises concerns about 
specificity since the compound has been reported to inhibit other glycosidases than GBA 
at high concentrations. Examples are in vitro inhibition of retaining α-glucosidases (EC 
3.2.1.20)19-21, in vitro22 and in situ23 cell inhibition of the non-lysosomal glucosylceramidase 
(GBA2, EC 3.2.1.45), and inhibition of the lysosomal β-glucuronidase (GUSB, EC 3.2.1.31) in 
mice24. The reactivity of CBE towards both β- and α-glucosidases can be explained by the 
C2-symmetry found in its structure25 (Figure 1A), which allows reaction with the catalytic 
nucleophile of both classes of enzymes. Another structurally related cyclitol epoxide, 
cyclophellitol (CP 2, Figure 1A), is a structurally closer β-glucose mimic and inhibits GBA 
with far higher affinity than CBE26,27. It exhibits selectivity over α-glucosidases due to the 
C5-hydroxymethyl group26-28, and was also shown to induce Gaucher phenotypes in mice26. 
However, its reactivity in vivo towards GBA2 and other glycosidases is unknown. Recently, 
CP derivatives have been functionalized with a fluorescent substituent at C8 (3a-e, Figure 
1A). The generated cyclophellitol-epoxide activity-based probe (ABP 3) showed very potent 
and selective reactivity towards GBA and was used to visualize and monitor GBA activity in 
vitro, in situ and in vivo28,29. 
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Next, a configured cyclophellitol-aziridine tagged with a fluorophore was developed 
which enabled labelling of all retaining β-glucosidases (ABP 4)30. To date, a library of 
ABPs is available labelling a range of retaining glycosidases (Figure 1A), including ABPs 
targeting β-glucuronidase (GUSB, ABP 531) and α-glucosidase (GAA and GANAB, ABP 
632) as well as ABPs functionalized with different fluorophores (Figure 1C). It has been 
previously established that the CP derivative, functionalized with a BODIPY group, does not 
penetrate the brain sufficiently29. Changing the fluorescent BODIPY substituent to a simple, 
hydrophobic moiety at C8 (inhibitors 3d and 3e, Figure 1C) is thought to preserve the high 
potency and selectivity of the inhibitor, while improving GBA inactivation in the brain. This 
would make them suitable for generating chemically-induced neuropathic Gaucher disease 
models. 
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Figure 1 | Overview of chemical structures used in this study
(A) Top panel: Chemical structures of Conduritol B epoxide (CBE), cyclophellitol (CP), CP-configured ABPs (ABP 3a-
c) and CP-derived inhibitors (3d,e). Lower panel: ABP labelling GBA and GBA2 (ABP 4a-c), GUSB (ABP 5c) and GAA 
and GANAB (ABP 6a and 6c) (B) Reaction mechanism of CBE binding to β-glucosidase. (C) Chemical structures of 
R-groups in A: Bodipy Green (a), Bodipy Red (b), Cy5 (c), biphenyl (d) and adamantane moiety (e).

This chapter describes a systematic study of the in vitro and in vivo potency and selectivity 
of CBE, CP and CP derivatives using cultured cells and developing zebrafish larvae. Both 
enzymatic assays, employing specific fluorogenic substrates, and competitive activity-based 
protein profiling (cABPP) using a library of ABPs (Figure 1A, ABPs 3-6) are used. Finally, two 
CP derivatives, one with a BODIPY-substituent at C6 (compound 3a) and the other with 
a hydrophobic group (compound 3e), were administered to adult zebrafish to assess the 
penetration and target engagement of these inhibitors in the brain.
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Results
A competitive ABPP method to determine GBA target engagement of CBE and CP 
ABP 4c was used in a competitive ABPP method to assess the irreversible occupancy of 
the catalytic nucleophile of GBA after pre-incubation with CBE 1 or CP 2. As a validation, 
competition of ABP labelling by CBE and CP was compared to the loss of GBA activity 
measured using the artificial fluorogenic substrate, 4-methylumbelliferyl-β-glucoside33. 
For this, recombinant human GBA (rGBA) was pre-incubated with CBE across a range of 
concentrations at 37 °C for 0, 30 and 180 minutes34. Subsequent labelling of GBA by ABP 4c 
enabled quantification by SDS-PAGE and fluorescence scanning. IC50 values (concentrations 
of inhibitor yielding a 50% reduction of ABP 4c labelling) were determined and found to be 
26.6 µM at 30 min CBE preincubation, and 2.30 µM at 180 min pre-incubation (Figure 2A). 
These values match the ones determined by measurement of residual enzymatic activity of 
the GBA assay (Figure 2A, lower right panel), validating the competitive ABPP methodology. 
Next, CP was comparably studied using rGBA and its IC50 values determined by cABPP were 
0.15 µM at 30 min pre-incubation and 0.03 µM at 180 min pre-incubation, comparable to 
values determined by enzymatic assay (Figure 2B).

B.A.

Figure 2 | Effect of pre-incubation with CBE or CP on ABP labelling of recombinant GBA.
(A) Representative gel images of rGBA pre-incubated with CBE (10.000-0,1 μM) for 30 min or 180 min and 
fluorescently labelled with ABP 4c. Fluorescent signals were quantified and normalized to the untreated sample 
(ctrl, 0 µM CBE) (bottom left) and compared to the inhibition curves obtained with enzymatic assay (bottom right). 
(B) Same as A, with CP at 10–0.001 µM. Error ranges in enzymatic assay = ± SD, n = 3 (technical replicates).

Selectivity of CBE and CP in cultured cells
Next, the targets of CBE and CP were evaluated in intact cultured human cells and zebrafish 
larvae. These biological materials contain besides GBA the candidate off-target glycosidases: 
GBA2, α-glucosidases (GAA and GANAB), and lysosomal β-glucuronidase GUSB. For each of 
these enzymes ABPs have been designed, and enzymatic activity assays with fluorogenic 
substrates established30-32. Of note, ABP 4 allows simultaneous visualization of active GBA 
(58-66 kDa) and GBA2 (110 kDa) following SDS-PAGE analysis. 
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First, HEK293T cells overexpressing GBA2 were exposed to different concentrations of 
CBE (0.1 µM–10 mM) or CP (0.001 – 10 μM) for 24 h. The residual amount of GBA, GBA2, 
GAA, GANAB and GUSB that can still be labelled with the appropriate ABPs (Figure 1C) was 
determined in the exposed cell lysates (Figure 3A and D for CBE and CP respectively). 

For CBE, competitive ABPP showed that besides GBA, all other candidate off-target 
enzymes are inactivated but with marked lower affinity: GBA (IC50 = 0.59 µM), GBA2 
(IC50 = 315 µM), GAA (IC50 = 249 µM), GANAB (IC50 = 2900 µM) and GUSB (IC50 = 857 µM) 
(Figure 3B, Supplementary Figure 1A and Supplementary Table 1). Comparable results 
were obtained by determination of residual enzyme activities: GBA (IC50 = 0.33 µM), GBA2 
(IC50 =272 µM), GAA (IC50 = 309 µM), GANAB (IC50 = 1580 µM) and GUSB (IC50 = 607 µM) 
(Figure 3C and Supplementary Figure 1B). CP is a much more potent inhibitor of GBA26 
and reported to inhibit poorly α-glucosidases in vitro27. However, the in vivo reactivity 
of CP towards other glycosidases has not been thoroughly investigated. To compare the 
selectivity windows of CP to the ones of CBE, the concentration range of CP was chosen at 
0.001–10 µM for cultured cells. As determined by the competitive ABPP method, CP was 
found to inhibit GBA2 on a par with GBA in cells overexpressing GBA2 upon incubation with 
varying inhibitor concentrations (0.1−10 µM CP) for 24 hours (Figure 3D-F).

A.

C.

B. D. E.

F.

KDa KDa

Figure 3 | In vivo glycosidase targets of CBE and CP in cultured cells
(A, D) Representative gel images (1 set from n = 3 biological replicates) showing fluorescent ABP labelling of GBA, 
GBA2, GAA, GANAB, and GUSB in lysates of cells treated in vivo for 24 h with CBE (A) and CP (D) respectively. (B, E) 
Quantification of relative ABP labelling of GBA and GBA2 in lysates of cells treated in vivo for 24 h with CBE (B) and 
CP (E) respectively. (C, F) Residual activities of GBA and GBA2 in cell lysates treated in vivo with CBE (C) and CP (F). 
Error ranges = ± SD, n = 3 (technical replicates). 

IC50 values of CP for blocking ABP labelling were 0.063 µM for GBA and 0.154 µM for 
GBA2 (Figure 3E and Supplementary Table 1), which was comparable to results obtained 
by determination of residual enzymatic activities of GBA and GBA2 measured with the 
fluorogenic 4Mu substrate (Figure 3F). No reduction of ABP labelling of GAA, GANAB and 
GUSB was observed in lysates of cells incubated for 24 h up to 10 μM of CP (Figure 3D). 
The apparent IC50 values of CP for the other glycosidase enzymes exceeded at least 10 µM 
(Supplementary Table 1 and ref.35).
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In vivo targets of CBE and CP in zebrafish larvae
Next, the in vivo target engagement of CBE and CP was studied in intact zebrafish larvae. 
Fertilized zebrafish eggs (0 days post-fertilization (dpf)) were exposed for five days to CBE 
(1 µM–100 mM) or CP (0.001–100 µM) supplemented to the egg water. The larvae were 
collected, lysed, and analysed by the competitive ABPP method. Exposure to 100 mM CBE 
was found to reduce ABP labelling of all five glycosidases (Figure 4A and Supplementary 
Figure 2A). The IC50 values determined by the competitive ABPP method were: GBA (IC50 
= 44.1 µM), GBA2 (IC50 = 890 µM), GAA (IC50 = 9550 µM), GANAB (IC50 = 4700 µM) and 
GUSB (IC50 = 6470 µM) (Supplementary Figure 2A and Supplementary Table 1). Thus, 
inactivation of GBA in zebrafish larvae takes place 20-fold more avidly than that of GBA2 
and 100- to 200-fold more potently than that of GAA, GANAB and GUSB. Analysis of 
residual enzymatic activity of the various enzymes gave similar results (Supplementary 
Figure 2B). Analysis by enzymatic assay revealed that exposure of the animals to 10 mM 
CBE did not lead to significant inactivation of other glycosidases (α- and β-mannosidase, 
N-acetyl α-galactosidase, β-hexosaminidase, α-fucosidase and /α-iduronidase) except for 
β-galactosidase (IC50 = 11.2 mM) and α-galactosidase (IC50 = 22.5 mM) (Supplementary 
Figure 2B). Exposure of zebrafish to CP (5 days at 1–100 µM) also comparably competed 
GBA and GBA2 labelling, but not that of GUSB, GAA and GANAB (Figure 4B). This finding 
was again supported by results obtained from measurement of residual enzymatic activities 
(Supplementary Figure 2B). 

A. B.

Figure 4 | In vivo glycosidase targets of CBE and CP in developing zebrafish larvae
Zebrafish embryos were incubated with (A) CBE 0.001-10 mM) or (B) CP (0.001-100μM) from 8-120 hours before 
lysis and subjection to ABP labelling with appropriate ABPs.
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Potency and selectivity of functionalized cyclophellitol inhibitors
From the noted lack of selectivity of CP with respect to inactivation of GBA and GBA2, it 
is obvious that CP does not allow generation of specific GBA-deficiency in cell and animal 
models. Functionalized cyclophellitol compounds bearing a fluorescent moiety at C8 have 
been described as highly potent and selective inhibitors for GBA28. Cyclophellitols bearing a 
simple but bulky hydrophobic moiety at C8, either a biphenyl (compound 3d) or adamantyl 
moiety (compound 3e) were synthesized to generate superior potent and selective GBA 
inhibitors, with the potential ability to penetrate the brain.

First, the in vitro activity and selectivity of these two functionalized cyclophellitol 
compounds were evaluated towards GBA and the two major off-target glycosidases of 
CBE and CP: GBA2 and GAA. The inhibitors were preincubated with recombinant human 
GBA (rGBA, Cerezyme), human GBA2 (from lysates of GBA2 overexpressed cells) and 
recombinant human GAA (rGAA, Myozyme) for 3 h, followed by enzymatic measurements. 
Both compound 3d and 3e were nanomolar inhibitors of rGBA (IC50 = 1.0 nM), which were 
4000-fold more potent than CBE 1 (Table 1). In contrast to CBE and CP, both compound 3d 
and 3e were rather inactive toward GBA2 and GAA (IC50 > 100 μM), thus making them 4000 
times and 200 times more selective than for example CBE 1 (IC50 ratio = 23.6 for GBA2/GBA 
and 444 for GAA/GBA, Table 1).
 
Table 1 | Apparent IC50 values for in vitro inhibition of GBA, GBA2 and GAA in recombinant enzymes (rGBA and 
rGAA) or overexpressed cell lysates (GBA2) by compounds CBE 1, CP 2, ABP 3a, ABP 3c, 3d and 3e measured as 
residual glycosidase activity. Error ranges depict standard deviations from biological triplicates.

In vitro CBE 1 (nM) CP 2 (nM) ABP 3a (nM)
ABP 3c
(nM)

3d
(nM)

3e
(nM)

rGBA 4,280
± 500

29.6
± 2.40

1.20
± 0.30

3.20
± 0.17

1.06
± 0.19

0.96
± 0.17

GBA2 
(HEK293T lysates)

101,000
± 20,100

29.7
± 3.13

> 105 412,000 ± 
10,100

> 105 > 105

rGAA 1,900,000 ± 
192,000

> 105 > 105 > 105 > 105 > 105

Ratio (in vitro)

GBA2/ GBA 24 1 > 105 > 104 > 105 > 105

GAA/ GBA 444 > 103 > 106 > 106 > 106 > 106

As for CBE 1 and CP 2, the in vivo activity of compounds 3d and 3e was evaluated by addition 
of the compounds to the swimming water of developing zebrafish embryos. After 5 days 
of incubation at 28 °C, larvae were homogenized and enzyme selectivity was analysed by 
appropriate competitive ABP labelling. Quantification of ABP-labelled bands revealed that 
compounds 3d and 3e had in vivo apparent IC50 values towards GBA of 4-6 nM and that 
they were 5-70-fold more potent than ABP 3a or 3c and 7500-fold more potent than CBE 1 
(Table 2). Potential off-target glycosidases such as GBA2, LPH, GAA, GANAB and GUSB were 
not identified with compounds 3d and 3e36.
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Table 2 | Apparent IC50 values for in vivo inhibition in 5-day treated zebrafish embryos with compounds 1, 2, 3a, 3c, 
3d and 3e as evaluated by quantification of residual labelling using appropriate ABPs. Error ranges depict standard 
deviations from n = 12-24 individuals.

In vivo 
Danio rerio larvae

CBE 1 (nM) CP 2 
(nM)

ABP 3a (nM) ABP 3c
(nM)

3d
(nM)

3e
(nM)

GBA 4.41  x104 83 31.6 ±8.88 284 ±31.5 5.85 ±2.44 3.94 ±0.21

GBA2 8.90 x105 59 > 104 > 104 > 104 > 104

GAA 9.55 x106 > 105 > 104 > 104 > 104 > 104

Ratio (in vivo)
GBA2/ GBA 22 0.714 > 316 > 35 > 1710 > 2540
GAA/ GBA 233 > 120 > 316 > 35 > 1710 > 2540

100 
75 
50 

In vivo 3d (µM) In vivo 3e (µM) 

150 
250 kDa 

ABP 4c Fluor. 
GBA 

GBA2 
LPH 

GBA 

150 kDa 

50 
0

0.
01 0.
1 1 10 10
0

1,
00

0

0.00
0.05
0.10
0.15
0.20

***

[I] (M)

*

CBE 1

0
0.

01 0.
1 1 10 10
0

1,
00

0

0.00
0.05
0.10
0.15
0.20

*

* *

[I] (M)

7

0
0.

01 0.
1 1 10 10
0

1,
00

0

*

[I] (M)

8

C
18

-G
lc

-S
ph

 
(p

m
ol

e 
/ f

is
h)

 

3d 3e CBE 1 

CBE 1 
(nM) 

CP 2 
(nM) 

ABP 3a 
(nM) 

ABP 3b 
(nM) 

3d 
(nM) 

3e 
(nM) 

In vitro 

rGBA 4,280 
± 500  

29.6  
± 2.40  

1.20  
± 0.30 

3.20  
± 0.17 

1.06  
± 0.19 

0.96  
± 0.17 

GBA2 
(HEK293T 
lysates) 

101,000  
± 20,100 

29.7  
± 3.13 

> 105 412,000 
± 10,100 

> 105 > 105 

rGAA 1,900,000 
± 192,000 

> 105 > 105 > 105 > 105 > 105 

Ratio  (in vitro) 

GBA2/ GBA 24 1 > 105 > 104 > 105 > 105 

GAA/ GBA 444 > 103 > 106 > 106 > 106 > 106 

CBE 1 
(nM) 

CP 2 
(nM) 

ABP 3a 
(nM) 

ABP 3b 
(nM) 

3d 
(nM) 

3e 
(nM) 

In vivo (Danio rerio larvae) 

GBA 4.41  x104  83  31.6 ± 
8.88 

284 ± 
31.5 

5.85 ± 
2.44 

3.94 ± 
1.21 

GBA2 8.90 x105  59  
 

> 104 > 104 > 104 > 104 

GAA 9.55 x 106  > 105  

 
> 104 > 104 > 104 > 104 

Ratio (in vivo) 

GBA2/ 
GBA 

22 0.714 > 316 > 35 > 1710 > 2540 

GAA/ 
GBA 

233 > 120 > 316 > 35 > 1710 > 2540 

ABP 3c Fluor. 

75 
100 

Figure 5 |In vivo glycosidase targets of compounds 3d and 3e in developing zebrafish larvae.
Zebrafish embryos were incubated with compound 3d and 3e (0.001-10 μM) from 8-120 hours before lysis and 
subjection to ABP labelling with broad-spectrum retaining β-glucosidase ABP 4c, targeting  GBA, GBA2 and LPH, 
and  selective GBA ABP 3c as readout.

Impact of inhibitors on glycosphingolipids accumulation in treated zebrafish larvae
Next the functional impact of the GBA inhibitors was evaluated by exposing embryos for 
5 days to CBE, CP or the functionalized CP compounds. In vivo inactivation of GBA leads 
to compensatory formation of glucosylsphingosine (GlcSph) by acid ceramidase-mediated 
conversion of accumulating GlcCer in lysosomes and such accumulation of GlcSph is a 
biomarker of the inactivation of GBA33,37. The exposure of zebrafish larvae to CBE 1, CP 2 
and functionalized cyclophellitol ABP 3a and compounds 3d and 3e led to pronounced 
accumulation of GlcSph. A 4-fold increase in the case of 1000 μM CBE 1 and 6-fold 
increase at 10 μM CP 2 was observed while ABP 3a and inhibitors 3d and 3e reached a 
10-30-fold elevation in the level of GlcSph using only 0.1-10 μM of inhibitor (Figure 6). 
Thus, the observed in vivo target engagement of GBA according to ABP detection was 
confirmed by the accumulation of GlcSph at comparable inhibitor concentrations. However, 
reaching similar GlcSph levels in the zebrafish with CBE 1 required 100-10000-fold higher 
concentration in contrast to compounds 3d and 3e, concentrations at which GBA2 and GAA 
may also be targeted (Figure 4 and Table 2).
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Figure 6 | Glucosylsphingosine levels in zebrafish embryos treated for 5 days with inhibitors CBE 1, CP 2, ABP 3a, 
compounds 3d or 3e. Error ranges depict standard deviations from n = 3 individuals. * P < 0.5, *** P < 0.001. 

Brain permeability of functionalized cyclophellitol inhibitors
Finally, brain penetration of the new cyclophellitol inhibitors was evaluated, a crucial feature 
for their future application in the study of neuropathic Gaucher disease and Parkinson’s 
disease. Adult zebrafish of 3 months’ age were treated with DMSO, ABP 3a or compound 
3e (1.6 nmol/fish, approximately 4 μmol/kg) administered via food intake, and after 16 h 
brains and other organs were isolated, homogenized, and analysed by ABP labelling using 
appropriate ABPs for GBA, GBA2, GAA, GANAB and GUSB. Labelling of brain homogenate 
of adult zebrafish with ABP 3c resulted in considerable GBA labelling in control and ABP 3a 
treated fish, but no labelling in brain homogenates from fish treated with compound 3e 
(Figure 7A). 
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Figure 7 | In vivo targets of functionalized cyclophellitols in zebrafish adult brain
Adult zebrafish were treated with DMSO, ABP 3a or compound 3e and in vivo target engagement was visualized by 
labelling with (A) selective GBA ABP 3c or (B) broad-spectrum retaining β-glucosidase ABP 4c labelling GBA, GBA2 
and GBA3.

Labelling by the broad-spectrum β-glucosidase ABP 4c showed that GBA2 was not a 
target of compound 3e (Figure 7B), nor was the lower running band (48 kDa), which we 
hypothesize to be the cytosolic β-glucosidase, GBA3. We noted that the expression level of 
this protein is likely variable among individual fish, as 4 out of 6 fishes in the control group 
lacked this band. ABP labelling of other glycosidase targets, such as GAA, GANAB and GUSB, 
were not affected either36. In the visceral organs (both liver and spleen), both ABP 3a and 
compound 3e selectively abrogated GBA while not affecting the labelling of other tested 
glycosidases (Supplementary Figure 3 and ref. 36).
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Discussion
Zebrafish offer attractive features for pharmacological screenings. Hundreds of fertilized 
eggs can be easily obtained and their ex-vivo, rapid embryogenesis and organ development 
as well as small size have enabled researchers to study the effects of various small molecules 
in a whole organism in a relatively high throughput manner38,39. Off-target effects can have 
detrimental consequences, not only in the process of drug discovery and development 
but also in fundamental research when pharmacological modulation is used to study the 
molecular basis of a human disorder in a model organism. On-demand GBA deficiency 
has been used to study GD in mouse models, however concerns about potential off-target 
effects have been raised when using high concentrations of the established GBA selective 
inhibitors CBE and CP. In the present study, developing zebrafish larvae were used to 
determine the in vivo potency of CBE and CP as well as in-house synthesized CP derivatives 
and to evaluate their dose-dependent target engagement. 

First of all, it is noteworthy to mention that the same tools can be used for the study 
of glycosidases in zebrafish as for cellular and mouse samples. In chapter 2 it was shown 
that the catalytic features of zebrafish GBA could be studied using the artificial 4MU-β-Glc 
substrate and this chapter revealed that it was possible to evaluate enzymatic activity of 
other glycosidases by use of their corresponding fluorogenic substrates. In addition, the 
library of fluorescent ABPs provide a complementary method for activity assessment and 
visualization of active retaining glycosidases. The ABPs bind in a mechanism-based manner 
and the required nucleophilic and acid base residues are generally conserved across 
species. Therefore ABPs have not only been found to react with retaining glycosidases of 
mammals, but also with those from zebrafish, plants, bacteria and fungi30,40-42. In contrast, 
none of the in-house available commercial glycosidase antibodies were found to react with 
the respective enzyme from zebrafish materials, including tested antibodies for GBA, GBA2, 
α-galactosidase A and galactocerebrosidase (data not shown). Modification of the reporter 
tag of the ABP enables researchers to visualize active enzyme by means of a fluorescent 
tag in combination with in-gel fluorescence scanning or fluorescence microscopy28,29, 
while affinity tags allows the enrichment and identification of target enzymes by chemical 
proteomics approaches 43. Zebrafish research could profit extensively from the use of ABPs. 
Mechanism-based ABPs, as well as affinity-based ones, have been developed for other 
enzyme classes including serine hydrolases44,45, kinases46, proteases47 and subunits of the 
proteasome48. 

Another advantage is that the ABP only reacts with an active enzyme, thereby 
enabling evaluation of selectivity and potency of small molecules by an approached 
called competitive activity-based protein profiling (cABPP). This approach was adopted in 
this study to verify the use of zebrafish larvae as whole organismal model to study target 
engagement of GBA inhibitors. The apparent IC50 values of zebrafish larvae were compared 
to those obtained in cultured cells, using both activity measurements with fluorogenic 
substrates as well as cABPP in parallell.
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In general, inhibitors were approximately 5-fold more potent in cultured cells compared to 
developing zebrafish larvae (CBE: 0.6 µM vs 44 µM and CP: 15 nM vs 83 nM for cultured 
cells and zebrafish larvae respectively). The observed selectivity of CBE and CP was similar 
in cultured cells and developing zebrafish larvae. Non-lysosomal β-glucosidase GBA2 and 
the lysosomal α-glucosidase GAA were determined as off-targets of CBE both in cultured 
cells overexpressing GBA2 and in developing zebrafish larvae upon incubation with high 
concentrations of CBE. A selective window for in vivo GBA inactivation was apparent of 0.6-
315 μM for cultured cells and 44-890 μM for zebrafish larvae (Figure 8). Such selectivity has 
also been observed in brain of mice treated with a low and high concentrations of CBE35. 
CP showed potent GBA inactivation both in cultured cells and zebrafish larvae, however 
this compound also inactivated GBA2 with comparable potency. Therefore this inhibitor 
presents a small GBA selective window for cultured cells and none for zebrafish larvae 
(Figure 8). 

Figure 8 | Window for selective GBA inhibition by CBE and CP in cultured cells and zebrafish larvae. 
Inhibition curves for CBE or CP towards GBA and other glycosidases were derived from the results of ABP detection 
(average of n = 3 biological replicates). The GBA selective window is depicted as the blue area between the two 
dotted lines and defined as the concentration range for CBE or CP between its IC50 values towards GBA and the 
next major glycosidase target (in all cases, GBA2).

The CP derivatives, functionalized at C8 with a BODIPY (3a), biphenyl (3d) or adamantyl 
(3e), displayed both a very high potency and selectivity for GBA inactivation in developing 
zebrafish larvae. Apparent IC50 values of 4-31 nM were determined and no subsequent 
effect on in vitro ABP labelling of GBA2, LPH, GAA, ER α-glucosidase GANAB or lysosomal 
β-glucuronidase (GUSB) even at high concentrations of inhibitor (>10 µM). Overall, these 
results show comparable in vivo potency and selectivity in cultured cells and developing 
zebrafish larvae. A slightly higher potency was again observed using cultured cells, however 
this could be explained by the route of administration, possible storage of the small 
molecule in the lipid- and protein rich environment of the yolk (unpublished observations 
of Wouter Kallemeijn) as well as the complexity of the zebrafish embryo which includes 
different cell types.
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Next, the physiological impact of GBA inactivation was studied by glycosphingolipid analysis. 
Inhibitor treated zebrafish revealed accumulation of GlcSph, a biochemical biomarker 
of in vivo inactivation of lysosomal GBA. Only a minor significant increase in GlcSph was 
observed when high concentrations of CBE (1000 μM) and CP (10 μM) were used, while 
the CP derivatives significantly increased GlcSph levels already at low concentrations (0.1-1 
μM). GlcSph levels are also highly elevated in human GD patients 49, mouse GD models50 
and zebrafish genetic gba knockouts (Chapter 551). In the latter study it became obvious 
that incubation with a relatively high concentration (10 μM) of the CP derivative 3e 
showed higher GlcSph levels as compared to the genetic gba-/- larvae. It became apparent 
that genetic gba KO larvae have maternally derived GBA enzyme in their early life, which 
was also inactivated by treatment with compound 3e51. Due to the easy and throughput 
administration, compound 3e is used extensively throughout this thesis to study GBA 
deficiency in a variety of genetic backgrounds. In addition, no genotyping of the off-spring 
is necessary, as for the genetic gba zebrafish in chapter 5, and all treated off-spring have a 
GBA deficiency. This could accelerate and simplify the process of sample preparation at 5 
dpf. 

The use of the selective and potent BODIPY functionalized ABP 3a has been hampered by 
its inability to inactivate GBA in the brain29. As final part of the present study, the newly 
synthesized CP derivatives were administered to adult zebrafish to evaluate their brain 
penetration. As expected, ABP 3a showed inactivation of GBA activity in the spleen and 
liver but limited inactivation of GBA in the brain, as has already been observed in mice29,36. 
The limited penetration into the brain of the BODIPY ABP can be likely attributed to active 
removal via Pgp proteins52. Compound 3e, on the other hand, showed complete inactivation 
of GBA in the liver, spleen and brain without inhibition of off-target proteins. Of note, the 
CP derivative modified with a Cy5 molecule at C8 (3c) was a very potent inhibitor of GBA in 
vitro and in developing zebrafish larvae, however no inactivation of GBA was neither found 
in brain, liver or spleen and accumulation in the gut was observed (unpublished data).

In conclusion, this study has shown that both zebrafish larvae and adult zebrafish are helpful 
models to evaluate the potency and target engagement of small molecule inhibitors of 
GBA. In addition, it has determined that compound 3e is a superior GBA inhibitor enabling 
generation of a GBA deficiency, both on-demand in the brain and without any off-target 
effects, to assist research in the context of neuropathic GD and PD.  
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Supplementary information

A.

B.

Supplementary Figure 1 | 
(A) Quantification of relative ABP labelling of GBA, 
GBA2, GAA, GANAB and GUSB in lysates of cells 
treated in vivo for 24 h with CBE. (B) Residual activity 
of glycosidases in cell lysates treated in vivo with CBE. 
Error ranges = ± SD, n = 3 (technical replicates).

A.

B.

Supplementary Figure 2 | In vivo incubation with CBE and CP in zebrafish larvae
(A) Quantification of gels from Figure 4. (B) Residual activity of glycosidases by enzymatic assay. Error range = ± SD, 
n = 2 technical replicates
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Supplementary Table 1 | In vivo target engagement of CBE and CP in cultured cells and zebrafish larvae. 
Cultured cells were incubated for 24 hours and developing zebrafish for 5 days. Apparent IC50 values (μM) were 
derived biological triplicate incubations as measured by quantification of in vitro ABP labelling on residual active 
enzymes. – indicates no inhibition at the tested concentrations. Error ranges = ± SD, n = 3 biological replicates.

CBE 1 (μM) CP 2 (μM)
Enzyme Cultured cells ZF larvae Cultured cells ZF larvae
GBA 0.59 ± 0.3 44.1 0.063 ± 0.026 0.083
GBA2 315 ± 63 890 0.154 ± 0.07 0.059
GAA 249 ±84 9550 - -
GANAB 2900 ± 1120 4700 - -
GUSB 857 ±341 6470 - -

In vitro readout: ABP 3c In vitro readout: ABP 4c

Liver/spleen Cntr ABP 3a 3e Cntr ABP 3a 3e

Supplementary Figure 3 | In vivo targets of ABP 3a and compound 3e in adult liver/spleen.
DMSO (cntr) or compound soaked food was administered to adult zebrafish and in vivo target engagement was 
visualized by in vitro labelling of liver/spleen homogenates with selective GBA ABP 3c (left) or broad-spectrum 
retaining β-glucosidase ABP 4c labelling GBA, GBA2 and GBA3 (right).
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Experimental procdedures
General materials and methods - Cyclophellitol (CP), the CP derivatives 3d and 3e and the ABPs 3a-c, 4, 
5 and 6 were synthesized as described earlier28,30,32,36,53. 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). Recombinant GBA (rGBA, imiglucerase) and recombinant human 
GAA (rGAA, alglucosidase alfa, Myozyme) were obtained from Sanofi Genzyme (Cambridge, MA, USA). 
HEK293T cells overexpressing human GBA2 were generated as previously described54 and cultured in 
DMEM medium (Sigma-Aldrich) supplied with 10% (v/v) FCS, 0.1% (w/v) penicillin/streptomycin, and 
1% (v/v) Glutamax, under 5% CO2. 

Zebrafish housing and embryo incubations – Zebrafish were housed at the University of Leiden, the 
Netherlands, according to standard protocols (zfin.org). The breeding of fish lines was approved by 
the local animal welfare committee (Instantie voor dierwelzijn, IvD, Leiden). Adults, embryos and 
larvae were kept at a constant temperature of 28.5 °C. Embryos and larvae, before the free-feeding 
stage, not falling under animal experimentation law according to the EU animal protection Directive 
2010/63/EU, were raised in egg water (60 μg L–1 sea salt, Sera marin). Synchronized wild-type ABTL 
zebrafish embryos were acquired after mating of single male and female couples (both > 3 months 
old) and incubated with appropriate inhibitors as described below.

Preparation of homogenates - Homogenates of cells and zebrafish were prepared by lysis in potassium 
phosphate lysis buffer (25 mM KH2PO4-K2HPO4, pH 6.5, protease inhibitor cocktail (EDTA-free, Roche, 
Basel, Switzerland) and supplemented with 2.5 U/mL benzonase for HEK293T cell homogenates). 
Cell pellets from two 15-cm culture dishes were resuspended in 1200 μL lysis buffer, while 4μL lysis 
buffer was used to homogenize 1 zebrafish larvae. Homogenates were prepared by sonication with 
a Polytron PT 1300D sonicator (Kinematica, Luzern, Switzerland) on ice at 20% power for 3 times 
3 s (zebrafish) or passed through a 30-gauge needle 10 times using a 1 mL syringe (HEK293T cells 
overexpressing GBA2). Protein concentration was measured using Pierce BCA assay kit (Thermo 
Fisher Scientific, Waltham, MA, USA).

Enzymatic assays - All assays were performed in 96-well plates at 37 °C for human and zebrafish 
materials. For measurements in rGBA or rGAA, 3.16 ng of rGBA enzyme or 2.1 ng rGAA enzyme, while 
for in-vitro measurements in GBA2-overexpressing cell lysates, 8 volumes of cell lysates (7μg total 
protein/ μL) was used and firstly pre-incubated with 1 volume of ABP 3a (100 nM final concentration, 
0.5% (v/v) DMSO) for 30 min at 37 °C to selectively inhibit GBA activity. 
Samples were incubated with compounds (CBE 1, CP 2, ABP 3a, ABP 3c, 3d or 3e) in a final volume of 
25 µL, at pH appropriate for each enzyme, while DMSO concentration was kept at 1% (v/v) in all assays 
during incubation with compounds. Assays were performed by incubating the samples with 100 µL 
4MU- (4-methylumbelliferyl-) substrates diluted in McIlvaine buffer (150 mM citric acid—Na2HPO4, 
0.1% (w/v) bovine serum albumin) for a period of 30 min to 2 h and performed in duplicate sets, with 
3 replicates at each inhibitor concentration. After stopping the substrate reaction with 200 µL 1M 
NaOH-glycine (pH 10.3), 4MU-emitted fluorescence was measured with a fluorimeter LS55 (Perkin 
Elmer, Waltham, MA, USA) using λEX 366 nm and λEM 445 nm 28. Measured activities were subtracted 
with background values (from samples without enzyme), normalized with the average values from 
the control samples (no inhibitor), and curve-fitted to inhibitor concentrations using Prism 7.0 
(Graphpad) by the [inhibitor] vs response— various slope (four parameters) method to obtain IC50 
values. The substrate mixtures used for each enzyme are listed as follows: GBA, 3.75 mM 4MU-β-
D-glucopyranoside (Glycosynth, Warrington Cheshire, UK) at pH 5.2, supplemented with 0.2% (w/v) 
sodium taurocholate and 0.1% (v/v) Triton X-100, and 25 nM N-(5-adamantane-1-ylmethoxy-pentyl)-
deoxynojirimycin (AMP-DNM), a GBA2-specific inhibitor55; GBA2, 3.75 mM 4MU-β-Dglucopyranoside 
at pH 5.8, with pre-incubation with 1 µM ABP 3a for 30 min to specifically inhibit GBA activity; 
α-glucosidases, 3 mM 4MU-α-D-glucopyranoside at pH 4.0 (GAA) or at 7.0 (GANAB), GUSB, 2 mM 
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4MU-β-D-glucuronide at pH 5.0; α-galactosidases, 2 mM 4MU-α-D-galactopyranoside at pH 4.6; 
β-galactosidases, 1 mM 4MUβ-D-galactopyranoside at pH 4.3 with 0.2 M NaCl; α-mannosidases, 
10 mM 4MU-α-D-mannopyranoside at pH 4.0; β-mannosidases, 2 mM 4MU-β-D-mannopyranoside 
(Glycosynth) at pH 4.2; β-hexosaminidase HexA, 5 mM 4MU-β-D6-sulpho-2-acetamido-2-deoxy-
glucopyranoside at pH 4.4; β-hexosaminidases HexA/B, 5 mM 4MU-β-N-acetylglucosaminide at pH 
4.5; α-N-acetyl-galactosaminidase, 1 mM 4MU-α-N-acetyl-galactosaminide at pH 4.5; α-Lfucosidase, 
1 mM 4MU-α-L-fucopyranoside at pH 5.0, α-L-iduronidase, 2 mM 4MU-α-L-iduronide (Glycosynth) at 
pH 4.0; GBA3, 3.75 mM 4MU-β-D-glucopyranoside at pH 6.0.

Fluorescent ABP labelling and detection - Residual active, not irreversibly inhibited glycosidases were 
labelled with excess fluorescent ABPs in the optimum McIlvaine buffer, if not otherwise stated (see 
above). ABP labelling was performed at 37 °C for 30 min for all materials, in a total sample volume of 
20–40 µL and 0.5–1% DMSO concentration. GBA was labelled with 200 nM ABP 3b (pH 5.2, 0.1% (v/v) 
Triton-100, 0.2% (w/v) sodium taurocholate), or labelled together with GBA2 using 200 nM β-aziridine 
ABP 4c at pH 5.5. GBA2 was labelled with 200 nM β-aziridine ABP 4a, 4b or 4c. The α-glucosidases 
GAA and GANAB were first pre-incubated with 200 nM ABP 4a for 30 min (pH 4.0 for GAA and pH 7.0 
for GANAB), followed by labelling with 500 nM ABP 6a or 6c at pH 4.0 or 7.0. The β-glucuronidase 
GUSB was preincubated with 200 nM ABP 4a for 30 min, followed by labelling with 200 nM β-aziridine 
ABP 5c. After ABP incubation, proteins were denatured by boiling the samples with 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 electrophoresis on 7.5% or 10% (w/v) SDS-
PAGE gels running continuously at 90 V28,30-32. Wet slab-gels were scanned on fluorescence using the 
Typhoon FLA 9500 (GE Healthcare) at λEX 473 nm and λEM ≥ 510 nm for green fluorescent ABP 4a and 
6a; at λEX 532 nm and λEM ≥ 575 nm for ABP 3b and 4b; and at λEX 635 nm and λEM ≥ 665 nm for ABP 
4c, 5c and 6c. ABP-emitted fluorescence was quantified using ImageQuant software (GE Healthcare, 
Chicago, IL, USA) and curve-fitted using Prism 7.0 (Graphpad). After fluorescence scanning, SDS-PAGE 
gels were stained for total protein with Coomassie G250 and scanned on a ChemiDoc MP imager (Bio-
Rad).

In vivo effects of CBE and CP in intact cultured cells - Confluent HEK293T stably expressing human 
GBA2 were cultured in 12-well plates in triplicates with(out) CBE (0.01−10,000 μM) or CP (0.001−10 
μM) for 24 h at 37 °C. For lysis, cells were washed three times with PBS, subsequently lysed by 
scraping in potassium phosphate buffer (K2HPO4−KH2PO4, 25 mM, pH 6.5, supplemented with 
0.1% (v/v) Triton X100 and protease inhibitor cocktail (Roche)), aliquoted, and stored at –80 °C. After 
determination of the protein concentration, lysates containing equal protein amount (5−20 μg total 
protein per measurement) were adjusted to 12 μL with potassium phosphate buffer and subjected to 
residual activity measurements using enzymatic assay (n = 3 technical replicates for each biological 
triplicate at each treatment condition) or ABP detection (n = 3 biological replicates) as described 
above.

In vivo effects of inhibitors in living zebrafish larvae - For in vivo inhibitor treatment, a single fertilized 
embryo was seeded in each well of a 96-wells plate, and exposed to 200 μL egg water supplemented 
with CBE (1−100,000 μM), CP (0.001−100 μM), ABP 3a (0.001-10 μM), ABP 5 (0.0001-10μM), inhibitor 
3c (0.001-10 μM) or 3e (0.001-10μM) with a final DMSO concentration of 0.5% (v/v) for 120 hours 
at 28.5 °C. Per condition, n = 24-48 embryos were used. At 120 hours (5 dpf), larvae were collected, 
rinsed three times with egg water, fully aspirated, snap-frozen in liquid nitrogen and stored at –80 
°C until homogenization in 4 μL potassium phosphate buffer per individual zebrafish as described 
above. Samples containing 20–45 μg total protein were subjected to the enzymatic assay described 
in the previous section or diluted in 14 μL lysis buffer, added with McIlvaine buffer at various pHs 
and subjected to ABP detection at a final volume of 32 μL for 30 min at 37 °C using ABP methods 
described above.
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In vivo activity of inhibitors in adult zebrafish - Surplus wild-type adult zebrafish of 3 months of age 
were administrated with a single dose of food grain mixed with DMSO, ABP 3a or inhibitor 3e (1.6 
nmol/fish, approximately 4 μmol/kg, n = 3 for each treatment) in n = 2 sets, according to project 
licence AVD1060020184725,1-04. An initial experiment was performed with 3 adult zebrafish and the 
effect was confirmed by additional 3 individuals per experimental condition. Zebrafish were sacrificed 
after 24 h using tricaine methane sulfate (MS222; 250 mg/L), organs were harvested, snap-frozen 
in liquid nitrogen and stored at -80°C until use. Food grain consisted of Gemma micro mixed with 
Gemma diamond (Skretting, Stavanger, Norway). Lysis was performed with 50 μL lysis buffer (without 
benzonase) per sample, and lysates containing 20–60 μg total protein were analysed by ABP method 
for GBA, GBA2, GAA, GANAB, and GUSB.

Sphingolipid extraction and analysis by mass spectrometry in zebrafish larvae - Zebrafish embryos 
at 8 hpf were seeded in 12-well plates (15 fish/well, 3 mL egg water/well) and treated with CBE 1 
(10–1,000 µM), CP 2 (0.01–10 µM), inhibitor 3d (0.001-10 μM) or 3e (0.001-10 μM) for 120 hours 
at 28.5 °C. Thereafter, zebrafish larvae were washed three times with egg water, and collected in 
clean screw-cap Eppendorf tubes (three tubes of three larvae per inhibitor concentration). Lipids 
were extracted and measured according to methods described previously56. Briefly, after removing 
of the egg water, 20 µL of 13C-GlcSph57 from concentration 0.1 pmol/μL in MeOH, 480 µL MeOH, and 
250 µL CHCl3 were added to the sample, stirred, incubated for 30 min at RT, sonicated (5 x 1 min in 
sonication water bath), and centrifuged for 10 min at 15,700 g. Supernatant was collected in a clean 
tube, 250 µL CHCl3 and 450 µL 100 mM formate buffer (pH 3.2) were added. The sample was stirred 
and centrifuged, 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, 
stirred and centrifuged. The upper phase (butanol phase) was dried and the residue was dissolved 
in 100 µL MeOH. 10 µL of this sample was injected to the LC-MS for lipid measurement with LC-MS/
MS methods described previously56. Two-tailed unpaired t-test was performed in Prism 7.0 software 
(Graphpad) to derive statistical significance, where p < 0.05 was considered significant.
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