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The lysosomal hydrolase GBA hydrolyzes glucosylceramide1,2. 
This ubiquitously expressed enzyme is initially synthesized 
as a 519-residue protein that cotranslationally acquires four 

N-linked glycans. After the removal of its signal peptide, GBA 
undergoes no further post-translational proteolytic modification 
and does not acquire mannose-6-phosphate moieties in the Golgi 
apparatus. The expression of disease in individuals with a defective 
GBA is remarkably heterogeneous. Substantial deficiency results in 
Gaucher disease, and recently carriership has been recognized as 
major risk for parkinsonism2,3. The manifestation of Gaucher disease 
is highly variable, ranging from the common non-neuronopathic 
(type 1) variant to more severe manifestations with lethal neuro-
logical complications (type 2 and 3 variants) and extreme cases with 
abnormalities in skin permeability (so-called collodion babies)2. 
The marked phenotypic heterogeneity is only partly explained by 
differences in underlying mutations in the GBA gene. The hetero-
allelic presence of N370S GBA, the most frequent mutation in 
Caucasian individuals, protects against a neuronopathic manifes-
tation, whereas homozygosity for L444P GBA is associated with 
severe neurological symptoms2. Several studies have indicated that 
the relationship between GBA genotype and Gaucher phenotype 
is not very strict4. Even phenotypic heterogeneity among identical 
twins has been reported, suggesting that additional factors influ-
ence the in situ residual activity of GBA5.

Two treatments for Gaucher disease presently exist: enzyme 
replacement therapy and substrate reduction therapy. Enzyme 
replacement therapy is based on chronic intravenous administra-
tion of recombinant GBA (imiglucerase; trade name: Cerezyme)6,7. 
Substrate reduction therapy is based on chronic oral administra-
tion of N-butyldeoxynojirimycin, an inhibitor of the enzyme 
glucosylceramide synthase, which catalyzes the formation of 
glucosylceramide8,9. More recently, an alternative approach has 

received considerable attention, so-called chaperone therapy. 
Common in Gaucher patients are mutant forms of GBA that show 
impaired folding and retention in the endoplasmic reticulum, 
 ultimately resulting in elimination via the ubiquitin-proteasome 
system, a process known as ER-associated degradation (ERAD)10–15. 
Studies have investigated small compounds, designated ‘chemical 
chaperones’, that are able to increase the amount of GBA by sta-
bilizing and/or promoting folding of the enzyme. One extensively 
studied example is isofagomine (1), which is a potent competitive 
inhibitor interacting with the catalytic pocket16–20. Beneficial effects 
on the amount and lysosomal localization of mutant GBA forms in 
cultured cells have been reported for isofagomine, but the assays 
used to demonstrate increased degradative capacity have been quite 
artificial: cells are exposed to high concentrations of fluorogenic 
substrate at acidic pH (see, for example, ref. 17). It is not likely 
that exposing cells to low pH and millimolar concentrations of 
4- methylumbelliferyl β-D-glucopyranoside for a prolonged period 
reflects faithfully the in situ ability of the enzyme to degrade gluco-
sylceramide. Pharmacologic chaperones like isofagomine will only 
exert a positive clinical effect at a particular dose range: their concen-
tration should be sufficiently high to promote  folding of the enzyme 
in the endoplasmic reticulum to increase transport to lysosomes, 
whereas the concentration in lysosomes should also be sufficiently 
low to prevent marked inhibition of catalytic activity. The present 
lack of a suitable method for specific visualization of active GBA 
molecules is a major limitation in research on Gaucher disease and 
parkinsonism, as well as the development of new therapies. For this 
reason, we embarked on the development of such a method using 
activity-based labeling. The catalytic mechanism of GBA, a retaining 
glucosidase, has been elucidated in detail21,22. Briefly, unprotonated 
Glu340 in GBA performs the initial nucleophilic attack on the sub-
strate, forming a covalently linked  enzyme-substrate  intermediate. 

1leiden Institute of chemistry, leiden University, leiden, The Netherlands. 2department of medical biochemistry, Academic medical center, Amsterdam, 
The Netherlands. 3department of Pathology, Academic medical center, Amsterdam, The Netherlands. 4mass Spectrometry, Swammerdam Institute 
for life Sciences, Amsterdam, The Netherlands. 5department of cell biology and Histology, Academic medical center, Amsterdam, The Netherlands. 
6department of endocrinology and metabolism, Academic medical center, Amsterdam, The Netherlands. 7These authors contributed equally to this work. 
*e-mail: h.s.overkleeft@chem.leidenUniv.nl or j.m.aerts@amc.uva.nl

ultrasensitive in situ visualization of active 
glucocerebrosidase molecules
Martin d Witte1,7, Wouter W Kallemeijn2,7, Jan aten3, Kah-Yee Li1, anneke strijland2,  
Wilma e donker-Koopman2, adrianus M C H van den nieuwendijk1, Boris Bleijlevens2,  
Gertjan Kramer2,4, Bogdan I Florea1, Berend Hooibrink5, Carla e M Hollak6, roelof Ottenhoff2,  
rolf G Boot2, Gijsbert a van der Marel1, Herman s Overkleeft1* & Johannes M F G aerts2*

Deficiency of glucocerebrosidase (GBA) underlies Gaucher disease, a common lysosomal storage disorder. Carriership for 
Gaucher disease has recently been identified as major risk for parkinsonism. Presently, no method exists to visualize active 
GBA molecules in situ. We here report the design, synthesis and application of two fluorescent activity-based probes allowing 
highly specific labeling of active GBA molecules in vitro and in cultured cells and mice in vivo. Detection of in vitro labeled recom-
binant GBA on slab gels after electrophoresis is in the low attomolar range. Using cell or tissue lysates, we obtained exclusive 
labeling of GBA molecules. We present evidence from fluorescence-activated cell sorting analysis, fluorescence microscopy 
and pulse-chase experiments of highly efficient labeling of GBA molecules in intact cells as well as tissues of mice. In addition, 
we illustrate the use of the fluorescent probes to study inhibitors and tentative chaperones in living cells. 
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Epoxides like conduritol B  epoxide (2, CBE) and cyclophellitol (3) 
(Fig. 1) form first a  noncovalent inhibitor–enzyme complex that 
then reacts with the Glu340 carboxylate to form a covalent bond, 
thus acting as  irreversible inhibitors. Cyclophellitol resembles more 
closely the structure of glucoside substrates and is the more potent 
irreversible  inhibitor of the two23. We capitalized on this by grafting 
boron dipyrromethene (BODIPY) fluorophores on to the cycloph-
ellitol core (Fig. 1). We here demonstrate highly efficient labeling of 
GBA in situ by these probes and reveal their use in monitoring GBA 
activity in Gaucher fibroblasts.

reSUltS
Design and synthesis of activity-based probes
We synthesized cyclophellitol (ref. 24) and 8-deoxy-8-azidocycloph-
ellitol (4, KY170) (Fig. 1; for synthesis see Supplementary Results) 
and tested their inhibitory properties toward recombinant GBA 
(Genzyme). Cyclophellitol and its azido analog KY170 were found 
to be far more potent inhibitors of GBA than CBE. Click ligating 
BODIPY moieties to KY170 gave fluorescent inhibitors MDW933 (5) 
and MDW941 (6) (Fig. 1; for synthesis, see Supplementary Results). 
Examination of the inhibitory properties revealed that MDW933 and 
MDW941 were comparably potent as irreversible inhibitors, being 
markedly superior to CBE and even surpassing cyclophellitol and 
KY170. The apparent half-maximal inhibitory concentration (IC50) 
values of both fluorescent compounds (MDW933: IC50 = 1.24 ± 0.04 
nM; MDW941: IC50 = 1.94 ± 0.08 nM) were very similar, being about 
100- and 1,000-fold lower than those of cyclophellitol and KY170 
(IC50 = 0.15 ± 0.009 μM and 0.12 ± 0.004 μM, respectively) and 
CBE (IC50 = 9.49 ± 0.042 μM). We determined next the inhibition  
constants—the Ki (the equilibrium constant for initial binding), 
the rate constant (ki) and the relative rate constant ki/Ki—for CBE, 
cyclophellitol, KY170, MDW933 and MDW941 using a continu-
ous substrate release assay (see Supplementary Fig. 1 for progress 
curves). A general trend that we observed for the equilibrium con-
stant for initial binding was that increased hydrophobicity resulted in 
decreased Ki values (Table 1). Comparison of relative rate constants 
demonstrated that the fluorescent probes inhibited GBA 22-, 34- and 
4,300-fold better than KY170, cyclophellitol and CBE.

The affinity of MDW933 and MDW941 for GBA was unexpect-
edly high. For a better understanding of this finding, we performed 
molecular docking analysis using the GBA crystal structure (PDB: 
2V3E)25. The docking model revealed that at minimum free energy 
of the simulated enzyme–ligand complex, both fluorescent probes 
efficiently bound to the GBA active site. Tight fitting of the BODIPY 
moiety in a hydrophobic pocket near the position in the active site 
where the 6′-hydroxyl of its natural substrate would reside appears 
to contribute to the binding. In this orientation, the epoxide was 
positioned 3 Å away from Glu340, close enough to allow nucleo-
philic addition of the Glu340 carboxylate (Supplementary Fig. 2). 
The calculations yielded minimum free energy values that were 

 significantly lower for the hydrophobic fluorescent probes MDW933 
and MDW941 (−8.1 kcal mol−1 and −8.4 kcal mol−1) than for KY170 
(−5.2 kcal mol−1), explaining their superior inhibitory properties. 
Notably, when we compared the crystal structure of GBA (PDB: 
2VT0) with the modeled enzyme structure (PDB: 2V3E) with CBE 
or MDW933 (Supplementary Fig. 2), the cyclitol moiety did not 
completely overlap with that of CBE covalently bound to 2VT0. The 
intrinsic differences in structure coordinates between the crystal 
structures, as well as the comparison of the positioning of CBE and 
MDW933 before the prenucleophilic attack with the already cova-
lently bound state of CBE, could have caused this discrepancy. The 
presence of the latter was likely enough to physically alter the local 
protein structure.

In vitro labeling of GBA with the fluorescent ABPs
To examine labeling of recombinant GBA by MDW933 and 
MDW941, we incubated the enzyme for 30 min at 37 °C with mix-
tures of both probes at pH 5.2, with 0.2% (w/v) taurocholate and 
0.1% (v/v) Triton X-100, an optimal condition for enzymatic activ-
ity and activity-based labeling. After the incubation, we resolved the 
protein preparations with SDS-PAGE and analyzed the labeled pro-
teins by fluorescence scanning of the slab gel on a Typhoon Variable 
Mode Imager (Fig. 2a). Labeled recombinant GBA migrated at the 
expected mass of 57 kDa. At equimolar concentration of MDW933 
and MDW941 (100 nM), both probes bound the enzyme equally 
well. Thus, labeling of GBA with both probes was comparable, as 
expected given their similar inhibition constants. Boiling of the 
samples before electrophoresis had no impact on the detection of 
the fluorescently labeled protein on the slab gel, indicating that the 
probe was firmly attached. The presence of reducing agent also did 
not affect the covalent binding of the probes.

We determined the sensitivity of detection of labeled GBA by incu-
bating 2 pmol GBA with an excess of MDW933 (20 nmol at 1 mM 
concentration) for 1 h at 37 °C and subsequent titration of the amount 
applied on the gel (Fig. 2b). We could detect as little as 20 attomol 
GBA by fluorescence scanning. Next, we incubated equal amounts of 
GBA (2 pmol) for 30 min with decreasing amounts of MDW933 and 
applied all protein to a gel. Incubation with as little as 20 attomol of 
probe resulted in detectable GBA on the slab gel (Fig. 2b). Apparently, 
nearly all of the probe had been covalently bound to recombinant 
GBA, consistent with its high affinity for binding. These experiments 
indicated that ultrasensitive detection of GBA was feasible on slab gels 
following in vitro labeling with the fluorescent probes 5 and 6.

As a next step, we analyzed the site of binding of the probe on 
GBA using a competition assay. Prior to labeling with MDW933, we 
incubated recombinant GBA with 2 mM CBE for 30 min (Fig. 2c). 
Preincubation with CBE, shown via crystallography to bind Glu340 
(ref. 26), blocked labeling completely. Similarly, we also noticed 
competition with labeling by the competitive inhibitor AMP-
DNM (7) (Fig. 2c)27. These results from competition experiments  
indicated that indeed the probe was bound in the catalytic  center 
of GBA. We unambiguously identified the site of binding of KY170 
and MDW933 by mass spectrometry. Using tryptic digestion and 
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Figure 1 | Structures of isofagomine, CBe, cyclophellitol, Ky170, 
mDW933 and mDW941.

table 1 | Binding constants of the inhibitors
ki (min−1) Ki (μM) ki/Ki (μM−1 min−1)

cbe 2 0.217 ± 0.026 53 ± 10.8 0.004
cyclophellitol 3 0.078 ± 0.010 0.152 ± 0.026 0.514
KY170 4 0.035 ± 0.003 0.044 ± 0.007 0.794
mdW933 5 0.127 ± 0.024 0.007 ± 0.002 17.76
mdW941 6 0.208 ± 0.063 0.008 ± 0.003 25.10
Ki and ki values were calculated as described in the Supplementary results and methods and 
reported with s.e.m.
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LC-MS/MS, we detected active site fragments of GBA that showed 
a shift in mass coinciding with binding of KY170 to Glu340 
(Supplementary Fig. 3). A similar experiment with MDW933 
did not render detectable tryptic fragments of interest, most likely 
because the attachment of the hydrophobic moieties impaired ion-
ization. We circumvented this complication by treating GBA labeled 
with MDW933 with hydroxylamine before tryptic digestion. This 
released the probe from GBA and concomitantly converted the 
modified residue into a hydroxamic acid. The outcome of this 
experiment demonstrated that MDW933 also bound covalently to 
Glu340 (Supplementary Fig. 3).

Enzymatically active GBA molecules are a prerequisite for label-
ing with the probe, as demonstrated by the lack of labeling of GBA 
that had been denatured by boiling (Fig. 2c). The same conclusion 
could be drawn from the pH dependence of irreversible inhibition 
of GBA by the fluorescent probes. It exactly coincided with the pH 
profile of enzymatic activity toward 4-methylumbelliferyl β-D-
glucopyranoside (Fig. 2d).

labeling of GBA in cell and tissue extracts
To determine the labeling specificity of both fluorescent probes, we 
incubated homogenates of cultured cells and mouse tissues with  
100 nM green fluorescent MDW933 for 30 min at 37 °C and 
 analyzed the preparation with SDS-PAGE. In the case of homo-
genates of cultured RAW cells, fluorescence scanning showed 
exclusive labeling of GBA by MDW933. The various GBA forms, 
with molecular mass ranging 58–66 kDa owing to glycan differ-
ences, were visualized (Fig. 2e). With several other cell types such 
as HepG2 cells, COS cells and human fibroblasts, we obtained 
similar results (Supplementary Fig. 4). Furthermore, red fluo-
rescent MDW941 also labeled GBA selectively in RAW cells 
(Supplementary Fig. 4). It was striking that incubation of cell 
lysates with the probes did not result in fluorescent labeling of other 
cellular proteins. Furthermore, we observed very similar results— 
that is, highly specific labeling of GBA—using lysates of mouse 
tissues (Fig. 2f). Homogenates of mouse intestine were the only 
exception, most likely owing to labeling of high–molecular weight 
lactase and fragments thereof. Lactase (lactase-phloridzin hydro-
lase: LPH) is known to covalently bind CBE28, and we  therefore 
reasoned that MDW933 may also irreversibly inhibit lactase activ-
ity. This was indeed the case: incubation for 30 min with 1 mM 

of MDW933 resulted in ~90% inhibition of lactase activity. Next, 
we demonstrated that a high concentration of lactose (250 mM) 
reduced markedly (>90%) the labeling of the high–molecular 
weight protein in the intestinal fraction while leaving labeling of 
GBA practically unaltered (Supplementary Fig. 5).

In situ labeling of GBA in cultured cells
We investigated whether labeling of GBA in intact cells was also fea-
sible. For this purpose we added MDW933 or MDW941 to the cul-
ture medium at a concentration of 5 nM. At different time points, 
we harvested the cells and determined the GBA activity in the cell 
homogenates with artificial substrate (Fig. 3a). Even in intact cells, 
GBA was inactivated by both probes. Apparently, the more hydro-
phobic MDW941 could more easily reach intracellular GBA. It is 
presently not clear how exactly the probes enter cellular compart-
ments. It is unlikely that uptake occurred only by endocytosis, given 
the fast speed of labeling and its occurrence at low temperature at 
which endocytosis is blocked (Supplementary Fig. 6). Direct uptake 
of the probes, either by diffusion of the amphiphilic structures or by 
facilitation by transporters, seems most likely.

We studied in situ labeling of GBA in cells using fluorescence-
activated cell sorting (FACS) analysis. We first preincubated cells in 
the absence or presence of CBE and subsequently incubated the cells 
with a subsaturating or an excess amount of the green fluorescent 
probe 5. FACS analysis revealed dose-dependent fluorescent label-
ing of cells and no labeling above background in CBE pretreated 
cells (Fig. 3b). These positive results prompted us to analyze labeling 
of the cells with fluorescence microscopy (Fig. 3c–f). For this pur-
pose, we cultured fibroblasts for 2 h with 5 nM MDW941. We also 
detected GBA protein by indirect immunofluorescence using the 
specific anti-GBA monoclonal antibody 8E4 (ref. 29). Using multi-
spectral image analysis, we could specifically distinguish the respec-
tive fluorescent emission spectra (Fig. 3d–e) from autofluorescent 
background (Fig. 3c). The intracellular pattern of labeling with 
MDW941 showed an almost complete overlap with the detection of 
GBA by monoclonal antibody 8E4 using this method (Fig. 3f).

As probes with a hydrophobic BODIPY moiety might nonspecifi-
cally be retained in membranes, in particular the plasma membrane, 
we studied this possibility more closely. First, we cultured fibroblasts 
obtained from a Gaucher patient homozygous for the RecNCI GBA 
mutation (a mutation resulting in premature degradation of GBA by 
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the proteasome) with MDW941. In contrast to control fibroblasts, 
the patient’s cells did not show labeling in the lysosomal compart-
ment by MDW941 but only in the perinuclear area (Supplementary 
Fig. 7). As expected, immunofluorescence using monoclonal 8E4 
showed a lysosomal staining pattern for GBA in the control cells 
whereas RecNCI cells revealed staining for GBA in the cytosol, most 
likely because of high levels of ERAD and proteasomal  degradation 
in these cells. Next, we cultured wild-type fibroblasts for 16 h in 
presence of 3 mM CBE to irreversibly inhibit GBA molecules and 
block labeling. Subsequent culturing of the cells for 2 h with 5 nM 
MDW941, again in presence of CBE, rendered perinuclear red 
BODIPY fluorescence that was distinct from the autofluorescence. 
Control fibroblasts cultured with MDW941 in the absence of CBE 
revealed labeling in the lysosomal compartment largely overlapping 
with the autofluorescence (Supplementary Fig. 8). Finally, we syn-
thesized MDW1064 (8) and MDW1065 (9) as nonreactive analogs 
of probes MDW933 and MDW941 (see Supplementary Methods 
for structure and synthesis). These control probes did inhibit GBA 
in vitro with IC50 values of 41 and 95 μM, respectively. However, 
inhibition is presumably reversible. After culturing of fibroblasts for 
2 h with 5 nM control, MDW1065 resulted in hardly any detectable 
labeling. In the presence of CBE, MDW1065 only weakly labeled the 
fibroblasts, in a pattern that may suggest interaction with the cell 
membrane (Supplementary Fig. 8).

To show the versatility of the probes, we performed pulse-
chase experiments using cultured cells. For this purpose, we incu-
bated fibroblasts overnight with 10 nM red fluorescent MDW941. 
Subsequently, we treated the cells with 10 nM of the green fluores-
cent probe, harvested them at different time points (0–48 h) and 
subjected aliquots of cell homogenates to gel electrophoresis (see 
Fig. 3g for the lifecycle of GBA as visualized in this manner). It 
should be noted that GBA pulse labeled with the red fluorescent 
MDW941 disappeared gradually from the cells with an estimated 
half-life of about 30 h. The obtained half-life was consistent with 
the half-life determined previously using conventional pulse-chase 
labeling with radioactive methionine10. During the chase, GBA was 
increasingly labeled with MDW933, coinciding with formation of 
new GBA molecules (Fig. 3g).

We next studied the labeling of GBA by MDW941 in intact 
fibroblasts using time-lapse microscopy. Fibroblasts treated with 
the probe showed very rapid fluorescent labeling of lysosome-like 
structures (see Supplementary Video). With 5 nM MDW941, 
labeling reached a maximum within 15 min. Even after 100 h of 
exposure to the compound, cells did not show any signs of  apoptosis 
or  toxicity. Finally, we examined the possibility of labeling GBA in 
mice by intravenously administering 0.1 nmol green fluorescent 
MDW933 dissolved in phosphate-buffered saline to adult mice. 
As a control, matched mice received the buffer solution intrave-
nously. After 2 h, we killed the animals, prepared tissue extracts, 
labeled them with excess red fluorescent MDW941 to visualize 
unlabeled GBA and subjected them to SDS-PAGE (Fig. 4 shows the 
outcome of a typical experiment). In most tissues—here we show 
lung and liver—MDW933 already labeled a considerable propor-
tion of GBA (Fig. 4a). Consistently, in such tissues the probe also 
irreversibly inhibited a large proportion of GBA in the living mouse 
(see Fig. 4b). An exception in this respect was the brain (Fig. 4a), 
in which MDW933 apparently labeled almost no GBA in vivo and 
GBA was not inactivated. As observed earlier, intestinal fractions 
showed labeling of proteins of multiple molecular masses (Fig. 4a). 
In addition to GBA, MDW933 clearly labeled other proteins that 
occur in the intestine in the mouse.

Analysis of Gaucher materials
We investigated labeling of mutant GBA in fibroblasts from a normal 
individual and from Gaucher donors (a N370S GBA homozygote,  
a L444P homozygote and a RecNCI homozygote manifesting as col-
lodion Gaucher and almost entirely lacking GBA protein) by treating 
cell lysates with MDW933 (10 nM) for 1 h and subjecting these to 
SDS-PAGE. A comparison of cells from a normal subject and from 
a Gaucher donor homozygous for L444P GBA revealed that the 
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and residual activity was determined with 4-methylumbelliferyl β-d-
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cbe (0.3 mm) and incubated with 2 nm (brown line) and 10 nm (purple 
line) mdW933. (c–f) representative spectral imaging micrographs of 
cells labeled with mdW941. (c) Autofluorescence (white). (d) mdW941 
bodIPY fluorescence of GbA (red). (e) AlexaFluor488 fluorescence of 
GbA visualized with monoclonal Ab 8e4 (green). (f) overlay of d and e.  
In all pictures, nuclei are stained with dAPI (blue). Scale bar represents  
20 μm. (g) Pulse-chase experiment. cells were incubated overnight with  
10 nm mdW941 (pulse, upper panel) and then with 10 nm mdW933 
for the indicated time (chase, middle panel). lower panel: overlay of the 
pulse and the chase. because of the use of low concentration of mdW933 
during the first 8 h of the chase, incomplete labeling of newly formed GbA 
molecules was accomplished. For uncut gels see Supplementary Figure 12.
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amount of L444P GBA was markedly lower in the Gaucher donor 
(Fig. 5a). It is indeed known that L444P GBA undergoes largely pre-
mature degradation by ERAD as a result of impaired folding11. This 
phenomenon is far less striking in the case of N370S GBA10. Cells 
from a Gaucher donor homozygous for N370S GBA also showed 
reduced labeling of GBA but to a lesser extent than cells from a 
L444P homozygote (Fig. 5a). As expected, cells from the RecNCI 
collodion Gaucher did not show any labeled GBA (Fig. 5a). We 
obtained similar results by analysis of the fibroblast extracts using 
western blotting and the anti–human GBA antibody 8E4, although 
the detection limit of this method was far inferior (Fig. 5a).

It has been noted that the irreversible inhibition by CBE of 
N370S GBA is less strong than its inhibition of wild-type GBA20,30. 
We therefore determined inactivation curves of GBA activity in 
cells of a normal subject and a N370S GBA homozygote (Fig. 5b). 
Notably, MDW933 inactivated GBA activity in wild-type and 
N370S GBA cells quite similarly. Analysis of GBA in spleen from 
a Gaucher patient with solely N370S GBA resulted in a similar 
picture. Labeling of spleen lysates with variable concentrations of 
MDW933 again resulted in a lower amount of detected GBA protein 
in that tissue (Supplementary Fig. 9).

Impact of isofagomine on N370S GBA in cultured fibroblasts
It has been reported that for cells from N370S GBA homozygotes, 
prolonged incubation with isofagomine yields an increase in GBA 
activity31. The interaction of isofagomine with the catalytic pocket 
has been intensely studied, including at the level of crystals21. We 
therefore examined whether incubation of N370S GBA homo-
zygous fibroblasts with isofagomine increased the amount of GBA 
that can be labeled with fluorescent probes. We cultured cells for  
7 d with different concentrations of isofagomine (0, 10, 30 and 
300 nM) and subsequently incubated them for 2 h with or with-
out excess MDW941 in the presence of the original concentration 
of isofagomine. Determination of the activity of GBA in homoge-
nates of cells not treated with MDW941 using 4-methylumbelliferyl  
β-D-glucopyranoside as substrate revealed a modest isofago mine 
dose–dependent increase in enzyme activity (seen in Fig. 5c). 
Aliquots from the homogenates of cells labeled with MDW941 were 
subjected to gel electrophoresis, and the detected fluorescent GBA 
was quantified. Again we noted a modest dose-dependent increase 
(Fig. 5d), although less marked than the increase in in vitro enzyme 
activity in the homogenates. This discrepancy might be due to  
concomitant in situ stabilization of GBA by isofagomine in combina-
tion with competitive inhibition of enzymatic activity. We therefore 

investigated the effect of isofagomine on GBA activity in the intact 
cell using 5′-pentafluorobenzoylaminofluorescein-di-β-D-glucoside 
(FDG) as a substrate. Incubation of fibroblasts with various concen-
trations of isofagomine for 20 min, subsequent addition of FDG to 
the medium and quantification of the hydrolysis of FDG by FACS 
allowed determination of the IC50 value of isofagomine in intact 
cells32. The IC50 of isofagomine for hydrolysis of FDG was about  
1 μM (Fig. 5e). Apparently, isofagomine at concentrations >1 mM 
completely inhibited activity of GBA in intact cells. We studied the 
reversibility of isofagomine competition for the fluorescent active 
site labeling. For this purpose, we preincubated recombinant GBA 
attached to monoclonal antibody 8E4 immobilized to Sepharose 
beads for 15 min with increasing concentrations of isofagomine at 
pH 5.2 in the presence of taurocholate (0.2% w/v) and Triton X-100 
(0.1% v/v). Prior to labeling with MDW933 (10 nM for 15 min), we 
either washed or did not wash the bead suspension with the same 
buffer. Quantification of the labeled GBA on slab gel indicated that 
the competition of isofagomine for the active site was fully revers-
ible (Supplementary Fig. 10).

DISCUSSIoN
The need for a method allowing visualization of active GBA mol-
ecules in situ in living cells is evident. It is of importance to under-
stand better what the precise cell and tissue distribution of active 
GBA molecules is because this may render a better understanding 
of the pathogenesis of Gaucher disease. Moreover, demonstration of 
a true increase in active GBA molecules by tentative chaperones is 
of interest. At present the detection of GBA still relies on the use of 
antibodies that do not distinguish between active and inactive GBA 
molecules and can not label enzyme in intact cells. Our search for a 
suitable probe for activity-based labeling of GBA in situ has yielded 
the desired result. As starting point for the development of such a 
probe, we selected cyclophellitol, a known potent irreversible inhibi-
tor of GBA that forms a covalent adduct. Next we linked, via a spacer, 
hydrophobic BODIPY moieties to cyclophellitol. Serendipitously, 
this led to even more potent irreversible inhibitors. Molecular dock-
ing analysis suggested that interaction of the hydrophobic BODIPY 
moiety in MDW933 and MDW941 with a hydrophobic pocket at the 
surface of GBA guides the epoxide to a position close to Glu340. This 
effect may plausibly underlie the remarkable avidity of the two fluores-
cent compounds as activity-based probes. The labeling of GBA with 
the fluorescent probes MDW933 and MDW941 seemed to proceed 
exactly via the expected mechanism for cyclophellitol inhibition of a 
betaglucosidase33. We could indeed  demonstrate that labeling could 
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be blocked with CBE or KY170 and potent  competitive  inhibitors 
such as hydrophobic deoxynojirimycines could  compete away label-
ing. Labeling also required the folded enzyme and occurred propor-
tional to enzymatic activity at different pH.

The affinity of both probes for GBA is in fact quite notable: 
truly ultrasensitive detection of GBA molecules was obtained. The 
high affinity of the fluorescent probes for GBA offered the oppor-
tunity to label the enzyme very specifically. With cell or tissue 
lysates, exclusive labeling of GBA molecules was observed follow-
ing electrophoresis. In the case of homogenates of intestine alone 
we noticed labeling of other proteins, probably fragments of LPH 
known to covalently interact with CBE. The highly selective label-
ing of GBA is notable when taking into account the fact that GBA 
is a very low-abundance protein and constitutes <10−5 of all cellular 
or tissue protein29. Another favorable feature of these probes is their 
ability to enter various cellular compartments. It will be of interest 
to determine the precise mechanism(s) more closely, although it 
is already clear that cellular entry seems not to depend on endo-
cytosis. The entry of the probes into living cells allows their use 
in FACS analysis, and one can perform pulse-chase experiments in 
intact cells as we have demonstrated. Time-lapse microscopy con-
firmed that GBA can be labeled very efficiently in intact fibroblasts. 
We obtained no indications that fluorescent labeling of GBA was 
toxic to the cells. Initial experiments also indicated that in mice 
cellular GBA can be labeled with fluorescent  cyclophellitol-based 
compounds. Notably, the brain showed a different picture. Almost 
no brain GBA was labeled in mice upon intravenous admin-
istration of MDW933. This may suggest that MDW933 does 
not pass the blood-brain barrier or is actively removed from the 
brain by some P-glycoprotein. The fluorescence features of the 
green and red fluorescent probes are intrinsically suboptimal for  
in situ imaging of labeled GBA in tissues or whole animals.

The potential applications for the activity-based fluorescent 
probes MDW933 and MDW941 are substantial. They offer an alter-
native to antibodies, which are species-specific and can not reach 
compartmental GBA in intact cells. Moreover, in contrast to anti-
bodies, our probes uniquely label active GBA molecules. One tenta-
tive area of application of the fluorescent probes may be diagnosis of 
Gaucher disease, in particular the demonstration of low amounts of 
active GBA molecules in fibroblasts or blood cells of patients. This is 
helpful, as low amounts of active GBA molecules are usually associ-
ated with severe, neuronopathic Gaucher disease. Another area of 
application for these fluorescent probes may be found in the analy-
sis of compounds for their possible inhibitory or chaperone effects. 
As we demonstrated, the beneficial effect of isofagomine on N370S 
GBA in cultured fibroblasts could be confirmed with activity-based 
labeling. This finding is of importance as it implies that at an optimal 
concentration of isofagomine, occupation of the catalytic center by 
the competitive inhibitor is in situ sufficiently low to allow labeling 
by the fluorescent probe. In other words, at an appropriate concen-
tration isofagomine indeed increases GBA levels and intralysosomal 
enzymatic capacity. This finding for isofagomine is not entirely 
unexpected, as it has been proposed that at the low intralysosomal 
pH isofagomine interacts less well with β-glucosidases than at neu-
tral pH in the endoplasmic reticulum34. Our observations render 
support for the approach of chaperone therapy, although the dosing 
of drugs in patients to reach optimal (steady-state) concentrations in 
various tissues may prove to be a major challenge.

Our approach of selective detection of GBA molecules using 
fluorescently labeled irreversible inhibitors allows unprecedented, 
ultrasensitive in vivo monitoring of active enzyme molecules. It 
can be envisioned that the same approach is also feasible for other 
glycosidases, and another challenging perspective is the future use 
of the fluorescent probes in living animals. Two approaches can be 
envisioned. In the first approach the fluorescent probes are used to 
report on local GBA activity. In the second strategy, recombinant 

GBA is labeled with the fluorescent probe so that after adminis-
tration, trafficking of the construct can be monitored in a strategy 
that is related to another recently reported strategy that uses active 
site labeling of recombinant and purified GBA with a radiotag35. 
In conclusion, the reported fluorescent activity-based probes offer 
very versatile research tools to visualize active GBA, ultrasensitively 
and specifically. This accomplishment may be not only relevant for 
Gaucher disease but also for parkinsonism.

methoDS
See Supplementary Methods for the synthesis of the probes, the methods used to 
determine the binding constants, molecular docking studies, time-lapse micros-
copy and mass spectrometric analysis of GBA labeled with KY170 and MDW933.

General methods. Chemicals were obtained from Sigma-Aldrich if not other-
wise indicated. Recombinant GBA was obtained from Genzyme. Monoclonal 
anti- human GBA antibody 8E4 was produced from hybridoma cells as described 
 earlier36. Gaucher patients were diagnosed on the basis of reduced GBA activity 
and demonstration of an abnormal genotype37. Fibroblasts were obtained with 
consent from donors. Cell lines were cultured in HAMF12-DMEM medium 
(Invitrogen) supplied with 10% (v/v) FBS.

Enzyme activity assays. Activity of GBA was measured at 37 °C with 4-methyl-
umbelliferyl β-D-glucopyranoside as substrate as reported previously. To deter-
mine the IC50 value, the inhibitors were preincubated for 30 min with the enzyme 
before addition of the substrate mixture. The incubation mixture contained 3 mM 
fluorogenic substrate, 0.2% (w/v) sodium taurocholate and 0.1% (v/v) Triton X-100 
in 150 mM McIlvaine buffer, pH 5.2. After stopping the incubation with excess 
NaOH-glycine (pH 10.3), we measured fluorescence with a fluorimeter LS 30 
(Perkin Elmer) using λex 366 nm and λem 445 nm. Activity of lactase was quantified 
by measuring liberated glucose from lactase38. In vivo activity of GBA in cells was 
measured using FDG as substrate and FACS32.

Gel electrophoresis and fluorescence scanning. Electrophoresis in sodium 
dodecylsulfate containing either 7.5% or 10% polyacrylamide gels was performed 
as earlier described29. Wet slab gels were scanned on fluorescence using the 
Typhoon Variable Mode Imager (Amersham Biosciences) using λex 488 nm and λem 
520 nm (bandpass 40) for green fluorescent MDW933 and λex 532 nm and λem610 nM 
(bandpass 30) for red fluorescent MDW941.

Fluorescence microscopy and multispectral imaging. Fibroblasts were cultured 
on glass slides. Cells were incubated with MDW941 (5 nM) or control probe 
MDW1065 (5 nM) for 2 h. Next, cells were washed, fixed with 3% (v/v)  
paraformaldehyde in PBS for 15 min, washed and incubated first with 0.05%  
(w/v) saponine for 15 min, next with 0.1 mM NH4Cl in PBS for 10 min and then 
with 3% (w/v) bovine serum albumin in PBS for 1 h. Next, the slides were incu-
bated with anti-GBA monoclonal antibody 8E4 (1:500). Bound mouse monoclonal 
antibody was visualized with a secondary antibody conjugated with AlexaFluor488. 
Nuclei were stained with DAPI. Cells were examined using epifluorescence 
 microscopy (Leica DM5000B) with an HCX PL APO ×63 1.40–0.60 oil  
immersion objective. Filter blocks used were A4 (360/40 nm band pass  excitation, 
400 nm dichromatic mirror, 470/40 nm band pass suppression) for DAPI, L5 
(480/40 nm band pass excitation, 505 nm dichromatic mirror, 527/30 nm band 
pass suppression) for AlexaFluor488 and N2.1 (515–560 nm band pass excita-
tion, 580 nm dichromatic mirror, 590 nm long pass suppression) for MDW941 
and MDW1065. Analysis was performed with multispectral imaging using a 
Nuance N-MSI-420-20 camera with Nuance 2.10 software (Cambridge Research & 
Instrumentation). Data sets were acquired at 440–500 nm for A4, 500–580 nm for 
L5, and 580–720 nm for N2.1 filter blocks, each at 10 nm intervals. In each experi-
ment, nonlabeled control cells were imaged to define the autofluorescence spectral 
library. Spectral libraries for DAPI, AlexaFluor488 and MDW941 or MDW1065, 
each obtained from single-stained cells, were used to unmix the triple staining  
patterns into the individual components and separate these from autofluorescence. 
Nuance software was used to construct composite images.

Fluorescence-activated cell sorting. Fibroblasts were cultured in the presence or 
absence of 0.3 mM CBE overnight. Next, cells were incubated with MDW933  
(2 and 10 nM, for 300 min). Cells were suspended by trypsinization and analyzed 
by FACS using FACS Vantage (B.D. Bioscience), λex 488 nm, λem 530 nm (bandpass 
filter 30 nm).

Pulse-chase experiments. Fibroblasts were cultured overnight with MDW941 
(10 nM), after which they were extensively washed with PBS and incubated with 
MDW933 (10 nM). Cells were harvested at different time points; homogenates 
were prepared and subjected to SDS-PAGE. GBA labeled with MDW933 and with 
MDW941 were separately visualized using the Typhoon Variable Mode Imager 
with the above described settings.
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Labeling of GBA in live mice. Experimental procedures were all approved by the 
appropriate ethics committee for animal experiments. C57BI/6J mice were obtained 
from Harlan and fed a commercially available lab diet (RMH-B; Hope Farms). Two 
Npc1 BALB/c WT (+/+) mice were injected intravenously via tail vein, using a 
restrainer with 100 μl PBS or 100 μl 100 nM MDW933 dissolved in PBS. After 2 h 
of administration the mice were anesthetized with FFM mix (1 ml of fentanylcitrate, 
1 ml of midazalam and 2 ml of distilled water), and blood, urine and organs were 
collected and directly frozen in liquid nitrogen. Homogenates were made in 25 mM 
potassium phosphate buffer, pH 6.5, supplemented with 0.1% (v/v) Triton X-100 and 
labeled with MDW941 (100 nM). Homogenates were analyzed as described above.

Chaperone experiment using isofagomine. A cell line homozygous for N370S 
was cultured in HAMF12-DMEM medium (Invitrogen) supplied with 10% (v/v) 
FBS. Cells were cultured for one week with 0, 10, 30 and 300 nM isofagomine in 
the medium at confluency. In vitro activity: After one week, cells were scraped 
and lysed, and activity of GBA was measured at 37 °C with 4-methylumbelliferyl 
β-D-glucopyranoside as described above. The incubation mixture contained the cor-
responding concentration of isofagomine, 3 mM fluorogenic substrate, 0.2% (w/v) 
sodium taurocholate and 0.1% (v/v) Triton X-100 in 150 mM McIlvaine buffer, pH 
5.2. For in situ labeling, after one week, similarly treated cells were labeled with 10 nM 
MDW941 for 2 h. Cells were scraped and lysed, and 25 μg of cell lysate was subjected 
to electrophoresis in sodium dodecylsulfate containing 7.5% polyacrylamide gels. 
Fluorescence of GBA labeled with MDW941 was imaged as described above and was 
quantified using the supplied ImageQuant software (5.1). 
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