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Glycoside hydrolases (GHs) are a ubiquitous superfamily of 
enzymes that cleave the glycosidic bonds linking monosac-
charides to a diverse range of biomolecules. Humans express 

over 100 GHs, many of which are directly linked to monogenic 
human diseases, as well as chronic diseases of aging1. The develop-
ment of effective modulators of GH activity is consequently of inter-
est, but few small molecules targeting glycosidases have reached the 
clinic. This limited progress stems, in part, from there being few 
tools that enable a fundamental understanding of the regulation of 
these enzymes in physiologically relevant tissues, as well as for mea-
suring the inhibition of specific GH activities directly within disease 
models or patient tissues. Indeed, enzyme assays are still predomi-
nantly performed in vitro in the absence of cellular factors, which 
can hinder the basic understanding of these enzymes as well as the 
advancement of medicinal chemistry efforts2. Accordingly, there is 
a need for chemical tools that enable quantitative monitoring of GH 
enzymes in tissues.

Several chemical biology strategies have emerged from efforts 
aimed at filling this need, including activity-based probes that 
irreversibly label the targeted enzyme with fluorophores or affin-
ity tags. This approach can offer excellent sensitivity3–5, but also 
leads to enzyme inactivation, such that these tools report on active 
enzyme concentration rather than enzyme activity6. Another strat-
egy is to use substrate probes that detect enzyme turnover in live 
cells. Several fluorogenic substrates capable of monitoring GHs in 
live cells have been reported7. These include phenolate-based and 
reactive quinone methide-based probes8–10. However, although 
promising, these approaches have not yet proven broadly appli-
cable to quantitatively measuring GH activity in tissues. Moreover, 
such substrates generally show various limitations, including pH  

sensitivity of the reporter fluorophores11,12, a circumscribed ability 
to tune photophysical properties, potential irreversible inactivation 
of the enzyme due to release of promiscuous alkylating species or 
poor retention within cells6. There is a corresponding need for sub-
strates that can meaningfully and sensitively quantify the effects of 
subtle and diverse perturbations on enzyme activity within live cells.

One approach that circumvents several of these limitations is 
to create a fluorescence-quenched substrate probe, as reported for 
glucocerebrosidase (GCase)13. Although reasonably effective for 
GCase, this design involved modification of the pyranose itself 
and, accordingly, did not prove readily applicable to other GHs. 
Consequently, we have proposed a strategy that positions the fluoro-
phore and quencher pair in the aglycone, tethered together through 
a bis-acetal functionality (Fig. 1a,b)14. In this approach, enzymatic 
cleavage of the glycosidic bond liberates a hemiacetal, which spon-
taneously breaks down to separate the fluorophore and quencher 
pair. This approach, however, has not yet enabled the monitoring 
of enzyme activity in tissues, nor has it been shown to be generally 
applicable.

In this Article we seek to overcome the current limitations by 
developing cell-active bis-acetal-based substrates (BABSs) and 
exemplify their utility for monitoring two clinically relevant human 
GH enzymes from family GH27 of the CAZy classification system15. 
α-GALA is encoded by the gene GLA and is responsible for cleaving 
terminal α-galactose (α-Gal) residues from globotriaosylceramide 
and di-galactosylceramides (Fig. 1c)16–18. α-NAGAL is a closely 
related lysosomal enzyme (46% sequence homology) encoded 
by NAGA19 that hydrolyzes α-linked N-acetylgalactosamine 
(α-GalNAc) residues from mucin glycoproteins and glycolipids 
(Fig. 1c)20,21. In humans, mutations in the GLA and NAGA genes 

Quantifying lysosomal glycosidase activity within 
cells using bis-acetal substrates
Samy Cecioni   1,3,6, Roger A. Ashmus1,6, Pierre-André Gilormini1, Sha Zhu   1, Xi Chen1, 
Xiaoyang Shan1,2, Christina Gros1, Matthew C. Deen1, Yang Wang1,4,5, Robert Britton1 and 
David J. Vocadlo   1,2 ✉

Understanding the function and regulation of enzymes within their physiologically relevant milieu requires quality tools that 
report on their cellular activities. Here we describe a strategy for glycoside hydrolases that overcomes several limitations in 
the field, enabling quantitative monitoring of their activities within live cells. We detail the design and synthesis of bright and 
modularly assembled bis-acetal-based (BAB) fluorescence-quenched substrates, illustrating this strategy for sensitive quanti-
tation of disease-relevant human α-galactosidase and α-N-acetylgalactosaminidase activities. We show that these substrates 
can be used within live patient cells to precisely measure the engagement of target enzymes by inhibitors and the efficiency of 
pharmacological chaperones, and highlight the importance of quantifying activity within cells using chemical perturbogens of 
cellular trafficking and lysosomal homeostasis. These BAB substrates should prove widely useful for interrogating the regula-
tion of glycosidases within cells as well as in facilitating the development of therapeutics and diagnostics for this important 
class of enzymes.

NAtuRe CheMiCAl BioloGY | VOL 18 | MARCh 2022 | 332–341 | www.nature.com/naturechemicalbiology332

mailto:dvocadlo@sfu.ca
http://orcid.org/0000-0003-3169-9646
http://orcid.org/0000-0003-3352-1040
http://orcid.org/0000-0001-6897-5558
http://crossmark.crossref.org/dialog/?doi=10.1038/s41589-021-00960-x&domain=pdf
http://www.nature.com/naturechemicalbiology


ArticlesNATUrE CHEmiCAl Biology

can alter the folding, trafficking and downstream lysosomal activ-
ity of these GHs. Over 900 mutations in GLA are known, and 
partial or total loss of α-GALA activity within lysosomes can lead 
to glycolipid accumulation16, which in turn causes the X-linked 
lysosomal storage disorder known as Fabry disease17. Variants in 
the NAGA gene and downstream deficiency in α-NAGAL activ-
ity within lysosomes causes the autosomal recessive Schindler/ 
Kanzaki disease.

Although no treatment exists for Schindler/Kanzaki disease, 
enzyme replacement therapy is available to patients suffering 
from Fabry disease, but it requires lifelong intravenous injection 
of a recombinant enzyme, which is not always effective22. The 
recent regulatory approval of 1-deoxy-galactonojirimycin hydro-
chloride (DGJ or migalastat23; Fig. 1d) as an oral pharmacological 
chaperone therapy for Fabry disease provides an alternate treat-
ment24,25. Opening the door to pioneering pharmacological chap-
erone therapy for Schindler/Kanzaki disease, 2-acetamido-1,2
-dideoxy-galactonojirimycin hydrochloride (DGJNAc) was recently 
shown to function as a pharmacological chaperone for α-NAGAL 
mutants (Fig. 1d)21.

Pharmacological chaperones for GH enzymes improve their 
trafficking to lysosomes and increase their lysosomal activity26. This 
approach, however, enigmatically relies on using competitive inhibi-
tors to stabilize mutant enzymes within cells. Furthermore, the large 
number of mutations in GLA, coupled with the high variability in 
the severity of Fabry disease for any given pathogenic GLA muta-
tion27, makes early diagnosis of patients with Fabry disease cumber-
some. The current method involves in vitro evaluation of enzymatic 
activity from fibroblast lysates in combination with sequencing of 
the GLA gene28. Notably, these in vitro lysate assays report on aggre-
gate α-GALA activity in the absence of cellular factors, rather than 
on just lysosomal α-GALA activity, which may lead to overestima-
tion of lysosomal α-GALA activity and thereby contribute to the 
apparent complexity of the relationship between specific mutations 
and disease severity. Given these considerations, it would be useful 
to have methods to monitor α-GALA activity directly within the 
lysosomes of live cells, which would also enable measurement of the 
half-maximum inhibitory concentration (IC50) values of inhibitors 
and monitoring of the effect of candidate pharmacological chaper-
ones within a relevant physiological milieu.
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Fig. 1 | the BABS concept and lysosomal α-galactosidases. a, Glyco-BABS as reporters of glycosidase activity. b, Improved second-generation 
design through ‘decongestion’ of the BABS quaternary carbon. c, Gh27 galactosidase A (α-GALA) hydrolyzes terminal α-galactosides and Gh27 
N-acetylgalactosaminidase (α-NAGAL) hydrolyzes terminal α-N-acetylgalactosamine from glycoconjugates. d, Overlay of homologous human lysosomal 
enzymes (α-GALA in blue and α-NAGAL in yellow) in complex with the competitive inhibitors migalastat (cyan) and DGJNAc (yellow). PDB codes: 3S5Y 
(α-GALA) and 4DO4 (α-NAGAL).
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In this Article we address these needs, reporting on efficient 
cell-active glyco-BABS probes. We apply these substrates to clini-
cally relevant α-GALA and α-NAGAL enzymes, demonstrating how 
BABS probes can be used for quantitatively monitoring their activ-
ity within the lysosomes of live cells. We further show that these 
substrates enable the measurement of both residual enzyme activity 
in tissue from patients with various Fabry disease mutations as well 
as target engagement by inhibitors, the effects of pharmacological 
chaperones and impaired trafficking or perturbation of lysosomal 
homeostasis. We also underscore the potential of these sensitive 
and quantitative reporters of glycosidase activities as a concept with 
wider general utility.

Results
Synthesis of first-generation congested α-BABS substrates. We 
envisioned a bis-acetal substrate design in which the fluorophore 
would be appended to the aldehyde-bearing product. We reasoned 
that this approach should enhance retention of the fluorescent moi-
ety within cells29. To synthesize such an α-Gal-BABS probe we started 
by accessing α-vinylogous carbonate 7 through glycosylation of for-
mic acid and Wittig-type olefination, following methods to produce 
vinyl glycosides (Supplementary Information)14,30,31. Subsequent 
epoxidation of the conjugated olefin delivered epoxide 8, which we 
then opened under acidic conditions to yield bis-acetal 9. Sequential 
deprotection and conjugation with an EDANS (5-((2-aminoethyl)
amino)naphthalene-1-sulfonic acid) fluorophore and a DABCYL 
(4-(dimethylaminoazo)benzene-4-carboxylic acid) quencher pro-
vided the α-Gal-OH-EDANS BABS probe 11. Given the broad toler-
ance of glycosidases for various aglycon leaving groups we reasoned 
that both diastereomers of probe 11 should be similarly turned over. 
We then tested whether α-GALA and α-NAGAL could process this 
substrate. We observed turnover dependent on both enzyme and 
substrate concentrations, but the second-order rate constant was 
modest for both enzymes. Compared to the standard substrate 
4-methylumbelliferyl α-d-galactopyranoside, our BABS probe 
was turned over 14-fold and 18-fold more slowly by α-GALA and 
α-NAGAL, respectively (Supplementary Figs. 1a,b and 2). Although 
these data showed that the BABS design was compatible with these 
enzymes, we reasoned that improved turnover should deliver sub-
strates more suited to demanding live-cell imaging studies.

Second-generation α-BABS substrates are improved substrates. 
We hypothesized that reducing congestion at the quaternary cen-
ter proximal to the glycosidic bond could yield superior substrates 
(Fig. 1b). To prepare this sterically ‘decongested’ α-Gal-H-BABS, we 
used a Wittig-type olefination using ethyl 2-(tributylphosphoranyl
idene)-acetate, bromo-alkoxylation of the resulting olefin 12 using 
N-bromosuccinimide, followed by radical reduction of the bromide 
using tributyltin chloride, sodium cyanoborohydride and azobisiso-
butyronitrile (AIBN; Supplementary Information)32. Subsequent 
protecting-group manipulation and sequential coupling of the 
EDANS/DABCYL pair provided our desired α-Gal-H-EDANS 
substrate 1 (Fig. 2a). To generate the α-GalNAc probe, we devel-
oped an analogous route, except we used tolyl 2-azido-2-deoxy-1
-thio-d-galactopyanoside 16 as the glycosyl donor to yield α-formyl 
glycoside 17, which led, after catalytic hydrogenolysis and acetyla-
tion, to galactosaminide 18 (Supplementary Information). Using a 
similar sequence of reactions, we prepared α-GalNAc-H-EDANS 
probe 2 (Fig. 2b). Both BABS probes showed highly efficient fluores-
cence quenching (>99.5%; Extended Data Fig. 1). As a first step in 
characterizing these two substrates (1 and 2) we used a fixed concen-
tration of each (20 μM) with different concentrations of recombinant 
α-GALA and α-NAGAL and monitored time-dependent changes in 
fluorescence. Turnover of α-Gal-H-EDANS (Fig. 2c) was first order 
with respect to either α-GALA and α-NAGAL enzymes, indicating 
that both enzymes process this substrate. α-GalNAc-H-EDANS was 

only turned over by α-NAGAL (Fig. 2d). These observations are 
consistent with the structures of these enzymes, which suggest the 
N-acetyl group of α-GalNAc-H-EDANS would clash with Glu-203 
within the active site of α-GALA (Fig. 1d). Determination of the 
second-order rate constants for α-GALA (kcat/Km; Fig. 2e) revealed 
that replacement of the quaternary center of α-Gal-OH-EDANS 
by a methylene unit to yield α-Gal-H-EDANS increased these 
values by ~20 to 30-fold (Fig. 2g). These results indicate that ste-
ric ‘decongestion’ enhances processing of these substrates and that 
α-Gal-H-EDANS is a competent substrate for α-GALA and, to a 
lesser extent, α-NAGAL, whereas α-GalNAc-H-EDANS is selec-
tively turned over by α-NAGAL (Fig. 2f).

Monitoring of α-GALA and α-NAGAL activity in live cells. For 
cellular studies we generated both the ‘decongested’ α-Gal and the 
α-GalNAc probes bearing a TAMRA (TMR) fluorophore and black 
hole quencher 2 (BHQ-2), which have photophysics that are better 
suited for in-cell measurements. Our synthetic strategy was designed 
to yield late-stage bifunctional intermediates, making it possible to 
install commercially available chromophores in a straightforward 
manner (Fig. 3a and Supplementary Information). In vitro charac-
terization revealed efficient fluorescence quenching (Extended Data 
Fig. 1) and excellent stability toward spontaneous hydrolysis (pH 7.4 
and 4.5; Supplementary Fig. 5). Using recombinant enzymes, we 
monitored the evolution of fluorescence (Supplementary Fig. 6; 
partial hydrolysis over 60 min) and measured kinetic parameters, 
which proved consistent with those observed using the model 
EDANS-based substrates (Fig. 3a and Extended Data Fig. 2).

We next evaluated the ability of our probes to report on 
α-GALA and α-NAGAL activity in live cells using human neu-
roblastoma SK-N-SH cells. We incubated cells plated in 384-well 
format with either the α-Gal (α-Gal-H-TMR, 3) or α-GalNAc 
(α-GalNAc-H-TMR, 4) substrates in the presence of vehicle 
(dimethyl sulfoxide, DMSO) or the competitive inhibitors migala-
stat and DGJNAc. For the α-Gal-H-TMR probe, adding migalastat 
(50 μM) leads to near-complete absence of signal, indicating that 
turnover is enzyme-dependent (Fig. 3b) and that the probes are not 
spontaneously hydrolyzed within the acidic lysosomal environment. 
Incubation with the α-NAGAL inhibitor DGJNAc (50 μM) alone 
had no effect on the signal, indicating that α-Gal-H-TMR is not 
turned over by α-NAGAL within these cells. As expected, DGJNAc 
inhibited turnover of α-GalNAc-H-TMR (Fig. 3b). Interestingly, 
migalastat alone also partly reduced cellular α-NAGAL activity, 
most probably due to cross-inhibition of the α-NAGAL enzyme, as 
has been reported in vitro21. Additionally, we observed a high level 
of co-localization of α-GALA and α-NAGAL activities in cells with 
LysoTracker, with Pearson coefficients consistent with lysosomal 
processing of these substrates (Fig. 3c and Extended Data Fig. 3).

We then turned to examining the dose- and time-dependent 
turnover of α-Gal-H-TMR and α-GalNAc-H-TMR in SK-N-SH 
cells. For both substrates we observed a short lag phase followed by a 
steady-state increase in fluorescence that was linearly dependent on 
both dose and time (Fig. 3d and Extended Data Fig. 4). These data 
support that these BABS probes enable quantitative monitoring of 
both α-GALA or α-NAGAL activity in their physiological environ-
ment of live lysosomes. Importantly, we did not observe any toxicity 
from the release of the aldehyde-bearing fluorophore as measured 
by cell proliferation (Supplementary Fig. 7). Notably, the aldehyde 
on the arm bearing the liberated fluorophore probably contributes 
to the efficiency of the BABS design by increasing the cellular reten-
tion of the product (Extended Data Fig. 5) through reversible for-
mation of imine species29. This contrasts with the release of highly 
reactive alkylating species present in other designs, such as quinone 
methides8, and also addresses the key challenge of enabling signal 
stability that is needed for substrates to be readily used in a precise 
way for live-cell imaging.
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Glyco-BABSs enable determination of IC50 values in live cells. 
To evaluate the potential to quantitatively measure target engage-
ment in cells, we next determined the IC50 values of migalastat 
and DGJNAc in SK-N-SH cells. After incubation of the cells with 
these inhibitors, we added substrates (5 μM), acquired fluores-
cence images and calculated the relative enzyme activities as a 
function of inhibitor concentration (Fig. 4a,b). DGJNAc exerted 
no effect on the turnover of α-Gal-H-TMR, consistent with its 
inability to inhibit α-GALA. For migalastat we found an IC50 value 
of 2.1 ± 0.7 μM, which was unaffected (IC50 = 1.1 ± 0.4 μM) by the 
presence of DGJNAc (50 μM). When using α-GalNAc-TMR to 
monitor α-NAGAL, DGJNAc showed an IC50 value of 140 ± 30 nM 
and migalastat an IC50 value of 250 ± 100 μM. Interestingly, these 
results do not closely correlate with Ki values measured in vitro 
using recombinant enzyme. For inhibition of α-GALA by mig-
alastat in vitro, the Ki value is 40 nM (ref. 21). For inhibition of 
α-NAGAL by DGJNAc, an in vitro Ki value of 50 nM has been 
reported, whereas migalastat has a reported in vitro Ki value of 
1.5 μM (ref. 21). There are several reasons why these IC50 val-
ues measured for inhibitors within cells may be higher than the 
in vitro Ki values, including, for example, the limited permeability  

of migalastat or the lysosomal concentration of α-GALA being 
similar, or even greater than, the in vitro Ki value. Although not 
always readily predictable, it is generally thought that weakly basic 
polar amines tend to accumulate within lysosomes33. Nevertheless, 
it has been proposed that treatment of cells with concentrations 
of migalastat in excess of its in vitro Ki value for α-GALA results 
only in subinhibitory intra-lysosomal concentrations23,34. Given the 
lack of tools for in-cell measurements of activity, there is no pub-
lished data on live-cell lysosomal IC50 values for α-GALA inhibi-
tors, including migalastat. To address this question, we attempted 
to indirectly measure the IC50 of migalastat by measuring increases 
in the levels of Gb3 glycolipid in fibroblasts, which is the endog-
enous substrate of α-GALA. However, we were not able to reach a 
saturating effect on Gb3 levels without inducing cellular toxicity, 
which suggests an inhibitory half-maximum effective concentra-
tion (EC50) in the low-micromolar range (Supplementary Fig. 8). 
This conclusion is consistent with chaperoning experiments with 
migalastat that also revealed low-micromolar EC50 values for chap-
eroning to increase α-GALA levels35 and for reducing Gb3 levels in 
cells36. Overall, these collective data are consistent with the direct 
micromolar cell-based IC50 value we measure here. Regardless, 
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although reported in vitro data suggest that migalastat could show 
off-target effects through α-NAGAL inhibition21,35, our live-cell 
measurements indicate that the effective IC50 value of migalastat 

for α-NAGAL is over 100-fold higher than that of DGJNAc, and 
therefore clinically relevant concentrations of migalastat should 
have no effect on α-NAGAL within cells.
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Analysis thresholds and image intensity scales are reported in the Supplementary Information and Supplementary Fig. 20. Scale bars, 25 μm. In b–d, data 
are presented as mean values ± s.d. over three replicates (four fields per well, three independent wells per condition). *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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Glyco-BABSs quantify enzyme activity in patient fibroblasts. We 
next tested the ability of our probes to quantify enzymatic activity 
in live patient cells carrying known variants of the GLA gene. We 
examined wild-type (WT) fibroblasts, fibroblasts from two patients 
with Fabry disease carrying nonsense mutations that lack α-GALA 
activity (R220X and W162X), and those from a patient with a 
mutation (R301G) leading to reduced α-GALA activity. Using 
α-Gal-H-TMR we observed reduced activity in all three mutant cell 
lines (Fig. 5a and Fig. 6a, green bars). However, we noticed that the 
measured residual activity relative to WT fibroblasts (23 ± 3% for 
R220X, 42 ± 4% for R301G and 37 ± 3% for W162X) was incon-
sistent with the known absence of α-GALA in the cell lines carry-
ing the stop codon-introducing mutations (R220X and W162X). 
We hypothesized that, although α-Gal-H-TMR only reported on 
α-GALA in SK-N-SH cells, other cell lines with reduced levels of 
α-GALA may manifest different behavior. Indeed, when we used 
the α-NAGAL-specific inhibitor DGJNAc, we observed no turn-
over of α-Gal-H-TMR in R220X or W162X cell lines, consistent 
with α-NAGAL acting on this substrate within these cell lines. 
Furthermore, after adding DGJNAc, the R301G cell line showed 
14 ± 3% activity relative to WT (Fig. 5a and Fig. 6a, yellow bars), 
which is close to the level of residual α-GALA measured in these 
patient fibroblasts using the standard in vitro approach (22 ± 4% of 

WT; Supplementary Fig. 9). Strikingly, unlike in mutant cell lines, 
the addition of DGJNAc to WT fibroblasts had no effect on the 
turnover of α-Gal-H-TMR in WT cells. This observation suggests 
that the apparent selectivity of α-Gal-H-TMR may depend on the 
relative levels of α-NAGAL and α-GALA, and that in mutant cells 
where there is less α-GALA activity, α-NAGAL may simply contrib-
ute a significant fraction of cellular α-galactosidase activity. Finally, 
when using the α-NAGAL-selective substrate α-GalNAc-H-TMR, 
we observed that all four fibroblast lines showed comparable levels 
of α-NAGAL activity that was completely abolished by the addi-
tion of DGJNAc (Fig. 5a). Taken together, these data, along with the 
in vitro kinetics, support that DGJNAc can be used to selectively 
block α-NAGAL in cells and ensure that α-Gal-H-TMR reports only 
on α-GALA activity. Finally, treatment with a combination of mig-
alastat and DGJNAc resulted in complete blockade of α-Gal-H-TMR 
and α-GalNAc-H-TMR turnover in all fibroblast lines, supporting 
that these probes report only on these two enzymes.

Measuring inhibition and chaperoning in patient fibroblasts. We 
next turned to using α-Gal-H-TMR in fibroblasts from a patient 
with Fabry disease to evaluate the target engagement of migalastat in 
an inhibitory mode, as well as its ability to act as a pharmacological 
chaperone of mutant α-GALA. First, to assess inhibition, we treated 
the set of Fabry and WT fibroblasts with various concentrations of 
migalastat, in the presence of a constant concentration of DGJNAc to 
suppress α-NAGAL. We then added α-Gal-H-TMR and performed 
live-cell imaging to measure an in situ IC50 (Fig. 6b). After normal-
ization of the relative activity for R301G (Supplementary Fig. 10), 
we measured an IC50 value for migalastat of 0.95 ± 0.20 μM in WT 
fibroblasts, which is consistent with the value found in SK-N-SH 
cells, and an IC50 value of 0.14 ± 0.05 μM in R301G fibroblasts. We 
speculate that the IC50 value for R301G fibroblasts being lower than 
that observed for WT fibroblasts stems from the lysosomal concen-
tration of α-GALA being lower in the mutant fibroblasts yet still 
in the range of the in vitro Ki value (Ki = 40 nM). To test this idea 
we measured the levels of α-GALA in fibroblast lines using immu-
noblot and immunocytochemistry (Fig. 5b,c) and confirmed that 
its levels were reduced in R301G cells and nearly absent in W162X 
cells. In addition, immunocytochemistry of both α-GALA and the 
lysosomal marker GCase revealed impaired lysosomal localization 
of R301G mutant α-GALA (Extended Data Fig. 6a), in keeping with 
previous reports using other methods to show mislocalization of 
this mutant enzyme37. We hypothesized that the R301G α-GALA 
was not efficiently trafficked and was retained in the endoplasmic 
reticulum where it can be degraded by the endoplasmic reticulum 
associated degradation (ERAD) pathway, which was supported by a 
strong increase in α-GALA levels seen when we treated R301G cells 
with the proteasome inhibitor MG-132 (Extended Data Fig. 6b). 
Finally, digestion of α-GALA N-glycans using Endo H or PNGase 
F followed by immunoblotting revealed patterns that are consis-
tent with impaired localization and trafficking of R301G α-GALA 
from the endoplasmic reticulum to lysosomes (Extended Data Fig. 
6c). Taken together, these data support the perturbed trafficking of 
α-GALA mutants in Fabry disease23,37,38. Next, we quantified phar-
macological chaperoning in situ by treating fibroblasts with various 
concentrations of migalastat for four days and then washing the cells 
to remove the inhibitor. Subsequent incubation with α-Gal-H-TMR 
substrate, in the presence of DGJNAc to block potential α-NAGAL 
activity, revealed that the pharmacological chaperone had no appar-
ent effect on α-GALA activity in WT cells and nonsense variants 
(R220X and W162X; Fig. 6c). For R301G fibroblasts, however, we 
detected a threefold dose-dependent increase in lysosomal α-GALA 
activity (12 ± 2% of WT for vehicle-treated cells and 31 ± 6% of WT 
for 50 μM migalastat-treated cells), which is comparable to reports 
of chaperoning in R301G mutants performed using cell lysate assays 
(2.9-fold increase of activity from 19 to 57% of WT using 20 μM 
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migalastat in HEK293H cells transiently transfected by the mutant 
R301G GLA)39,40.

We next aimed to assess the potential for glyco-BABS tools to 
report on physiologically relevant measures of lysosomal enzyme 
activity that cannot be obtained using cell lysate assays. To do this 

we used the well-characterized small-molecule cellular perturbo-
gens brefeldin A (BFA)41 and monensin (MON)42, which act through 
distinct mechanisms to inhibit trafficking through the secretory 
pathway to lysosomes. We also used bafilomycin (Baf), which 
induces lysosomal deacidification43. Using these perturbogens,  
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we compared α-GALA activity in both WT and R301G fibroblasts, 
measured using either α-Gal-H-TMR in live cells or the standard 
cell lysate assay. Consistent with these perturbogens all impairing 
lysosomal function, live-cell imaging revealed α-GALA activities of 
38 ± 17% in MON-, 35 ± 14% in BFA- and 6 ± 2% in Baf-treated cells 
relative to vehicle-treated WT fibroblasts (Fig. 6d,e). By contrast, 
using the standard lysate assay, we observed a clear discrepancy with 
an overall increase of α-GALA activity for BFA- and MON-treated 
WT cells and a moderate decrease in Baf-treated WT cells. Within 
R301G fibroblasts (Extended Data Fig. 7) we observed near-complete 
absence of α-GALA activity in each of MON-, BFA- and Baf-treated 
cultures. Again, in contrast to the live-cell measurements, lysate 
assays using the R301G mutant line showed no effect from treat-
ment with BFA and MON, consistent with this mutant enzyme 
being retained in and mostly degraded during quality control in the 
endoplasmic reticulum, and decreased activity in response to Baf 
treatment, consistent with diminished activity due to deacidification 
of lysosomes. Measurements made using α-Gal-H-TMR in live cells 
therefore revealed that the standard lysate assays do not accurately 
reflect the impaired trafficking and decreased lysosomal activity of 
α-GALA that occurs using these perturbogens. This is because the 
lysate assays report on total cellular enzyme levels, including accu-
mulated enzyme that is mislocalized within the secretory pathway 
due to mutations, such as R301G, that destabilize the enzyme37,44 
and also by perturbogens that impair trafficking of the enzyme to 
lysosomes. Supporting these conclusions, immunocytochemis-
try co-localization and confocal microscopy experiments showed 
clearly impaired lysosomal localization of α-GALA in BFA-treated 
WT fibroblasts (Supplementary Fig. 11), which explains the higher 
levels of activity observed in the lysate assay (Fig. 6d) and is consis-
tent with α-Gal-H-TMR reporting on lysosomal α-GALA activity. 
Coupled with proteasome inhibition and endoglycosidase experi-
ments (Extended Data Fig. 6c), these data on endogenous α-GALA 
strengthen the literature findings on the accumulation and mislocal-
ization of this enzyme in Fabry disease45,46. Most importantly, these 
findings underscore the value of quantitative imaging of enzyme 
activity within their relevant cellular compartments when investi-
gating the effect of small molecules. Finally, the performance and 
efficient quenching of these probes (Supplementary Fig. 12) also 
allows direct real-time monitoring of activity in cells, as seen in the 
live-cell fluorescent data collected over the course of 90 min using 
the α-Gal-BABS probe that reveal the emergence of punctate fluo-
rescent signals (Supplementary Video Data). Taken together, these 
findings support that the glyco-BABS approach can deliver valuable 
tools for quantitation of α-GALA and α-NAGAL activity directly 
within mammalian live cells, thereby providing new quantitative 
insights into pharmacological chaperoning, target engagement and 
other chemical or genetic perturbations that might influence the 
activity of these enzymes within lysosomes.

Discussion
We have described the design and synthesis of decongested glyco- 
BABS substrates as versatile probes for monitoring glycosidases in 
living cells. The properties of these BAB substrates enable linear 
time- and dose-dependent measurement of lysosomal enzymatic 
activity, which is critical for allowing quantitative studies within 
cells—as exemplified here by measurement of the IC50 values of 
inhibitors, the impact of pharmacological chaperones and the 
effects of perturbing cellular physiology. More specifically, these 
α-configured fluorescence-quenched substrates permit the first 
direct measurements of α-GALA and α-NAGAL activity within the 
lysosomes of live cells, with a precision comparable to simplistic cell 
lysate assays39. Indeed, current in vitro cell lysate assays for deter-
mining α-GALA activity in cells from patients with Fabry disease 
require multiple steps of manipulation and normalization28. Adding 
to this cumbersome process, in vitro lysate-based measurements 

of α-GALA do not cleanly report on the physiologically relevant 
lysosomal activity of this enzyme. Indeed, as we illustrate here, such 
lysate-based assays report on total active enzyme present through-
out the entire secretory pathway and, because of their disruptive 
nature, lysate assays do not capture the effects of modifiers of enzy-
matic activity found within lysosomes.

Cellular systems manifest appreciable variability in phenotypes, 
arising, for example, from the extent of cell–cell contacts and stage 
in the cell cycle. Such variability doubtless extends to the activity of 
lysosomal enzymes. For this reason, collecting multiple replicates of 
unbiased data, as done here, is needed to obtain statistically mean-
ingful data on the activity of enzymes within cells. The ability to 
use glyco-BABS substrates reliably in a 384-well microplate format 
is therefore an appealing aspect of their utility. The image-based 
analyses used here also therefore present opportunities to inter-
rogate the extent of biological variability in the cellular activity of 
enzymes, which is a little explored topic of interest47. Because the 
products arising from hydrolysis of glyco-BABS substrates are well 
retained within lysosomes, multicolor imaging in conjunction with 
other small molecule or genetically encoded subcellular markers 
could be used to directly interrogate the lysosomal distribution of 
α-GALA and α-NAGAL and, ultimately, other lysosomal glycoside 
hydrolases.

We also foresee that substrates enabling accurate quantita-
tive measurement of enzyme activity in live cells will become 
increasingly common for diagnostics and advancement of person-
alized medicine approaches. In this regard, the glyco-BABS strat-
egy offers a physiologically relevant cell-based assay that can be  
used in the advancement of research into Fabry and Schindler/
Kanzaki diseases. The image-based nature of this approach holds 
particular appeal for the characterization of α-GALA activity 
in tissues from female heterozygous patients where random X  
inactivation leads to mosaic tissues, where some cells have  
normal activity but other cells lack activity16,17. These substrates 
should enable clinicians to investigate cellular factors that might 
account for the poor correlation between GLA mutations and Fabry 
disease severity27. They should also prove useful in aiding the devel-
opment of new therapeutics by permitting one to assess whether 
mutant enzymes are amenable to pharmacological chaperone thera-
pies as well as monitoring the efficacy and persistence of enzyme 
replacement48,49 and emerging gene therapy strategies50. The direct 
nature of the readout provided by these assays will permit assess-
ment of candidate therapeutics as well as allow high-throughput 
cell-based screening against libraries of known bioactive com-
pounds, which may enable drug repurposing. Insofar as the ver-
satility and the live-cell capabilities of the glyco-BABS strategy 
are now established, we expect that the development of additional 
BABS probes targeting other glycosidases should have broad impact 
on both fundamental and translational research. Finally, we antici-
pate that analogous bis-acetal substrates can ultimately be applied 
more generally to interrogate other families of hydrolases.
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Methods
In vitro fluorescence measurements and kinetics. Recombinant human α-GALA 
and α-NAGAL were purchased from R&D Systems (cat. no. 6146-GH and 
accession no. P06280 for α-GALA; cat. no. 6717-GH and accession no. P17050 
for α-NAGAL). In vitro kinetic assays were carried out in 50 mM citrate + 50 mM 
NaCl buffer (pH 4.6) supplemented with 0.5% DMSO. For endpoint assays with 
4-methylumbelliferyl α-d-galactopyranoside, the reaction mixture was quenched 
with 1 M glycine–0.5 M NaOH (pH 10) after 20 min of incubation with the 
GH. All assays with the glyco-BABS probes were carried out using continuous 
monitoring of fluorescence. Kinetic measurements were performed using a Neo2 
microplate reader (BioTek). Excitation and emissions wavelengths were set to ex/
em 375/450 nm for 4-methylumbelliferone, 340/490 nm for EDANS (gain 125) and 
545/590 nm for TMR (gain 75) with a 20-nm bandwidth. All kinetic assays and 
endpoint fluorescence measurements were carried out in 384-well plates (Nunc, 
262260). For continuous assays with the various glyco-BABS probes, fluorescence 
was monitored at 30 °C over 1 h with reads every 2 min. Measurement height was 
set to 8 mm. Data were background-subtracted (no enzyme) for enzyme titrations 
with a constant concentration of glyco-BABS. Fluorescence increase rates were 
determined using the Gen5 software and converted to reaction rates using standard 
curves and inner-filter effect (IFE) correction when warranted. Second-order rate 
constants were determined by plotting initial rates versus substrate concentrations 
and linear regression through zero (GraphPad Prism).

Standard curves for each fluorophore were established by measuring the 
fluorescence of a series of dilutions of fluorophores (twofold, 11 dilutions 
from 10 μM) in the corresponding buffer. Fluorescence quenching efficiencies 
were measured by comparing the fluorescence of different concentrations of 
fluorophores standards (EDANS and TMR) with the residual fluorescence of 
similar concentrations of the intact glyco-BABS probes. Plotting and linear 
regression were used to determine quenching efficiencies for each substrate probe.

Characterization of IFE for glyco-EDANS BABS probes was carried out 
by measuring the fluorescence of EDANS (1 μM) in the presence of various 
concentrations of intact substrate probes (twofold dilutions from 100 to 0 μM). 
Measurements were carried out using the same instrumentation and parameters 
as described above. Comparison of the fluorescence of EDANS alone or in the 
presence of a defined concentration of the glyco-BABS was used to calculate 
the quenching percentage by IFE and to apply correction factors for each 
concentration of BABS probes during enzymatic assays.

For time-course emission scans, fluorescence data were obtained by incubating 
recombinant glycosidases (20 nM) with probes 3 and 4 (10 μM) in buffer 
supplemented with 0.5% DMSO (GALA buffer: 50 mM citrate + 50 mM NaCl 
buffer, pH 4.5; NAGAL buffer: 100 mM citrate + 200 mM NaCl buffer, pH 4.5) in 
a 384-well plate (Nunc, 262260). Fluorescence was continuously monitored at 
34 °C over 1 h with reads every 6 min using a Neo2 microplate reader (BioTek). 
Excitation was set to 530 nm and the emission scan was set from 550 to 630 nm 
with reads in increments of 1 nm. Measurement height was set to 4.8 mm with a 
gain of 100.

pH stability. Stability was measured by incubating probes 3 and 4 (6.25 μM) 
in 50 mM citrate + 50 mM NaCl buffer (pH 4.5) and PBS (pH 7.4) in a 384-well 
plate (Nunc, 262260). Plates were sealed using microplate sealing tape (Corning, 
CLS6569) and incubated at 37 °C. Before each read (1, 4 and 12 h), the 384-well 
plate was cooled (left at room temperature for ~5–7 min), centrifuged (100g for 
1 min), and the sealing tape removed. After each read, the plate was resealed and 
placed in an incubator. Fluorescence was measured using a Neo2 microplate reader 
(BioTek). Excitation and emission wavelengths were set to 550/590 nm with a 
height of 8.0 mm and gain of 100.

Cell culture. All cells were cultured at 37 °C in a humidified incubator with 5% 
CO2 using standard procedures. Briefly, SK-N-SH cells (ATCC) were cultured in 
EMEM (ATCC) supplemented with 10% FBS (Gibco) and pen/strep antibiotics 
(Bioshop). Cells were expanded in T175 flasks or 150-mm Petri dishes and 
the medium was changed every two to four days until cells reached 80–90% 
confluency. For each passage, cells were washed with warm PBS, treated with 
the minimal volume of trypsin/EDTA, incubated for 3–5 min until cells were 
fully detached, and resuspended in medium containing FBS. Cells were counted 
using a Bio-Rad Automated Cell Counter TC20 with Trypan Blue (Gibco), and 
either split into a new flask for subculturing (1:4 to 1:5 dilution) or plated in 
96- or 384-well plates for treatments and imaging. Fibroblasts from patients with 
Fabry disease were obtained from the Coriell Institute. Fibroblasts were received 
fresh in T25 flasks at passage P7 for WT (cat. no. GM02770), P9 for W162X (cat. 
no. GM00107), P13 for R301G (cat. no. GM00882) and P13 for R220X (cat. no. 
GM02769). Fibroblasts were acclimatized overnight and subcultured according 
to Coriell’s recommendations. All fibroblast lines were cultured and expanded in 
EMEM supplemented with 15% FBS and pen/strep antibiotics and GlutaMAX. 
For subculturing, fibroblasts reaching 90% confluency were rapidly washed 
with 0.53 mM EDTA in PBS before being detached with trypsin/EDTA. After 
resuspension in EMEM + 15% FBS, cells were counted and either subcultured or 
plated for treatments and imaging. All experiments with patient fibroblasts were 
carried out with cells having a passage number between P9 and P20.

Live-cell assays. After counting, the concentration of cells was adjusted using 
the corresponding culture medium. The cell suspension was then plated in 96- 
or 384-well plates for treatments and imaging (Corning 4680 or 4681 plates). 
Dispensing of cells (30 to 45 μl) was performed using a multichannel pipette or a 
Thermo MultiDrop instrument. Depending on the duration of treatments, between 
2,000 and 4,000 cells were dispensed per well. Plates were centrifuged and placed in 
a humidified incubator overnight. In a typical experiment, treatments (inhibitors/
chaperones) were prepared and diluted (Opti-MEM) in a 96-well mixing plate 
and added (3–5 μl) in the cell-containing plate. For each condition, at least three 
wells were treated (three to six replicates). On the day of imaging, the glyco-BABS 
solutions were prepared in Opti-MEM containing Hoechst 33342 (1:1,000) and 
10% DMSO. Glyco-BABS solutions were added to the cell plate (3–5 μl) and 
incubated for 1–3 h. For time-course and dose responses, various concentrations of 
glyco-BABS were added at different intervals and the whole plate was washed and 
imaged at once. All live-cell imaging was performed after a wash cycle (unless stated 
otherwise) using a BioTek EL406 washer-dispenser: cells were washed three times 
with 60 μl of live-cell imaging medium (HEPES 20 mM, pH 7.4, NaCl 140 mM, KCl 
2.5 mM, CaCl2 1.8 mM, MgCl2 1 mM, supplemented with 1 g l−1 glucose, 100 U ml−1 
penicillin and 100 μg ml−1 streptomycin). Before imaging, 45 μl of live-cell imaging 
medium supplemented with 10% FBS was dispensed in all wells. The plate was then 
centrifuged and, in some cases such as for in situ IC50, the treatments (vehicle or 
inhibitors) were added back to the cell plate. For chaperoning experiments, the cells 
were incubated for up to four days after treatments with various concentrations 
of the pharmacological chaperone. Cells were then washed four times, fed with 
fresh medium, incubated for 2 h and washed four times again. After adding 
fresh medium, DGJNAc was added in all wells and cells were treated with the 
α-Gal-BABS according to the procedure described above.

Image acquisition. Imaging of live cells was performed using an ImageXpress 
Micro XLS high-content imager (Molecular Devices) connected to environmental 
control (37 °C, 5% CO2 bubbling). Image acquisition was carried out using a ×40 
objective (correction collar set at 0.13). For each well, four to six sites (regions of 
interest) were imaged using the DAPI and TRITC channels. Before acquisition, 
the focus was adjusted for both the DAPI and TRITC channels and set to adjust 
on plate and well bottom. Exposure times were set at 50 ms for the DAPI and 
300–500 ms for the TRITC channel, depending on the concentration and brightness 
of the probe. For acquisition of video data, imaging was performed directly after 
α-Gal-BABS-H-TMR addition to the cells (1 µM final), without any incubation time 
nor washing steps. Exposure times were set at 50 ms for the DAPI and 1,000 ms for 
the TRITC channel. After selecting a representative field for both WT (GM#02770) 
and W162X (GM#00107) fibroblasts, one image was acquired every minute over the 
course of 90 min, allowing the real-time imaging of GalA activity from 15 to 105 min 
post-substrate incubation. Video was generated and exported using the MetaXpress 
software suite (30 FPS) and subsequently edited using VSDC video editor.

Image analysis. Following acquisition, images were analyzed using the MetaXpress 
software suite. Data were analyzed in batches using the Multiwavelength Cell 
Scoring module. Nuclei were detected using the DAPI channel and analyzed 
using a 5/50-μm constraint (min/max width) and a 1,000 gray-level minimal 
intensity above background. TMR fluorescence was analyzed from the TRITC 
channel image using a 0.1/1-μm constraint (min/max width) and various minimal 
intensities above background (500–3,000 gray-level threshold). For each region of 
interest in each well, this analysis module returned the mean integrated intensity 
for the TRITC channel and the number of cells. After combining sites, we 
generated the integrated intensity normalized by the number of cells for each well 
and transformed these data to percentage of activity using positive and negative 
controls (vehicle and inhibited). After performing the data analysis at various 
threshold values, the data were examined to select the appropriate threshold. 
Typically, the selection of analysis threshold was based on four criteria: (1) signal/
background (vehicle/inhibited controls) above 10, (2) high signal/noise (probe/
no probe controls), (3) high Z′ value for the plate and (4) minimal non-lysosomal 
signal through visual inspection of the analysis mask. In 384-well plates, controls 
were placed on each side to calculate the Z′ value and verify that the data were 
robust across the plate. Importantly, all wells across a plate were applied the same 
intensity scaling and analysis threshold (including controls). For each relevant 
panel, the following analysis thresholds (gray levels for the TRITC channel) were 
used: Fig. 3b (1,500 for α-Gal-H-TMR and 3,000 for α-GalNAc-H-TMR), Fig. 3d  
(1,000), Fig. 4a (1,000), Fig. 4b (1,000), Fig. 6a (1,000), Fig. 6b (1,000), Fig. 6c 
(1,000), Fig. 6d and Extended Data Fig. 7 (500). Data were then analyzed and 
plotted using Microsoft Excel and GraphPad Prism. Images included in this report 
are scaled (16 bit) according to the following gray-level values: Fig. 3d (DAPI, 500 
to 6,000; TRITC, 4,000 to 12,000), Fig. 4a (DAPI, 500 to 10,000; TRITC, 2,500 to 
4,500), Fig. 4b (DAPI, 500 to 10,000; TRITC, 3,000 to 5,500 for DGJNAc and 3,500 
to 7,000 for migalastat), Fig. 5 (DAPI, 500 to 6,000; TRITC, 1,500 to 6,000 for 
α-Gal-H-TMR and 2,000 to 10,000 for α-GalNAc-H-TMR) and Fig. 6e (all panels; 
DAPI, 250 to 1,500; TRITC, 200 to 3,000).

Immunocytochemistry. For immunocytochemistry experiments, fibroblasts were 
seeded in a six-well plate containing a 10-mm round sterile coverslip and incubated 
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at 37 °C overnight according to the above procedure. The next day, cells were 
treated with vehicle (DMSO) or 100 nM BFA for 16 h. Following the treatment, 
cells were washed with PBS (3 × 1 ml), incubated with ice-cold MeOH (1 ml per 
well, 10 min, on ice), washed again with PBS (3 × 1 ml) and incubated with 1 ml of 
5% BSA (wt/vol) in PBS. Medium was removed from the wells and 150 µl of anti 
αGalA antibody (rabbit, Abcam ab1683341, 20 µg ml−1 in BSA 2.5% (wt/vol) in 
PBS) and/or anti GCase antibody (mouse, RnD MAB7410, 20 µg ml−1 in BSA 2.5% 
(wt/vol) in PBS) were added on top of each coverslip before overnight incubation at 
4 °C. The next day, primary antibody was washed away (200 µl PBS, 3 × 4 min), cells 
were incubated with a solution of secondary rabbit antibody Alexa488-conjugated 
and/or secondary mouse antibody Alexa568-conjugated for 1 h at room 
temperature. Cells were subsequently washed with PBS (200 µl, 3 × 4 min) before 
being mounted on microscopy slides with 6 µl of Vibrance antifade mounting 
medium with DAPI (Vectashield, H-1800). Slides were then kept at 4 °C before 
being imaged using a Zeiss AiryScan inverted confocal microscope with a ×63 oil 
lens. Acquisition was performed using Nikon Elements 4.2. For some experiments, 
immunocytochemistry was imaged using an ImageXpress Micro XLS high-content 
imager (Molecular Devices). To that end, cells were seeded in 96-well plates 
(Corning 4680), treated and stained as described above.

Immunoblot analyses. Fibroblasts were grown up to 90% confluency in 150-cm 
dishes (following the growing procedure described in the section on Cell culture). 
When the desired confluency was reached, cells were treated for 4 h with vehicle 
(DMSO) or 2 µM MG-132 for 16 h. Directly following the treatment, cells were 
washed twice with PBS, and scraped in 300 µl of a 2% SDS solution in PBS. Cells 
were collected in 1.5-ml microcentrifuge tubes and kept at 4 °C overnight. The cells 
were then sonicated and the concentration was determined with a NanoDrop One 
instrument. Cell lysates were subsequently flash-frozen and stored at −20 °C for 
further use. Endoglycosidase H (Promega, V4871) and PNGase F (Promega, V4831) 
were used according to the supplier instructions. Final mixes were incubated for 
4 h at 37 °C. Laemmli buffer (5×) was added into the mixture and each sample was 
heated at 95 °C for 5 min. The samples (20 µg per lane) were then resolved on 4–15% 
Mini-Protean TGX Precast protein gel (Bio-Rad). The proteins were transferred 
onto a nitrocellulose membrane (wet transfer, 100 V, 1 h), then the membranes were 
incubated with a Ponceau Red solution to assess transfer and loading homogeneity. 
After a quick washing step with PBS-T, the membranes were incubated for 1 h with 
5% BSA (wt/vol) in PBS-T. Anti GalA antibody (Abcam ab1683341, 0.5 µg ml−1) 
and anti actin antibody (Santa Cruz, sc-8432, 15 µl) were added overnight at 4 °C. 
Membranes were washed with PBS-T (4 × 7 min), treated with IRDye 680LT and 
IRDye800CW secondary antibodies against rabbit and mouse respectively (Li-Cor), 
washed with PBS-T (4 × 7 min) and imaged using a Li-Cor Odyssey system.

Confocal microscopy for co-localization experiments. SK-N-SH human 
neuroblastoma cells were obtained from ATCC and cultured in EMEM (ATCC) 
containing 10% FBS (Gibco) at 37 °C under 5% CO2. These cells were seeded in 
35-mm MatTek glass bottom dishes at a density of 100,000 cells per 2 ml. After two 
to three days, when cells reached ~50% confluence, cells were washed three times 
with the imaging medium MEM without phenol red (Gibco), then α-Gal-H-TMR 
was added into the dishes at 10 μM in 2 ml of imaging medium and the cells 
were incubated for 1 h. For α-GalNAc-H-TMR, cells were treated the same as for 
α-Gal-H-TMR, except the cells were incubated with the substrate for 0.5 h. After 
substrate incubation, the cells were washed again with imaging medium three 
times, then incubated for 15 min before imaging in imaging medium containing 
1:10,000 Hoechst (Life Technology) and 1:20,000 LysoTracker Green DND26 (Life 
Technology). All images were acquired by a Nikon A1R confocal system with 
Nikon Eclipse Ti inverted microscope using a Plan Apo ×60 oil objective (NA 
1.4). DAPI, FITC and Texas Red channels were used for Hoechst, LysoTracker 
and substrates, respectively. For experimental controls, we used dishes without 
substrates and dishes containing substrates but pre-treated for 2 h with the 
corresponding inhibitors (50 μM migalastat for α-GALA and 10 μM DGJNAc for 
α-NAGAL). For quantification of the co-localization, Fiji (ImageJ v.1.52) was used 
with the co-localization plugin. The Pearson’s correlation coefficients between 
LysoTracker and α-Gal-H-TMR or α-GalNAc-H-TMR were measured using 
three regions of interest per image. To verify that no random co-localization was 
measured, the Costes test was also performed, which randomizes one image by 
moving point spread function (PSF) sized chunks of the image and analyzes the 
Pearson’s correlation coefficient between the randomized image and the original 
image. Using the Costes test, no randomized co-localization was observed.

Lysate assay. Wild type (#GM02770) and R301G (#GM00882) fibroblasts were 
seeded in 100-mm plates (200,000 cells per plate) and grown for three days 

before the medium was changed and replaced by fresh medium with or without 
perturbogens (4-h treatment). After treatment, the cells were washed twice with 
PBS and 4 ml of trypsin/EDTA was added. Following detachment of all cells and 
addition of 4 ml of PBS, the cells were centrifuged (250g, 5 min), the supernatant 
discarded and the pellets were kept at −80 °C. For analysis, each pellet was 
resuspended in 300 µl of cold lysis buffer on ice (Na2HPO4 0.2 M, citrate 0.1 M, 
pH 4.6, containing 0.5% Triton X100 and protease inhibitors). After 1 h at 4 °C, 
lysates were clarified by centrifugation (15,000g, 20 min, 4 °C). The α-GALA 
activity assay was performed in a 96-well plate. Reactions were performed for 
each condition in triplicates as follows: lysate (20 µl), N-acetyl-d-galactosamine 
(100 mM) and 4-methylumbelliferyl α-d-galactopyranoside (5 mM) were mixed 
in lysis buffer containing 1% DMSO and protease inhibitors (final volume, 100 µl 
per well). The plate was then incubated at 37 °C for 1 h until the reaction was 
quenched by the addition of 300 µl per well of stop solution (glycine 1 M, NaOH 
0.5 M, pH 10). Subsequently, 4 × 50 µl of each well was transferred into a 384-well 
plate for technical replicates and fluorescence was measured on a BioTek Synergy 
neo2 plate reader (λex, 380/20 nm; λem, 440/20 nm). The 4-methylumbelliferyl 
α-d-galactopyranoside background signal was subtracted, and the results were 
normalized as a function of the total protein titration in the lysates (Bradford 
assay). Activity in the treated samples was expressed as the percent of relative 
controls activity.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this Article.

Data availability
The data that support the findings of this study are not deposited owing to the large 
amount of image-based data from 384-well microplates. All data are available from 
the corresponding author upon reasonable request. Source data are provided with 
this paper.
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Extended Data Fig. 1 | Fluorescence Quenching of the Glyco-BABS probes. Comparison of the fluorescence of the fluorophores alone versus the same 
concentration of the Glyco-BABS alone was used to determine the quenching efficiency for each substrate probe. We used the ratio of slopes to calculate 
quenching efficiencies of: 99.3 % for α-Gal-oh-eDANS, 99.5 % for α-Gal-h-eDANS, 99.7 % for α-GalNAc-h-eDANS, 98.7 % for α-Gal-h-tMR and 98.8 
% for α-GalNAc-h-tMR. Data are presented as mean values ± SD with n = 3 technical replicates.
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Extended Data Fig. 2 | in vitro kinetic analyses for α-Gal-h-tMR and α-GalNAc-h-tMR BABS probes with α-GAlA and α-NAGAl. Top: Titration of 
α-GALA and α-NAGAL with α-Gal-h-TMR (left, 20 μM) and α-GalNAc-h-TMR (right, 20 μM). Similar to EDANS-based BABS probes, this showed that 
both α-GALA and α-NAGAL can process α-Gal-h-TMR in vitro and only α-NAGAL can process α-GalNAc-h-TMR. Bottom: Kinetics of Glyco-BABS-TMR 
with α-GALA (Left) and with α-NAGAL (Right). Not corrected for IFE. Data are presented as mean values + /- SD with n = 3 technical replicates. 
Second-order rate constants were determined from linear regression through origin.
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Extended Data Fig. 3 | Representative images for co-localization of Glyco-BABS probes in live SK-N-Sh cells. Live cells (2 independent experiments) 
were incubated with vehicle (DMSO) or inhibitor (migalastat or DGJNAc) and treated with hoechst 33342, Lysotracker Green and the α-Gal-h-TMR (top) 
or α-GalNAc-h-TMR (bottom). Scale bars represent 10 μm.
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Extended Data Fig. 4 | Dose and time-dependent optimization of Glyco-BABS probes in live cells. Live SK-N-Sh cells plated in 384-well plates were 
treated with a range of α-Gal-h-tMR and α-GalNAc-h-tMR concentrations (10, 5, 2.5, 1.25 μM) at various times (t – 4hrs, t – 3hrs, t – 2hrs, t – 1 hr, t – 
30 mins) before washing cells and imaging of fluorescence. Data are presented as mean values + /- SD with n = 3 measurements (3 independent wells).
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Extended Data Fig. 5 | Sequential repetitive imaging reveals excellent signal stability over time after treatment with BABS probes. After treatments of 
cells with substrate probes and incubation for 2 hours (37 °C, 5% CO2), cells are washed and imaging media containing α-GALA / α-NAGAL inhibitors 
was dispensed in all wells according to the live cells methods described above. First images were acquired (t0) and the plate was kept in the high-content 
imager (environmentally controlled) for 3+ hours. Repeated imaging of the plate at different timepoints was used to monitor signal stability. Data are 
presented as mean values ± SD with n = 4 measurements (4 independent wells).
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Extended Data Fig. 6 | α-GAlA mutants show perturbed localization and glycosylation patterns. a, Representative immunocytochemistry fluorescence 
images (4 independent replicates) of patient fibroblasts after fixation and staining using anti-α-GALA (abcam ab1683341) and anti-GCase (RnD 
MAB7410) antibodies. Image were acquired on an ImageXpress Micro XLS (40X). Blue channel shows nuclei as stained with hoechst 33342 (DAPI 
Channel), green shows α-GALA (FITC channel) and red shows a different lysosomal β-glucosidase GCase (TRITC channel). Scale bars represent 50 μm. 
b, Western blot analysis of α-GALA levels in response to proteasome inhibitor MG-132 in both WT and R301G fibroblasts. Data are presented as mean 
values + /- SD with n = 3 biological replicates. Statistical significance was tested using unpaired t-test (one-tailed; in WT P = 0.095, in R301G, P = 0.035). 
c, Analysis of glycosylation profile of endogenous α-GALA in WT vs. R301G fibroblasts as indicated by treatments of cell lysates with endoglycosidases 
Endoh or PNGase F (2 biological replicates). Endo h cleaves high mannose and early N-glycans but is inactive on complex glycans. As such Endo h 
treatment is used as a proxy to reveal glycoproteins at the ER stage of glycosylation processing. PNGase F is able to cleave all N-Glycans and can be used 
to evaluate the proportion of mature glycoprotein. αGalA from the R301G appears to be more sensitive to Endoh than its counterpart in Wild Type cells, 
suggesting that the fraction of non-mature non-fully glycosylated protein is more important in the R301G mutant than in the Wild Type.
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Extended Data Fig. 7 | Measurements of α-GAlA activity in R301G fibroblasts and comparison of live cell lysosomal activity with standard lysate 
measurements. R301G fibroblasts were treated with vehicle, Brefeldin A (100 nM), Monensin (20 μM) or Bafilomycin (50 nM) for 4 hours before 
lysate activity analysis. Center bars represent medians and expand to the first and third quartiles; whiskers extend to Min/Max data points. Statistical 
significance was tested using one-way ANOVA and multiple comparisons with vehicle using Dunnett’s post hoc test (for vehicle vs. monensin lysate 
assay, P = 0.189; for all other vehicle vs. treatment comparisons, P < 0.0001). n.s. not significant, *P < 0.05, ****P < 0.0001. Data are presented as mean 
values + /- SD with n = 4 measurements (4 independent wells) for the live cell assay and n = 8 technical replicates for the lysate assay.
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