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Chapter 8

Abstract

uman a-galactosidase A (a-GAL A) is responsible for the hydrolysis of terminal
= o-galactosyl moieties from glycosphingolipids in lysosomes. Mutations in the X-linked
GLA gene resulting in deficient a-GAL A cause the lysosomal storage disorder Fabry
disease. The highly homologous enzyme, a-N-acetylgalactosaminidase (oa-NAGAL),
primarily cleaves terminal N-acetylgalactosamine moieties from glycocojugates, but it
is in vitro also active towards a-galactosides. This chapter investigates the presence of
a-galactosidase enzymes in zebrafish embryonic fibroblast cells, zebrafish larvae (5 days
post-fertilization) and organs of adult fish. The zebrafish genome annotates one a-Gal A and
one a-Nagal orthologue. The presence of a-Gal A and a-Nagal proteins in zebrafish cells
and larvae was confirmed by chemical proteomics using an a-Gal configured activity-based
probe (ABP). Both enzymes have N-linked glycans and a comparable molecular weight of 45
kDa as determined by SDS-PAGE. Fluorogenic a-galactoside and a-N-acetylgalactosaminide
substrates reveal considerable a-Nagal activity in zebrafish larvae and adult organs.
a-Gal A activity is lower than a-Nagal activity, but higher in fertilized eggs, reproductive
organs, liver and kidney. Interestingly, no Gb3 could be detected using sensitive LC-MS/
MS methods in any of the studied zebrafish materials such as cells, larvae, brain, liver,
kidney and testis. The absence of the lipid Gb3 is consistent with the absence of a gene
encoding lactosylceramide 4-a-galactosyltransferase (A4gGALTt; Gb3 synthase) in zebrafish
or any other teleost species. HEK293T cells lacking endogenous a-GAL A were generated
using CRISPR/Cas9 technology. The increase in endogenous Gb3 levels in these cells could
be comparably corrected by over-expression of either human a-GAL A or zebrafish a-Gal
A. These findings indicate that zebrafish a-Gal A can hydrolyse the endogenous substrate
Gb3 in the cellular setting, however it seems that it is not able to hydrolyse the artificial
substrate NBD-Gb3 in vitro. The role of the conserved a-galactosidase encoded by the gla
gene in the zebrafish remains elusive. It is envisioned that gla” zebrafish expressing human
AA4GALT might render a useful Fabry disease model. The comparison of such fish with
those with a concomitant ashalb KO might assist the investigation of the specific impact of
excessive lysoGb3 in Fabry disease pathology.
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a-Galactosidases in zebrafish

Introduction

Human a-galactosidase A (a-Gal A; E.C.3.2.1.22, Uniprot accession P06280) is encoded by
the GLA gene at locus Xq22 and responsible for the hydrolysis of terminal a-linked galactosyl
moieties of primarily the a-1,4-linked glycosphingolipids globotriaosylceramide (Gb3) and
galabiaosylceramide (diGalCer) in lysosomes!2. In addition, ABO blood group antigens are
determined by terminal a-1,3-Gal and/or a-1,3-linked N-acetylgalactosamine (GalNAc) of
glycolipids and glycoconjugates and antibodies against the opposite blood group antigens
are of clinical importance in transfusion and transplantation®.

Deficiency of a-Gal A leads to Fabry disease, an X-linked lysosomal storage disorder
which is characterized by lysosomal accumulation of the globoside Gb3, the deacylated
globotriaosylsphingosine (lysoGb3), diGalCer and blood group B GSLs in tissues as well
as increased levels in body fluids*®. Heart and kidney tissues are often affected in Fabry
male patients who may develop clinical symptoms such as angiokeratoma, anhidrosis,
acroparesthesias, gastrointestinal complaints, cardiomyopathy, cerebrovascular disease,
renal insufficiency and spontaneous or triggered pain episodes?.

In the last decade, several cyclophellitol-configured activity-based probes (ABPs) have
been developed as chemical tools to study corresponding retaining glycosidase enzymes
and assist the diagnosis of lysosomal storage disorders stemming from enzyme deficiencies
including, but not limited to, Gaucher disease, Fabry disease and Krabbe disease’®. These
ABPs bind in a mechanism-based irreversible manner to the catalytic nucleophile of the
retaining glycosidase, while the attached fluorophore or biotin allows detection of the
target enzymes?®. The fluorescent a-Gal configured cyclophellitol aziridine ABP has been
shown to label a-Gal A in human, mouse and plant material®!!. The a-Gal configured ABP
also labels the homologous N-acetyl-galactosaminidase (a-NAGAL), which has arisen by
a gene duplication2, The a-NAGAL enzyme specifically hydrolyses terminal a-galactose
moieties with a N-acetyl substituent on the 2-position of the galactose sugar (a-GalNAc)
and mutations in the NAGA gene lead to the very rare Schindler disease!*!*. However
due to structural differences, a-NAGAL can also accommodate and hydrolyse a-galactose
configured lipids in vitro, while a-GAL A can only hydrolyse a-galactose moieties!>?®,
Modified a-NAGAL enzymes have been developed as possible enzyme replacement therapy
for Fabry disease enabling Gb3 and lyso-Gb3 corrections without the immunological cross-
reactivity that can occur with recombinant a-Gal A treatment*¢8,

The aim of the present study was to characterize a-galactosidase enzymes in zebrafish
materials including embryonic cells, larvae of 5 days post-fertilization (5 dpf) and organs of
adult fish. The presence of both a-Gal A and a-Nagal was confirmed using a combination
of mRNA analysis, activities towards artificial a-Gal substrates as well as labelling and
identification of the corresponding glycosidases using a-Gal configured ABPs. The
physiological role of a-Gal A in the zebrafish remains elusive since no Gb3 has been found
in any of the tested zebrafish materials.
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Chapter 8

Results

Presence of a-galactosidase enzymes in zebrafish cells and larvae

Firstly, artificial fluorogenic substrates 4-methylumbelliferyl a-D-galactopyranoside (4MU-
a-Gal) and 4-MU a-D-N-acetylgalactosaminide (4MU-a-GalNAc) were used to study the
occurrence of corresponding hydrolytic activities in homogenates of cultured zebrafish
embryonic fibroblasts (ZF4 cells) and a pool of 5 dpf zebrafish larvae. Activity towards
both substrates was observed with an optimum around pH 4.0-4.5 (Figure 1). The activity
towards 4MU-a-Gal in lysates of zebrafish cells was much higher than activity towards
4MU-a-GalNAc (Figure 1A; black and grey circles for 4MU-a-Gal and 4MU-a-GalNAc
respectively). Only a small amount of activity towards 4MU-a-Gal was lost upon inhibition
of the suspected a-Nagal enzyme with a high concentration of the a-GalNAc (NAGA) sugar
(Figure 1A; open circles, incubation with 200 mM final concentration of a-GalNAc).

In lysates of zebrafish larvae, the activity towards 4MU-a-GalNAc was higher than that
towards 4MU-a-Gal (Figure 1B; black and grey circles for 4MU-a-Gal and 4MU-a-GalNAc
respectively). About 50% of hydrolysis of 4MU-a-Gal could be inhibited by the presence of
200 mM a-GalNAc (Figure 1A; open circles, incubation with a-GalNAc). An apparent IC50 of
11 mM was noted for a-GalNAc regarding 4MU-a-GalNAc activity (Supplementary Figure
1). In the presence of 200 MM of a-GalNAc the residual a-Nagal activity was only 5%. Thus,
activity towards 4MU-a-Gal can be differentiated in two components: activity inhibitable by
a-GalNAc (zebrafish a-Nagal), and activity that is not inhibitable with the sugar,(zebrafish
a-Gal A), analogous to the situation in mammalian cells in tissues.

A. ZF4 cells B. 5 dpf ZF

—o— 4MU-aGal
--O-- 4MU-aGal +GalNAc
—o—  4MU-aGalNAc

Figure 1 | Hydrolytic activity of zebrafish cells and larvae towards 4MU-a-Gal and 4MU-a-GalNAc

Activity towards 4MU-a-Gal (black) and 4MU-a-GalNAc (grey) at a range of pH values (pH 2-8) in homogenates of
zebrafish embryonic cells (A) and zebrafish larvae of 5 dpf (B). Specific activity of a-Gal A was measured by blocking
a-Nagal activity using 200 mM GalNAc sugar (black, open circles). Activity is measured from three independent
homogenate preparations. Data is depicted as mean + SD.
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a-Galactosidases in zebrafish

Next, the effect of different a-galactose configured cyclophellitol aziridines was tested in
cell and larvae lysates by measuring residual enzymatic activity towards 4MU-a-Gal and
4MU-a-GalNAc. Tested were ME737 and ME539 extended with an alkyl moiety at the
nitrogen and TB474 conjugated further with a Cy5 fluorophore (see Supplementary Figure
2 for structures of the inhibitors). The three compounds inhibited both a-Gal A and a-Nagal
activities, with low micromolar apparent IC_; values (Figure 2A and B, Table 1). The Cy5
configured ABP (TB474) was more potent in inactivating a-galactosidase activity in the ZF4
cell and zebrafish larvae lysates than the compounds without the bulky fluorescent group
(ME737 and ME737).
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Figure 2 | Potency of a-Gal configured cyclophellitol aziridine inhibitors for a-Gal and a-Nagal

Residual activity towards 4MU-a-Gal (black) and 4MU-a-GalNAc (grey) for a-Gal A and a-Nagal respectively, in cell
homogenates of ZF4 cells (A) and 5 dpf zebrafish larvae (B) treated in vitro with the a-Gal configured inhibitors
ME737, ME739 and ABP TB474. Residual activity is measured from three independent incubations using different
homogenates. Data is depicted as mean + SD.

Table 1 | Apparent IC_ values of a-Gal configured ME737, ME739 and ABP TB474 for in vitro inhibition of a-Gal A
and a-Nagal enzymes in homogenates of ZF4 cells and 5 dpf zebrafish larvae (ZF).

a-Gal A a-Nagal
Compound ZF4 cells ZF (5 dpf) ZF4 cells ZF (5 dpf)
ME737 (M) 0.197 £ 0.044 1.129 +1.152 1.770 £ 1.107 2.264 +1.56
ME739 (uM) 0.385+0.113 0.755+£0.321 v1.144 £ 0.742 1.878 +1.353
TB474 (ABP) (uM) 0.037 £0.019 0.141 + 0.098 1.058 + 0.334 1.123 +0.436

In order to visualize the a-Gal enzymes, homogenates were incubated with the a-Gal
configured ABP (TB474) for 30 min, proteins were separated using SDS-PAGE and labelled
proteins were detected by in-gel fluorescence scanning. An ABP-enzyme complex with an
apparent molecular weight of 45 kDa was detected in both cell and larvae lysate (Figure
3A; +ABP (TB474)). The intensity of this enzyme-ABP complex was significantly less, when
the homogenates were pre-incubated with non-fluorescent a-Gal configured cyclophellitol
aziridine inhibitor ME739 (Figure 3A). The intensity of the other labelled bands was not
competed with ME739, indicating aspecific labelling of abundant proteins in the zebrafish
material.
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Chapter 8

After translation, a-Gal enzymes are modified with high-mannose N-linked glycans acquiring
terminal mannose 6-phosphate moieties that mediate transport of correctly folded enzyme
to lysosomes®®. Removal of all N-linked glycans with PNGase F digestion led to a reduction
of the molecular weight of ABP-labelled enzyme from to 40 kDa, both for enzyme in
homogenates of ZF4 cells and zebrafish larvae (Figure 3B). Fabrazyme, the recombinant
human a-GAL A used to treat Fabry patients, also showed a quite comparable reduction of
molecular weight following PNGase F digestion. Next, the binding to concanavalin A (ConA)-
Sepharose beads was examined for the zebrafish proteins that are labelled with ABP. The
lectin beads bind to the N-linked glycans in glycoproteins without interference of the active
site and therefore allow subsequent activity assays. The * 45 kDa protein labelled with ABP
bound to the ConA beads, both for homogenates of ZF4 cells and 5 dpf larvae (Figure 3C).
Hydrolysis of 4-MU-a-Gal A and 4MU-a-NAGA was nearly absent in the unbound fraction,
indicating binding of the majority of active enzymes to the lectin beads (Supplementary
Figure 3).

_ 5dpfZF B. C.
-+ Inh. ZF4 5 dpf ZF Fabr.

+ + ABP Kba M

-50- '\ﬂ
< Gal A/ - —
u Nagal -37- . ‘ b- =
-37-
TB474 a % ' ] TB474 TB474
50 -50- s S - -
» 37 e
cBB a7 cBB =4

Figure 3 | In vitro labelling of a-Gal A and a-Nagal with a-Gal configured ABP

(A) Labelling of homogenates of ZF4 cells and a pool of 5 dpf zebrafish larvae with a-Gal configured ABP (TB474,
1uM) in the absence or presence of inhibitor ME739 (50 uM). (B) Homogenates and recombinant a-Gal A
(Fabrazyme) were labelled with ABP TB474, before deglycosylation using PNGase F. Apparent deglycosylated
protein was depicted with the open triangle. (C) Glycoproteins were enriched using Concanavalin A (ConA)-
Sepharose beads. Start material, supernatant (unbound), wash and ConA bound material were collected and
a-Gal A and a-Nagal was visualized using ABP TB474 in equal volumes relative to the starting material. Coomassie
Brilliant Blue (CBB) was used as protein loading control in A-C.

+ PNGase F kpa M 2
-50-

Prediction of a-galactosidase and N-acetylgalactosaminidase in zebrafish genome

The zebrafish genome was evaluated for orthologues of human a-galactosidase A (Uniprot
code P06280) using a protein blast. Two zebrafish orthologues were found (F1Q5G5 and
F1QR55). Only F1Q5G5 showed a corresponding gla gene (ncbi code NM_001006103),
located on chromosome 14. The genomic location of F1QR55 is allocated to chromosome
14 as well, however annotated as alternative chromosome. The two predicted proteins
have 95% identity, whereby F1QR55 misses part of the N-terminal sequence of F1Q5G5.
The in silico data suggest that only one annotated a-Gal A is expressed, while the other
likely arises from genetic variation among fish. The zebrafish a-Gal A F1Q5G5 precursor
protein shows 67% identity with its human a-Gal A counterpart. The predicted mature
zebrafish a-Gal A contains 389 amino acids, slightly less compared to the 398 polypeptide
of human a-Gal A. The zebrafish genome also shows one orthologue of human a-N-
acetylgalactosaminidase (Uniprot code P17050). The zebrafish naga gene is located on
chromosome 4 and two encoding transcripts are annotated, AOA2R8QPJ2 of 415 residues
and AOAOR4IJL2 of 437 residues. Only the longer a-Nagal enzyme has a predicted signal
peptide (AOAOR4IJL2). The predicted mature zebrafish a-Nagal polypeptide has 420 amino
acids, compared to 394 amino acids of the human a-NAGAL.

210



a-Galactosidases in zebrafish

Identification of a-galactosidase enzymes in zebrafish

ABP ME741, containing a biotin tag (see Supplementary Figure 1), was used to isolate ABP-
reactive proteins from both the zebrafish cell and larvae homogenate and to subsequently
establish their identity by proteomics with a similar streptavidin pull down based procedure
as used earlier'. Peak lists were searched against the UniProt database of Danio rerio. In
this manner, among the ABP-reactive proteins in the zebrafish cell homogenate the two
zebrafish a-Gal A enzymes and two annotated enzymes of a-Nagal were detected. Both
a-Gal A and a-Nagal were detected in two of the three independent experiments (Table 2).
Among the ABP-reactive proteins in the homogenate of pools of 5 dpf zebrafish larvae, only
the two annotated a-Gal A enzymes were detected, even though activity towards 4MU-a-
Nagal was measured in this material. Likely, the enzymes are not abundant enough to be
always detected with the used chemical proteomics method.

The detected peptide sequences (Supplementary Table 1) were compared to the
predicted amino acid sequences of a-Gal A an a-Nagal (underlined in Supplementary
Figure 4). All detected peptide sequences were judged to be specific for one of the two
enzymes. In conclusion, the ABP-based chemical proteomics method confirmed the
presence of both a-Gal A and a-Nagal proteins in the zebrafish materials investigated.

Table 2 | Overview of chemical proteomics experiments using a-Gal ABP (ME741) in homogenate of ZF4 cell
(performed 3 independent times) and 5 dpf zebrafish larvae (performed 2 independent times).
ND = not detected, - = experiment not performed

Experiment 1 (25-10-2018) | Experiment 2 (09-11-2018) | Experiment 3 (10-01-2019)
Found Mass |Score Matched Coverage |Score Matched Coverage [Score Matched Coverage
(kDa) peptides (%) peptides (%) peptides (%)
ZF4 cells a-Gal A: 2/3 46.8 | 6555 13 31 1787 14 37 ND
F1Q5G5
a-Gal A: 2/3 37.5 | 6090 10 31 1704 10 34 ND
F1QR55
a-Nagal: 2/3 49.8 (2184 4 8.5 ND 1311 6 14
AOAOR4IIL2
a-Nagal; 2/3 47.4 (2184 4 8.9 ND 1311 6 15
AOA2R8QPJ2
5 dpf ZF A-Gal A: 2/2 46.8 - 145 5 12.5 289 9 25
F1Q5G5
A-Gal A: 2/2 375 141 4 15.5 280 8 28
F1QR55
a-Nagal: 0/2 ND ND
AOAOR4IIL2
a-Nagal; 0/2 ND ND
AOA2R8QPJ2
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Chapter 8

Alignment and evaluation of zebrafish a-Gal A compared to human

The structure of human a-Gal A has been solved by X-ray crystallography and revealed that
a-Gal A is a homodimeric glycoprotein®®. Alignment of human a-Gal A with zebrafish a-Gal
A (isoform F1Q5G5) indicates conservation of large stretches of amino acids. Moreover,
several important features and residues are conserved in the zebrafish a-Gal A protein
sequence. The cysteine residues forming five disulfide bonds are conserved, however
only one N-linked glycan site is conserved in the zebrafish a-Gal A (Figure 4, orange for
cysteine residues and green for N-glycosylation sites respectively). Importantly, the catalytic
nucleophile and acid/base residues are conserved in zebrafish o-Gal A (Figure 4, red;
human catalytic nucleophile D170 and acid/base D231) as well as residues with side chains
thought to have primary interactions with the a-galactose moiety®® (Figure 4; W47, D92,
D93, Y134, K168, E203, L206, Y207, R227 and M267 in blue and C142 and C172 in orange).

Human MOLRNPELHLGCALALRFLALVSWDI PGARALDNGLARTPTMGWLHWERFMCNLDCQEEP 60
Zebrafish =~ ----------- MRASTIVVIGLVCLLVPAAALDNGLALTPTMGWLHWERFMCNTDCDADP
Kk kkkkkkk hkkkkkkkkkkkkkk kk . g

Human DSCISEKLFMEMAELMVSEGWKDAGYEYLCIDDCWMAPQRDSEGRLQADPQRFPHGIRQL 120
Zebrafish QNCIREELFMQMADVMVKEGWKDAGYEFVCIDDCWPSQQRDAQGRLOADPKRFPSGIKKL
.** *:***:**::**.*********::****** T ***::*******:*** **::*

Human ANYVHSKGLKLGIYADVGNKTCAGFPGSFGYYDIDAQTFADWGVDLLKFDGCYCDSLENL 180
Zebrafish ADYVHSKGLKLGIYADVGTKTCAGYPGSLGYYDIDAKTFADWGVDLLKFDGCFMPDWHQL
kokkkkkkkhkhhkhkhkhk Fdhkdhhk khkk hhkdhhhk khkhhkdhhhhhhkkhkd, . L x
\ I \ \ \

Human ADGYKHMSLALNRTGRSIVYSCEWPLYMWPFOKPNYTEIRQYCNHWRNFADIDDSWKSIK 240
Zebrafish GEGYINMSSALNQTGRSIVYSCEWPLYEWQHQQPDYEATRKTCNHWRNYGDVYDQWTSVK

DKk Lkk kkk kkAkAkAARAARKRKRKRKKRK kK kx Kok . ckkkkkk . k. Kk Kk K.k

Human SILDWTSFNQERIVDVAGPGGWNDPDMLVIGNFGLSWNQQVTQMALWAIMAAPLFMSNDL 300
Zebrafish SILDWTAEKQKIVVPVAGPGGWNDPDMLIIGNFGLSRDQQQTQOQMALWAIMAAPLLMSNDL
******: :*: :* *************:******* :** *************:*****
Human RHISPQAKALLQDKDVIAINQDPLGKQGYQLRQGDNFEVWERPLSGLAWAVAMINRQEIG 360
Zebrafish RDICPKAKELLONKQITAINQDPLGKQGYRILKADSFELWERPLSGNRLAVAVMNRQEIG
*.*.*:** ***:*::*************:: :_*_**:******* ***::******
Human GPRSYTIAVASLGKGVACNPACFITQLLPVKRKLGFYEWTSRLRSHINPTGTVLLQLENT 420
Zebrafish GPRRFTISVAIMPSWKLCNPK NVTQIMPTYKEMGVQNLLSEVVVQVNPTGTTLLTVNPL
kkk ckk . kk o . khkk ok ckk ook ik, : * e srkkkkk k%
Human MQOMSLKDLL
Zebrafish = ---------

Figure 4 | Alignment of human a-GAL A with zebrafish a-Gal A.

The amino acid sequences of the pro-protein of human a-GAL A (Uniprot P06280) and zebrafish a-Gal A (Uniprot
F1Q5G5) were aligned using Clustal Omega®. * indicates a conserved residue, : a strongly similar residue and . a
weakly similar residue. The signal peptide is predicted using SingalP-5.0%* and depicted in purple. The catalytic
Asp residues are depicted in red, Asn residues with reported N-linked in green, the cysteine residues forming
five disulfide bridges in orange and residues interacting and stabilizing the a-galactose in blue. The Glu and Leu
residues which form specificity of the a-galactose moiety are emphasized with #.

The protein sequence and structure of a-GAL A and a-NAGAL enzymes are quite similar®.
The substrate specificity for either a hydroxyl or a N-acetyl substituent on the 2-position
of the a-galactose moiety is thought to arise from the side chains of two amino acids
in the B5-a5 loop. The side chains of E203 and L206 of human a-GAL A sterically block
the larger N-acetyl substituent. The residues of a-NAGAL at the two positions are
serine and alanine and these side chains do not block the N-acetyl group and tolerate a
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hydroxyl group. Alignment of zebrafish a-Gal with a-Nagal (isoform AOAOR4IJL2) indicates
conservation of the residues involved in the reported interactions with the a-galactose or
N-acetylgalactosamine moiety (depicted in blue in Supplementary Figure 4). Moreover, the
Glu and Leu residues are present in zebrafish a-Gal A, while Ser and Ala residues are present
in zebrafish a-Nagal (Figure 4; # for human and zebrafish a-Gal A and Supplementary Figure
4; # for zebrafish a-Gal A and a-Nagal).

In vivo inhibition of a-Gal A does not show lipid abnormalities

Next, it was attempted to examine the physiological role of the zebrafish a-galactosidase
enzymes in vivo. First it was established which concentration of the a-Gal inhibitors
ME737 and ME739 led to complete inhibition of a-galactosidase activities in cultured
cells and developing zebrafish larvae. A concentration of 1 uM ME737 and 24 hours of
incubation was enough to block most of the a-Gal activity in cultured ZF4 cells, which
showed residual a-Nagal activity (Figure 5A). Incubation of developing zebrafish larvae
from fertilization up to 5 dpf with 100 um ME737 or ME739 led to a reduction in a-Gal
and a-Nagal activity (Figure 5B). High concentrations of ME737 and ME739 were used to
study the glycosphingolipid changes in developing zebrafish larvae by earlier established
LC-MS/MS methods?2. No significant change was found in neutral glycosphingolipids such
as lactosylceramide, glucosylceramide or ceramide (Figure 5C). No Gb3 was detected in
samples of zebrafish larvae, neither in those of a-Gal inhibitor treated fish (Supplementary
Figure 5A).
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Figure 5 | in vivo inhibition of a-Gal A and a-Nagal

(A) ZF4 cells were treated with different concentrations ME737 or ME739 (0.1-10 uM) for 24 hours and residual
activity towards 4MU-a-Gal (black bars) and 4MU-a-GalNAc (grey bars) was measured. Data is obtained from three
individual incubations and depicted as mean + SD. (B) Developing zebrafish embryos were treated with ME737 or
ME739 (20-100 uM) for 5 days. Residual activity towards 4MU-a-Gal (black bars) and 4MU-a-GalNac (grey bars)
was measured in homogenates of a pool of 3 zebrafish. Data is obtained from three individual incubations and
depicted as mean + SD. (C) Ceramide, galactosylceramide and lactosylceramide levels were measured of individual
zebrafish larvae (5 dpf) treated with 100, 50 or 20 uM (n = 4) and DMSO treated controls (n = 7) in pmol/fish. Data
is obtained from two independent incubations and depicted as mean + SD.
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Gla expression and a-Gal A activity in adult organs, but no Gb3

Next, experiments were performed to analyse the specific mRNA expression, a-galactosidase
activity and the glycosphingolipid composition of developing zebrafish embryos (t =0 -5
dpf) as well as different organs. Evaluation of specific mMRNA expression using RT-qPCR
showed highest gla expression in fertilized eggs, brain and testis, while expression of naga
appeared highest in fertilized eggs, brain, fin and spleen (Figure 6A). The expression of naga
mMRNA was relatively higher than gla mRNA, likely corresponding to the relatively higher
activity towards 4MU-a-GalNAc in the measured materials (Figure 6A and 6C). High specific
a-Gal A activity was found in the liver, kidney, reproductive organs and fertilized zebrafish
eggs (0 dpf) (Figure 6B and Supplementary Figure 6). Interestingly, the lipid Gb3 was not
detected in brain, liver, kidney, testis or ovary tissues either (Supplementary Figure 5A).
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Figure 6 | mRNA expression and activity in developing zebrafish and adult organs

(A) mRNA levels of gla and naga in developing zebrafish embryos (0, 1 and 5 dpf) and adult fish organs and
tissue (brain, liver, fin, testis, spleen, kidney and heart) analysed using RT-qPCR. Data is normalized using Efla
and rpl13a, in technical duplicate and depicted as relative expression compared to the housekeeping genes. An
inset zooming on gla mRNA levels is depicted below. (B) Specific a-Gal A activity in homogenates of developing
zebrafish embryos and adult fish organs and tissue, determined as the residual activity towards 4MU-a-Gal after
inactivation of a-Nagal activity using 200 mM GalNAc sugar. (C) Specific a-Nagal activity determined as activity
towards 4MU-a-GalNAc. Activity is measured in technical duplicate of a single biological sample.
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Zebrafish a-Gal A can hydrolyse Gb3 in situ, but not NBD-Gb3 in vitro

In order to study the catalytic features of zebrafish a-Gal A and compare the enzyme to
human enzyme, cells without endogenous a-GAL A were generated. Human embryonic
kidney (HEK293T) cells were mutated in the human GLA gene using CRISPR/Cas9 technology
and deficient cells were grown from single cell cultures. Two cell populations showed no
endogenous human a-GAL A protein upon ABP labelling and subsequent immunoblotting
with a specific human a-GAL A antibody (Figure 7A). Next, human a-GAL A and zebrafish
a-Gal A enzymes were expressed in the established GLA knockout (KO) cells under the CMV
promoter and at 37 °C. Expression of both a-GAL A enzymes restored activity towards the
artificial substrate 4MU-a-Gal (Figure 7B). No hydrolysis of the fluorescent NBD-Gb3 lipid
was detected in lysates of untransfected cells (#4 in Figure 7C), while expression of human
a-Gal A restored hydrolysis of NBD-Gb3 into NBD-LacCer (Figure 7C). Interestingly, cell
lysates containing zebrafish a-Gal A showed no formation of NBD-LacCer from NBD-Gb3,
indicating that the fish enzyme is not able to hydrolyse the fluorescent Gb3 substrate, while
at the same time its activity towards 4MU-a-Gal is high.

As final part of this study, corrections of the endogenous glycosphingolipids were
studied in unmodified HEK293T (wildtype, WT), GLA KO cells and GLA KO cells transiently
expressing human a-GAL A or zebrafish a-Gal A. Levels of Gb3 were increased in the GLA
KO cells and Gb3 levels were corrected to WT levels in both the human a-GAL A expressing
cells as well as the zebrafish a-GAL A expressing cells (Figure 7D). These pilot findings
indicate that the zebrafish a-GAL A is able to hydrolyse the natural substrate Gb3 in the
cellular conditions.
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Figure 7 | Catalytic features of human and zebrafish a-GAL A in GLA KO cells

(A) Homogenates of unmodified HEK293T cells and various single cell populations after CRISPR/ Cas9 mediated
mutagenesis in the GLA gene, were labelled with a-Gal configured ABP (top panel, TB474, 1uM) to visualize
active enzyme, while all human a-GAL A protein was subsequently detected using an antibody (middle panel).
a-tubulin was used as protein loading control (bottom panel). Cell populations # 1-2 were obtained using px335-
sgRNA1+sgRNA2, #3-6 using px330-sgRNA1 and #7-13 using px330-sgRNA2. (B) Activity towards 4MU-a-Gal in
homogenates of unmodified HEK293T cells and GLA KO cells as well as GLA KO cells expressing human a-GAL A
or zebrafish a-Gal A. (C) Hydrolysis of NBD-Gb3 by the different cell homogenates and subsequent separation of
NBD-lipids by HPTLC using CHCI,/MeOH/15 mM CaCl, (60/35/8 (v/v/v)). NBD-Gb3 and NBD-LacCer are used as
standards. (D) Endogenous Gb3 levels in WT cells, GLA KO cells and GLA KO cells expressing human a-GAL A or
zebrafish a-Gal A in pmol/mg. Lipids are measured from two independent transfections in technical duplicate.

215



Chapter 8

Discussion

The zebrafish is a popular research model to study genetic disorders such as lysosomal
storage diseases. The CRISPR/Cas9 technology described in this thesis enables efficient
generation of zebrafish disease models and is used in previous chapters to evaluate the
impact of GBA2 or acid ceramidase defects in the zebrafish Gaucher disease model.
A present challenge is to generate a zebrafish model of Fabry disease that is caused by
deficiency of a-galactosidase activity. The present study focused on evaluating the presence
of endogenous GLA-like a-galactosidase in zebrafish in order to establish whether a Fabry
disease zebrafish model is feasible. One orthologue of human a-GAL A and one orthologue
of human a-NAGAL was found using an in silico BLAST. The presence of zebrafish a-Gal A
and a-Nagal was experimentally confirmed in zebrafish materials using a-Gal configured
ABPs. The two enzymes contain N-linked glycans and a very similar molecular weight using
SDS-PAGE. Next, chemical proteomics was used to detect specific peptides of a-Gal A and
a-Nagal to confirmed the presence of both proteins. In this manner both enzymes were
detected at protein level in the zebrafish cells, while only a-Gal A could be identified in
the fish larvae. Specific mRNA transcripts of gla and naga were detected in developing
zebrafish and various adult tissues as well as activity towards the artificial substrates 4MU-
o-Gal and 4MU-a-GalNAc in these materials.

Although o-Gal configured cyclophellitol aziridine inhibitors blocked the activities
of a-galactosidase enzymes in zebrafish cells and developing larvae, no accumulation of
relevant glycosphingolipids, such as Gb3, was observed. In fact, Gb3 was not detectable
in any of the measured zebrafish materials, including those with relatively high gla
expression and activity towards 4MU-a-Gal. The apparent absence of the glycosphingolipid
Gb3 in zebrafish materials, including larvae, brain, liver, kidney, testis and ovary, warrants
discussion. Lactosylceramide 4-a-galactosyltransferase (A4GALT) is a member of the
glucosyltransferase 32 (GT32) family and the enzyme mediating transfer of an a-galactose
moiety from UDP-a-D-galactose to [-D-galactosylceramide, [-D-galactosyl-1,4-B-D-
glucosylceramide (lactosylceramide)?*?*. No protein orthologue of human A4GALT was
found using a protein BLAST and no a4galt gene is annotated in the zebrafish genome. An
orthologue of human A4GALT is also absent in other ray-finned fish species, such as Oryzias
latipes (medaka) and salmon. Orthologues are present in Drosophila melanogaster and
Xenopus tropicalis (Supplementary Figure 7). The only fish species with a known A4GALT
orthologue is the coelacanth, the oldest living lineage of Sarcopterygii. The coelacanth
is a translational species between fish and tetrapods being more related to lungfish and
tetrapods than to ray-finned fish?.

A number of possible explanations can be considered for the presence of an a-Gal A-like
enzyme in zebrafish that apparently lack endogenous Gb3. Firstly, it may mediate intestinal
degradation of exogenous oligosaccharides and glycosphingolipids from incoming food.
Glycosphingolipid analysis of various food sources was inconclusive about the presence of
Gb3. A lipid with similar LC-MS/MS parameters as Gb3 was detected, however the retention
time was quite different (Supplementary Figure 5B).
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Secondly, the enzyme might play a role in turnover of other types of molecules with an
a-galactosyl moiety such as polysaccharides composed of one or more a-1,6-linked galactose
moieties including plant-derived melibiose, raffinose and stachyose®. Nonetheless,
these oligosaccharides are not hydrolysed by the intraluminal or intestinal enzymes of
humans or other monogastric animal. Instead they are hydrolysed by a-galactosidases of
bacteria in the lower small intestine and colon, which produce gas and short-chain fatty
acids, such as acetic, propionic and butyric acids?. Several publications report on the
expression and characterization of a-galactosidases from different sources, including
bacteria?, microspora?, mushroom?® and plants??, not only to treat Fabry disease but also
for applications in the food and feed industry?. Limited information is available about the
intraluminal and intestinal enzymes of digestive tract of zebrafish, only that their intestine
consists of one long tube without a distinct stomach, small intestine or large intestine?®’.
Finally, specific gla mRNA expression and a-Gal A activity was high in the reproductive
organs, liver and kidney of the zebrafish, corresponding to high RNA and protein expression
in the same tissues of humans®2. In contrast, the zebrafish intestine showed relatively low
o-Gal A activity.

Investigated were also other glycosyltransferase families able to transfer galactose using
another glycosidic linkage besides the described a-1,4-linkage mediated by A4GALT (GT32)
and the a-1,6-linkage of the raffinose family. In the GT6 family, several globoside a-1,3-N-
acetylgalactosaminyltransferases (Forssman synthase-like) are annotated in the zebrafish
genome (Gbgtlll (Uniprot accession Q7ZTV7), Gbgtll2 (BOROWS5), Gbgtll3 (A2CED1),
Gbgtll4 (Q7SXD8)), and one possible a-1,3-galactosyltransferase®. However, at present it
is unknown whether this annotated ABO blood group transferase (transferase A, a-1,3-N-
acetylgalactosaminyltransferase; transferase B, a-1,3-galactosyltransferase; Uniprot code
B0S7I1) encodes a functional enzyme and whether active enzymes could have both A
(a-1,3-GalNAc) or B (a-1,3-Gal) activity, depending on the sequence, as in humans®. Another
member of the GT6 family is isogloboside 3 synthase (iGb3S, also called A3GALT), which is
reported to transfer an a-1,3-galactosyl moiety to LacCer, generating iGb334. Even though
orthologues of iGb3S are annotated in other fish, such as Oryzias latipes, no orthologue is
documented in the zebrafish genome?.

Thus, the presence and role of a-Gal A in zebrafish larvae and adult organs remains
elusive. No Gb3 is detected using LC-MS/MS techniques nor an orthologue of A4GALT or
iGb3S is found in the zebrafish. However, the presence and activity of a-Gal A in zebrafish
larvae and distinct adult organs could indicate towards an additional role of a-Gal A besides
the hydrolysis of Gb3, a-1,4-galactosyl or a-1,3-galactosyl modified glycoconjugates
mediated by A4Galt or iGb3S respectively. On the other hand, the a-Gal A enzyme could
have been evolutionary pressured to be present and functional in order to hydrolyse a-Gal
containing lipids and proteins of non-endogenous invaders such as bacteria and viruses.
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For future endeavours, a zebrafish knockout of gla might be useful to study clinical
manifestation in the absence of the well-known substrate Gb3 and thereby investigate
potentially unknown roles of a-Gal A. Only a few animal disease models for Fabry disease
have been developed which are all limited to rodents. Male Fabry mice show a modest
to large increase in Gb3 in different tissues, but display no renal complications, only mild
myocardial alterations, no spontaneous vascular manifestation and decreased sensitivity
to painful stimuli*>*. Fabry rats showed accumulation of a-galactosyl glycosphingolipids
in serum, dorsal root ganglia, kidney and heart tissue as well as renal tubule dysfunction,
mitral valve thickening and neuropathic pain383°,

In addition, it would be of great interest to introduce the ability to synthesize the lipid
Gb3 in zebrafish. This would allow investigation of the impact of Gb3 by itself as well as
Gb3 accumulation during a-Gal A deficiency. In view of this consideration, it was essential
to confirm the ability of zebrafish a-Gal A to hydrolyse the substrate Gb3. For this purpose,
GLA KO HEK293T cells were generated using CRISPR/Cas9 technology and subsequent
expression of zebrafish a-Gal A in these cells enabled the study of its catalytic features.
Interestingly, expression of zebrafish a-Gal A in the established GLA KO cells showed a high
in vitro activity towards 4MU-a-Gal, but no hydrolysis of the fluorescent NBD-Gb3 lipid
was observed. When sensitive LC-MS/MS methods were used to quantify the endogenous
Gb3 levels in the different cells, it became apparent that zebrafish a-Gal A was able to
correct the increased Gb3 levels of the GLA KO cells to WT levels similar to human a-GAL A.
These findings indicate that zebrafish a-Gal A is able to hydrolyse endogenous Gb3 in vivo.
Apparently, the NBD tagged Gb3 does not fit the active site of the zebrafish enzyme or the
enzyme requires specific additives in order to be active towards lipid substrates in vitro.

In principle, it should be feasible to insert the human A4GALT gene in the zebrafish
genome using the Tol2 transposon technique, as performed in chapter 4 for human
GBA. It could be evaluated whether such transgenic fish produce Gb3 and whether their
endogenous a-Gal A is able to hydrolyse this in vivo. If successful, Gb3-producing Fabry
zebrafish (huA4GALT:gla KO) could be generated and crossed with ashalb KO fish. In
this manner Fabry fish could be generated that are unable to form lysoGb3 during a-Gal
A deficiency. In analogy to the study on GlcSph in chapter 6, meticulous comparison of
Fabry zebrafish with excessive lysoGb3 and those without lysoGb3 will further clarify the
postulated toxic action of lysoGb3 in Fabry disease.
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Supplementary Figures
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Homogenate of zebrafish larvae was incubated with a range of a-GalNac concentrations
(1-500 mM final concentration) and residual activity of a-Nagal was measured using the
fluorogenic substrate 4MU-a-GalNAc in technical duplicate.
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Supplementary Table 1 | Detected peptide sequences with a score higher than 5.0 (PLGS software) or 25 (Mascot
software). The *’ indicates the position of trypsin digestion and the peptide sequence within the two “’ is found.
ND = not detected

Peptide sequence Peptide sequence
ZF4  o-Gal A: R.LAVAVMNR.Q ZF4 cells A-Nagal A: R.LSEDGWK.E
cells  F1Q5G5 K.LADYVHSK.G AOAOR41JL2 K.GASALVFFSR.R
K.LGIYADVGTK.T K.AVISNQDPLGIQGR.R
K.KLADYVHSK.G R.GIPHLAQYVHDR.G

KTFADWGVDLLK.F
K.QIIAINQDPLGK.Q
R.NYGDVYDQWTSVK.S
K.TCAGYPGSLGYYDIDAK.T
5dpf a-GalA: K.SILDWTAEK.Q 5 dpf ZF A-Nagal A: ND
ZF F1Q5G5 R.NYGDVYDQWTSVK.S AOAOR4IJL2

R.LAVAVMNR.Q

K.QIIANQDPLGK.Q
K.SILDWTAEK.Q
K.LGIYADVGTK.T
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Supplementary Figure 4 | Alignment of zebrafish a-Gal A with zebrafish a-Nagal.

The amino acid sequences of the pro-protein of zebrafish a-Gal A (Uniprot F1IQ5G5) and zebrafish a-Nagal (Uniprot
AOAOR4IJL2) were aligned using Clustal Omega®. * indicates a conserved residue, : a similar residue. The signal
peptide is predicted using SignalP-5.0?! and depicted in purple. The catalytic Asp residues are depicted in red,
the cysteine residues forming disulfide briges in orange and residues interacting and stabilizing the a-galactose
in blue. The Glu and Leu residues of a-Gal A and Ser and Ala residues of a-Nagal, which form specificity of the
a-galactose of N-acetylgalactosamine moiety are emphasized with #. Specific peptides sequences, obtained from
PLGS or Mascot analysis after chemical proteomic, as described in the result section, are underlined in black for
a-Gal A and in red for a-Nagal respectively.
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Supplementary Figure 5 | Detection of Gb3 in various samples using LC-MS/MS

(A) Glycosphingolipids were extracted of different human and zebrafish materials and the presence of deacylated
Gb3 (784.4>282.3, parent> daughter) was detected and visualized. Two human sources were used as controls
(pink lines): 25 pL human plasma and 20 pg of HEK293T WT cell homogenate. Zebrafish homogenates were used
of various samples (15 pg protein): kidney, testis, brain, liver, ovary, zebrafish embryonic cells (ZF4) and 5 dpf
zebrafish larvae (black lines). (B) Lipids of various food sources were also extracted and a peak with the correct
parent/daughter was observed in manufactured, plant-based food (green lines), however it is unclear if this signal
is actually Gb3. The signal of an extracted equivalent of Gb3 (4 pmol) was used as standard in both figures (grey
line).
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Supplementary Figure 6 | Specific activity of a-Gal A
The activity towards 4MU-a-Gal was measured of homogenates of zebrafish of different ages (t = 0-5 dpf) and
various adult organ tissues with and without the presence of 500 mM a-GalNac to inhibit the endogenous a-Nagal
enzyme. The hydrolytic activity of a-Nagal towards 4MU-a-Gal was determined and depicted as ratio of the total

activity towards 4MU-a-Gal. The specific a-Gal A activity was determined as the residual activity towards 4MU-a-
Gal with 500 mM a-GalNac inhibitor and subsequently used in Figure 6B.
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Supplementary Figure 7 | Gene tree of A4GALT
Phylogenetic (gene) tree displaying annotated orthologues of human A4GALT. No ray-finned fish species are
depicted in this gene tree. Figure is obtained and exported from Ensembl.
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Experimental procedures

Chemicals and reagents - The a-Gal specific inhibitors (ME737 and ME739), ABPs (TB474 and ME741)
and C17-dihydroceramide were synthesized at Leiden University (the Netherlands) as reported?®#,
Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) if not otherwise indicated. LC-
MS grade methanol, 2-propanol, water, formic acid and HPLC grade chloroform were purchased
from Biosolve (Valkenswaard, the Netherlands). Butanol and hydrochloric acid were obtained from
Merck Millipore (Billerica, USA). 4-Methylumbelliferyl 2-acetamido-2-deoxy-a-D-galactopyranoside
(4MU-a-GalNAc) was purchased from Carbosynth (Compton, UK), N-Dodecanoyl-NBD-ceramide
trihexoside (NBD-C12-Gb3) from Matreya (State college, USA) and C12-NBD Lactosyl Ceramide
from Avanti. Primers were ordered from Integrated DNA technologies (IDT; Coralville, USA) without
additional purification.

Zebrafish husbandry and samples - Wild-type (WT) zebrafish (ABTL) were a mixed lineage of WT
AB and WT TL genetic background. Zebrafish were housed and maintained at Leiden University
(the Netherlands) according to standard protocols. The breeding of fish lines was approved by the
local animal welfare committee (Instantie voor Dierwelzijn) of Leiden University and followed the
international guidelines specified by the EU animal Protection Directive 2010/63/EU. Experiments
using embryos and larvae were performed before the free-feeding stage, not falling under animal
experimentation law according the EU animal Protection Directive 2010/63/EU. Embryos and larvae
were grown in egg water (60 pug/mL Instant Ocean Sera MarinTM aquarium salts (Sera; Heinsberg,
Germany)). No adult zebrafish were used for experimentation and organs used in experiments were
only obtained from defined old and excess WT zebrafish (> 1.5 years). Animal caretakers killed the WT
zebrafish according to in-house protocols, after which organs were dissected from the dead zebrafish.
Organs were snap frozen for protein analysis or stored in RNAlater (Invitrogen, ThermoFisher
Scientific, Waltham USA) for RT-gPCR analysis and stored at -80 °C.

Cloning - Design of cloning primers and single-guide RNA sequences (sgRNA) were based on NCBI
sequences NM_000169 for human GLA and NM_001006103 for zebrafish gla. The coding regions
were amplified using Phusion HighFidelity PCR mastermix (Thermo Fisher Scientific, Waltham, USA)
with cDNA as template (in-house human cDNA library or cDNA from extracted 5 dpf zebrafish larvae)
using the primers given in Supplementary Table 2. Fragments of human and zebrafish GLA were
cloned into the pDONR vector using GATEWAY™ recombination cloning technology (BP reaction,
Thermo Fisher) according to the manufacturer’s protocol and sequenced before shuttling the GLA
fragments to the pDEST-zeo expression vector (derived by replacing the neomycin selection marker in
the pDEST vector with a zeomycin selection marker) using the LR reaction. Several pDONR constructs
were sequenced with the zebrafish gla insert and the insert with the least amount of mutations
compared to NM_001006103 was used (Supplementary Figure 8). For CRISPR/Cas9 mediated GLA
targeting in HEK293T cells, sgRNA sequences, given in Supplementary Table 2, were cloned into the
Bbsl restriction site of the px330-U6-chimeric_BB-CB-hSpCas9 vector (Addgene plasmid #42230) or
the px335-U6-Chimeric_BB-CBh-hSpCas9n vector (Addgene #42335) for SpCas9 nickase expression.
All plasmids were isolated from transformed DH5a cells using a plasmid isolation kit (Qiaprep spin
Miniprep kit; Qiagen, Hilden, Germany) and sequenced using Sanger sequencing (Macrogen, Leiden,
The Netherlands).
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Supplementary Table 2 | List of oligonucleotide sequences.

Primer Sequence (5’ -3’) Purpose

Hu GLA sgRNA1 F caccgTTGTCCAGTGCTCTAGCCCC sgRNA: px330/335
Hu GLA ngNAl R aaacGGGGCTAGAGCACTGGACAAC ngNA: px330/335
Hu GLA sgRNA2 F caccgTTGGCAAGGACGCCTACCAT sgRNA: px330/335
Hu GLA ngNAZ R 2aaacATGGTAGGCGTCCTTGCCAAC sgRNA: px330/335
Human GLA F GGGGACAAGTTTGTACAAAAAAGCAGGCTACCACCATGCAGCTGAGGAACCCAGA Gateway cIoning
Human GLA R GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAAAGTAAGTCTTTTAATGACATC Gateway cloning
Zebrafish glaF ggggacaagtttgtacaaaaaagcaggcttcaccaccATGCGTGCCTCAATTATAGTC Gateway cloning
Zebrafish gla R ggggaccactttgtacaagaaagctgggtcCAGTGGGTTGACGGTGAGTAG Gateway cloning

Cell culture and transfection - Zebrafish embryonic fibroblasts (ZF4 cells*!) were cultured at 28 °C
and 5% CO, in DMEM/F12 medium, supplied with 10% (v/v) Fetal Calf Serum, 0.1% (w/v) penicillin/
streptomycin, and 1% (v/v) Glutamax. HEK293T cells were cultured at 37 °C and 5% CO, in DMEM
medium, supplied with 10% (v/v) FCS, 0.1% (w/v) penicillin/streptomycin and 1% (v/v) Glutamax.
HEK293T GLA KO Cells were obtained by transfecting HEK293T cells seed in 6-well plates with the
px330-GLA construct (px330-GLA-sgRNA1 or px330-GLA-sgRNA2) or both px335-GLA constructs
(sgRNA1+sgRNA2) in combination with PEI (PEI/DNA, 3/1 (w/w)). After 72 hours, cells were diluted
to approximately 0.5 cell/ well, seeded in 96-well plates and individual clones were cultured over the
next weeks. Activity towards 4MU-a-Gal was determined as well as ABP labelling as described in the
result section and the two clones (#1 and #4) without residual activity and ABP-labelled protein were
maintained. GLA KO clone 4 was used for subsequent experiments and further mentioned as GLA KO
cells. GLA KO cells were transfected using PEIl and the pDEST-zeo-GLA construct (PEI/DNA, 3/1 (w/w))
and incubated for 72 hours before harvesting. In general, HEK293T cells were harvested by pipetting
in PBS, while ZF4 cells were harvested using trypsin (0.25% (v/v) trypsin in PBS, no EDTA). Cell pellets
were washed twice with PBS and stored at -80 °C until use.

Homogenate preparation - Cell homogenates were prepared in potassium phosphate (Kpi lysis buffer,
supplemented with Triton-X100 and benzonase (25 mM K,HPO,-KH,PO,, pH 6.5, 0.1% (v/v) Triton-X100
and 25 U/mL benzonase) and lysed using sonication (20% amplitute, 3s on, 3s off for 4cycles) while
on ice. Whole zebrafish embryos or larvae or zebrafish organs were resuspended in Kpi lysis buffer
(12.5 pL/embryo, 100 pL for small organs (spleen, kidney, heart, fin) or 200-400 pL for larger organs
(brain, liver, intestine, skin), supplemented with 0.1% Triton-X100 and EDTA-free protease inhibitor
(25 mM K,HPO,-KH,PO,, pH 6.5, 0.1% (v/v) Triton-X100 an 1x cOmplete™, EDTA-free Protease
Inhibitor Cocktail, Roche, Bazel, Switzerland). Embryos and organs were first homogenized using a
Dounce homogenizer (10 strokes), followed by sonication as described. Total protein concentration
of homogenates was determined using Pierce™ BCA protein assay kit (ThermoFisher Scientific) and
measured using an EMax® plus microplate reader (Molecular Devices, Sunnyvale, USA). Homogenates
of organs were stored at -80 °C, homogenates with a protein concentration higher than 5 mg/mL
were diluted with KPi lysis buffer and stored in aliquots.

Enzyme activity assay

General assay procedures - Generally assays were performed using homogenate in KPi (12.5 uL, 12.5-
50 pg total protein) by addition of Mcllvaine (citric acid — Na,HPO,) buffer of the appropriate pH (12.5
uL; 150 mM Mcllvaine pH4) and supplemented with a covalent inhibitor if mentioned, before addition
of 4-methylumbelifferone (4MU-aglycone) mixes; 100 uL of 3.75 mM 4-MU a-D-galactopyranoside
(4MU-a-Gal) substrate with 0.1% (w/v) Bovine Albumin Serum (BSA) or 100 pL of 1 mM 4-MU a-D-N-
acetylgalactoside (4MU-a-GalNAc) substrate. Incubation was performed at 37 °C for 30 min for ZF4
cells and 60 min for zebrafish embryos or organs unless indicated otherwise and stopped by addition
of glycine-NaOH STOP buffer (200 uL; 1 M Glycine-NaOH, pH 10.3). All activity assays were measured
using a LS-55 (PerkinElmer, Waltham, USA; ?\ex of 366 nm, }\em of 445nm) and calculated using a
standard of 1 nmol 4MU.
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a-Nagal activity was blocked by addition of the sugar a-N-acetyl-galactosaminide (a-GalNAc; NAGA),
with a final concentration of 200 mM in the assay (concentration in substrate mix: 250 mM NAGA).
For the zebrafish embryo and larvae samples, a homogenate without substrate mix was included and
used as blanc to account for background fluorescent signal originating from the sample. All activities
were measured using 3 independent homogenates measured in technical duplo unless indicated
otherwise in the result section.

pH curves - PH curves were obtained by incubating homogenate (12.5 uL, + 12.5 ug total protein)
with Mcllvaine of the appropriate pH (62.5 uL; 300 mM Mcllvaine, pH 2-8) on ice for 5 minutes before
addition of two-times concentrated 4MU-a-Gal or 4MU-a-GalNAc substrate mix (50 uL; 7,5 mM 4MU-
a-Gal or 2 mM 4MU-a-GalNAc, 0.2% (w/v) BSA in MilliQ).

_IC__measurements - For the covalent a-Gal configured inhibitors, homogenate (12.5 uL, + 12.5 pg
total protein) was pre-incubated with the inhibitor (2x concentrated in 300mM Mcllvaine pH 4 with
1% (v/v) DMSO; final concentration of 0.5% (v/v) DMSO and 0.001- 100 uM for ME737 and ME739,
0.0001- 50 uM for TB474) for 1 h at 37 °C, before addition of 100 pL 4Mu-a-Gal or 4MU-a-GalNAc
substrate mix and incubation as described in the general assay procedures. IC_ values were calculated
using Graphpad Prism (v8.1.1, GraphPadsoftware, CA, USA).

Activity-based probe (ABP) labelling and chemical proteomics

General ABP labelling procedure - Zebrafish cell, embryo or organ homogenate (10 pL, xxx pg total
protein) was labelled with the a-Gal configured ABP TB474 (2 uM TB474 in 10 pL 300 mM Mcllvaine
buffer pH 4, 1% (v/v) DMSO; final concentration of 1 uM TB474 and 0.5% (v/v) DMSO) for 30 min
at 37 °C. For the inhibitor experiment, zebrafish a-Gal and Nagal were preblocked by incubating
homogenate (10 uL) with a-Gal configured inhibitor ME737 (100 uM in 10 pL 300 mM Mcllvaine
buffer pH 4, 1% (v/v) DMSO; final concentration of 50 pM and 0.5% (v/v) DMSO) for 30 min at 37
°C before the addition of TB747 (3 uM TB474 in 10 puL 300 mM Mcllvaine buffer pH 4, 1% DMSO;
final concentration of 1 uM TB474 and 0.5% (v/v) DMSO). Proteins were denatured with 5x Laemmli
sample buffer (25% (v/v) 1.25 M Tris-HCI pH 6.8, 50% (v/v) 100% glycerol, 10% (w/v) sodium dodecyl
sulfate (SDS), 8% (w/v) dithiothreitol (DTT); and 0.1% (w/v) bromophenol blue) and boiled for 5 min
at 98 °C. ABP-labelled protein samples were separated by electrophoreses on 10% (w/v) SDS-PAGE
gels, before scanning the fluorescence of the wet-slab gel with a Typhoon FLA 9500 (GE Healthcare,
Chicago, USA; Cy5 (A, of 635 nm, A, of 665 nm), 750 V, pixel size 100 um). Gels were stained with
Coomassie Brilliant Blue staining (CBB-G250) and scanned on a ChemiDoc™ MP imager (Bio-Rad;
Hercules, USA). For western blotting, proteins were transferred to a nitrocellulose membrane (0.2 uM,
Bio-Rad) using the Trans-blot® Turbo™ Transfer system (Bio-Rad). Membranes were blocked with 5%
(w/v) bovine albumin serum (BSA) and incubated overnight at 4 °C with primary antibodies: mouse
anti-human a-tubulin (1:10.000; clone DM1A) or rabbit anti-a-Gal A (1:1000; Abnova, Taipai, Taiwan).
Membranes were washed 3 times with TBST and incubated with 1 h at RT with complementary
secondary antibodies: donkey anti-mouse Alexa 488 (1:10.000; Invitrogen) or GARPO goat anti rabbit
IgG (H+L) peroxidase (1:5000, Bio-Rad). Fluorescent signal was detected using a Typhoon, while
chemiluminescense signal was detected using a ChemiDoc MP imager.

Deglycosylation using PNGase F - Glycoproteins were deglycosylated using PNGase F (New England
Biolabs, Ipswich, USA) according to the manufacturer’s instructions. Briefly, zebrafish cell and larvae
homogenate was labelled with TB474, as described above, in 2x volumes (40 pL final volume). After
incubation for 30 min at 37 °C, the mixture was denatured using Glycoprotein buffer (supplied) and
boiled for 10 min at 98 °C. The sample was divided, NP-40 (supplied) and MQ was added to both
samples NP-40 and one 20 uL sample was incubated with PNGase F, while the other 20 pL sample was
incubated with MQ for 1 h at 37 °C. Laemmli sample buffer (5x) was added after incubation and the
samples were separated on a 10% (w/v) SDS-PAGE gel and scanned as described above.
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Chemical proteomics - ZF4 cell and zebrafish 5 dpf embryos homogenate (125 uL; 125 ug total protein)
was incubated with biotin-ABP ME741 (5 pM ME741 in 150 mM Mcllvaine buffer pH 4; final DMSO
concentration of 0.5% and final volume 250 pL) for 2 h at 37 °C. The labelling was stopped by addition
of 20 pL 20% (w/v) SDS and subsequent boiling of the sample at 95 °C for 5 min. Proteins were
precipitated by chloroform/methanol, proteins were rehydrated in 2% (w/v) SDS in PBS followed by
reduction using DTT (final concentration of 5 mM DTT in MQ) for 30 min at 45 °C and alkylation using
iodacetamide (final concentration of 15 mM in MQ) for 30 min at RT in dark. Another chloroform/
methanol precipitation was performed, proteins were rehydrated in 2% (w/v) in PBS buffer and ABP-
bound proteins were enriched by incubation with paramagnetic avidin beads (Dynabeads™ MyOne™
Strptavidin T1, Thermo Fisher Scientific) at 4 °C overnight. Beads were washed with 0.1% (w/v) SDS
in PBS, 2x with PBS, 1x with 4 M urea in 50 mM NH, HCO, followed by a wash with PBS and 2x MQ.
On-bead tryptic digestion was performed by incubating the beads in trypsin digestion buffer (100 pL,
2.5 ng/uL trypsin in 50 mM NH,NO,, pH 8 with 2% (v/v) CAN and 1 mM CaCl,) overnight at 37 °C with
shaking. Prior to LC-MS analysis, peptides were desalted by Stagetips prepared using Empore™ C18
47-mm extraction discs*. Samples were analysed on a Synapt G2Si mass spectrometer (Waters,
Milford, USA) operating with Masslynx for acquisition as previously described*, proteins were
identified using the Danio rerio proteome (Uniprot code UP000000437) and either Mascot software
or ProteinLynx Global Server (PLGS) was used for peptide identification.

Concanavilin A lectin binding - Concanavalin A-Sepharose 4B beads (ConA beads; Sigma) were first
washed three times in 0.1 M sodium acetate, 0.1 M NaCl, 1 mM MgCI2, 1 mM CaCl2, 1 mM MnCl2,
pH 6.0, washing buffer using brief centrifugation at 2000 rpm for 2 min. Next, 100 L of beads were
mixed with 100 pL of 4 mg/ml zebrafish or cells lysate. The samples were incubated overnight at
4 °C while rotating. Afterwards, the mixture was centrifuged at 13000 rpm at 4 °C for 10 min. The
supernatant was collected, the beads were washed three times with washing buffer and the beads
were stored in 100 pL wash buffer. Four fractions were collected: sample prior to ConA beads
incubation (‘start’), supernatant after incubation with the beads (‘unbound’), supernatatant after the
third wash (‘wash’) and beads pellet (‘ConA bound’). Afterwards, the fractions were labelled with
ABP TB474 and enzyme activity towards 4MU-a-GAL and 4MU-a-GalNAc was measured as described
in the general assay procedures. The protein concentrations of the unbound, wash and ConA bound
fraction were determined. Instead, the amount of sample for ABP labelling and enzyme activity was
the same for the 4 fractions and the specific activity was calculated as nmol/mL sample or depicted as
ratio of the start material.

Treatment of cells or embryos with inhibitors - ZF4 cells were transferred to 6-well plates and grown
to 70-80% confluency before addition of 1mL fresh culture medium supplemented with vehicle (0.5%
(v/v) DMSO) or inhibitor (0.001, 0.01, 1, 5 or 10 uM of ME737 or ME739). Cells were incubated for 24
hours, washed three times with PBS before harvesting the well content on ice by addition of 100 pL
ice-cold KPi lysis buffer (25 mM KPi buffer pH 6.5, 0.1% (v/v) Triton X-100 and protease inhibitor) and
scraping. The sample is collected, sonicated to obtain a homogenate sample and the total protein was
determined using the BCA assay as described before. Using this procedure, the protein concentration
of these in situ treated cell homogenates was between 1 and 2 mg/mL. Enzyme activity towards
4MU-a-Gal and 4MU-aGalNAc was measured in technical replicate as described in the general assay
procedures. Adult WT zebrafish were crossed and developing off-spring (8 h post-fertilization) was
incubated in 100 pL egg water immersed with vehicle (0.5% (v/v) DMSO) or inhibitor (20, 50 or 100
UM ME737 or ME739 with 0.5% (v/v) DMSO) for 5 days at 28 °C. Larvae (5 dpf) were washed with
egg water and stored in pools of 3 larvae for enzyme activity measurements and single larvae in 2
mL Safe-Lock Eppendorf tubes for glycosphingolipid analysis. Homogenate was prepared by addition
of 60 pL KPi lysis buffer, sonication and protein determination was performed as described before.
Enzyme activity towards 4MU-a-Gal and 4MU-a-GalNAc was measured in technical replicate as
described in the general assay procedures.
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Glycosphingolipid analysis — The internal standard C17-dihydroceramide (20 pL, 20 pmol/ uL in
MeOH) was added to homogenate (10 pL, 20-50 pg total protein in KPi lysis buffer) and neutral (glyco)
sphingolipids were extracted using an acidic Bligh and Dyer procedure (1/1/0.9 chloroform/ methanol/
100 mM formate buffer pH 3.1) as described before?4°, The lower phase was concentrated and lipids
were deacylated using sodium hydroxide (0.5 M NaOH in MeOH) in combination with a microwave
protocol described before*. Samples were neutralized, a butanol/water clean-up was performed and
lipids were resuspended in methanol for separation as described before®.

Hydrolytic activity towards NBD-Gb3 — NBD-C12-Gb3 was concentrated and resuspended in Mcllvaine
buffer (150 mM Mcllvaine buffer pH 4.5, 0.05% (v/v) Triton X-100 and 0.05% (w/v) sodium taurocholate
and MQ to a total volume of 60 puL; 5 uM NBD-C12-Gb3 final concentration) before addition of cell
homogenate (40 pL, 80 g total protein) or Fabrazyme (0.18 pmol in 40 uL Mcllvaine buffer pH 4.5
with 0.05% (v/v) Triton-X100 and 0.2% (w/v) sodium taurocholate). Samples were incubated for 3 h
at 37°C and stopped by addition of MeOH, CHCI, and MQ to a final ratio of 1/1/0.9 with subsequent
Bligh and Dyer extraction. The lower phase was concentrated and lipids reconstituted in CHCI,/MeOH
(2/1) and separated by thin layer chromatography on a HPTLC silica gel 60 plate (VWR) using CHCL,/
MeOH/ CaCl, (60/35/8 (v/v) of CHCl.,/MeOH/15 mM CaCl,) as eluent. The HPTLC plate with NBD-lipids
was scanned using a Typhoon imaging system (cy2 settings (A of 488 nm, A__of 515-535 nm), 250V,
pixel size 100 pM.

Gene expression analysis - RNA of organs and zebrafish eggs or larvae (10 eggs or larvae per sample)
was extracted using a Nucleospin RNA XS column (Machinery-Nagel, Diren, Germany) according to
supplier’s protocol, without the addition of carrier RNA. Contaminating DNA was degraded on column
by a DNase | treatment (supplied in the kit). cDNA was synthesized using SuperScript™ Il reverse
transcriptase (Invitrogen, ThermoFisher Scientific, Waltham, USA) using oligo(dT) and an input of
approximately 1000 ng total RNA according to the manufacturer’s instruction. Generated cDNA was
diluted to an approximate concentration of 0.5 ng total RNA input/uL with Milli-Q water. RT-gPCR
reactions were performed with the IQ SYBR green mastermix (Bio-Rad) in a total volume of 15 pL (1x
SYBR green, 333 uM of forward and reverse primer as given in Supplementary Table 3 and 5 pL of the
diluted cDNA input) and carried out using a CFX96™ Real-Time PCR Detection system (Bio-Rad) with
the following conditions: denaturation at 95 °C for 3 min, followed by 40 cycles of amplification (95 °C
for 30 sec and 61 °C for 30 sec), imaging the plate after every extension at 61 °C, followed by a melt
program from 55-95 °C with 0.5 °C per step with imaging the plate every step. All biological samples
were tested in technical duplicate and gene expression was normalized to two house-keeping genes
efla and rpl13a and depicted as ACt value.

Supplementary Table 3| Forward and reverse primers for RT-qPCR analysis.

Target Forward primer sequence (5’->3’) Reverse primer sequence (5’->3’)

gla TCTGGGCAAACAGGGCTAT GGGTTACGTTGCATTTCGGG 188 bp
naga ~ TCGCTCCGTCCTCCAGAATA ATGGCATATCAGACCTGCGG 167 bp
efla CTGGAGGCCAGCTCAAACAT ATCAAGAAGAGTAGTACCGCTAGCATTAC Ref. 45
rpl13a  TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG Ref. 45
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The zebrafish gla coding sequence is amplified using zebrafish cDNA as template and cloned into the pDONR vector
as described in the experimental procedures. This sequence is obtained from Sanger sequencing of the resulting
pDONR-gla. The obtained sequence showed genetic variations resulting in the same amino acid (depicted in
orange) compared to the annotated gene (NCBI code NM_001006103), but only one polymorphism resulting in an
amino acid substitution (depicted in red, with the NCBI annotated amino acid given after the /).
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