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Abstract Glycosyl hydrolases (GHs) are carbohydrate-active
enzymes that hydrolyze a specific 3-glycosidic bond in gly-
coconjugate substrates; B-glucosidases degrade glucosyl-
ceramide, a ubiquitous glycosphingolipid. GHs are grouped
into structurally similar families that themselves can be
grouped into clans. GH1, GH5, and GH30 glycosidases be-
long to clan A hydrolases with a catalytic (3/o)g TIM barrel
domain, whereas GH116 belongs to clan O with a catalytic
(/) domain. In humans, GH abnormalities underlie met-
abolic diseases. The lysosomal enzyme glucocerebrosidase
(family GH30), deficient in Gaucher disease and impli-
cated in Parkinson disease etiology, and the cytosol-facing
membrane-bound glucosylceramidase (family GH116) re-
move the terminal glucose from the ceramide lipid moiety.
Here, we compare enzyme differences in fold, action, dy-
namics, and catalytic domain stabilization by binding site
occupancy. We also explore other glycosidases with re-
ported glycosylceramidase activity, including human cyto-
solic 3-glucosidase, intestinal lactase-phlorizin hydrolase, and
lysosomal galactosylceramidase. Last, we describe the suc-
cessful translation of research to practice: recombinant gly-
cosidases and glucosylceramide metabolism modulators are
approved drug products (enzyme replacement therapies).
Activity-based probes now facilitate the diagnosis of enzyme
deficiency and screening for compounds that interact with
the catalytic pocket of glycosidases.Ell Future research may
deepen the understanding of the functional variety of these
enzymes and their therapeutic potential.—Ben Bdira, F., M.
Artola, H. S. Overkleeft, M. Ubbink, and J. M. F. G. Aerts.
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Glycoconjugates play essential roles in diverse biological
processes and abnormalities and have been linked to mul-
tiple pathologies. The staggering structural diversity of
glycoconjugates stems from the almost infinite possible
combinations by which multiple monosaccharide building
blocks may be linked with each other (1). For instance,
1,056 unique trisaccharides can be formed just from 3 dif-
ferent monosaccharides. Polysaccharides are very stable
compounds: their spontaneous hydrolysis takes place at
arate of 107257, corresponding to a halfife of 4.7 mil-
lion years (2). To allow for the efficient metabolism of gly-
coconjugates, enzymes have evolved as specialized catalysts.
In most organisms, an estimated 1% to 3% of the genes
encode carbohydrate-active enzymes (3). Among these are
glycoside hydrolases (GHs) that can enhance the rate of
hydrolysis of specific carbohydrate glycosidic bonds in gly-
coconjugates more than 10" times (2). These GH enzymes
show marked specificity regarding number, position, and
configuration of the hydroxyl groups in their substrate
sugar. They are widely applied in biotechnology, for exam-
ple, in biofuel production, paper pulp bleaching, and the
food industry (4, 5). Likewise, specific GH inhibitors
are extensively used as agrochemicals and therapeutic
agents (6-8). Abnormalities in GHs underlie metabolic dis-
orders in humans, for instance, inherited lysosomal storage
disorders and lactose intolerance (9, 10). GH enzymes
differ in substrate specificity, mode of enzymatic attack

Abbreviations:  ABP, activity-based probe; AMP-DNM, N-(5)-adaman-
tane-1-yl-methoxy-pentyl; CBE, conduritol B epoxide; DN]J, 1-deoxynojiri-
mycin; EGCI, endoglycoceramidase I; EGCII, endoglycoceramidase II;
GALC, galactocerebrosidase; GBAI, glucocerebrosidase; GBA2, gluco-
sylceramidase; GCS, glucosylceramide synthase; GH, glycoside hydrolase;
GlcCer, B-glucosylceramide; HDX, hydrogen/deuterium exchange; IFG,
isofagomine; PDB, Protein Data Bank; 7xGH116, GH116 B-glucosidase
of Thermoanaerobacterium xylanolyticum; 1.PH, lactase phlorizin hydrolase;
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from Sulfolobus solfataricus.
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(exo-vs. endoenzymes), and stereochemical mechanism and
outcome (retaining vs. inverting enzymes) (11). Over the
last 20 years, the Carbohydrate-Active Enzymes database
(http:/ /www.cazy.org) has been developed. It distinguishes
families of structurally related catalytic enzymes that de-
grade, modify, or create glycosidic bonds and identifies
evolutionarily related families of GHs using the classifica-
tion introduced by Bernard Henrissat (12, 13). At pres-
ent, >140 discrete GH families are known (11).

All eukaryote cells contain the glycosphingolipid B-
glucosylceramide (GlcCer). In humans, the metabolism
of GlcCer implies the removal of the terminal glucose
from the ceramide lipid backbone by the lysosomal
enzyme glucocerebrosidase (GBAIL; family GH30), the
cytosolfacing membrane-bound glucosylceramidase (GBA2;
family GH116), and cytosolic GBA3 (family GH1) (14). En-
doglycosylceramidases (family GH5) from lower organisms
cleave the same linkage in complex glycosphingolipids,
releasing the oligosaccharide in the process. A relatively
common inherited lysosomal storage disorder, Gaucher
disease, results from mutations in the GBA gene (15, 16).
Most common are mutations that result in impaired fold-
ing and lysosomal stability of GBA1 (14, 17). Moreover, de-
ficiency of this enzyme has been implicated in the etiology
of Parkinson disease (18, 19). Inherited deficiency of GBA2
results in spastic paraplegia and cerebellar ataxia (20-24).

This review focuses on the retaining -glucosidases in-
volved in the metabolism of GlcCer and complex glyco-
sphingolipids. Table 1 presents an overview of the discussed
B-glycosylceramidases and their GH families. Addressed
are their fold topology, dynamics, mode of action, and cat-
alytic domain stabilization by binding site occupancy. The
more recent translation of fundamental knowledge on
these glycosidases and their selective inhibitors to applica-
tions in industry and the clinic are discussed.

GLYCOSYLCERAMIDASES: CATALYTIC MECHANISM

Retaining B-glycosidases generally employ the Koshland
double-displacement mechanism with a catalytic nucleo-
phile and acid/base for catalysis (25). The first step is a
nucleophilic attack by the catalytic amino acid to the ano-
meric carbon of the glycosidic substrate. Concomitantly
with the nucleophilic attack, a proton transfer from the
acid/base residue followed by departure of the leaving
group from the aglycon site occurs during the first transition
state, from which an enzyme-glycoside covalent intermediate

TABLE 1. B-Glycosylceramidases
Fold Clan GH Family B-Glycosylceramidase Members
(B/a)g A GH1 LPH; GBA3
GHb5 EGCII; EGCI; endogalactosylceramidase
EGALCG; glucocerebrosidase EGCrP1;
steryl-B-glucosidase EGCrP2; steryl-
B-glucosidase EGH1
GH30 GBA1
GH59 GALC
(a/ ) o GH116 GBA2

emerges. In the second step, an activated water molecule
acts as a nucleophile with the assistance of the general
acid/base to deglycosylate the nucleophile residue. The
product is released from the enzymatic pocket through a
second oxocarbenium ion transition state, and a new cata-
Iytic cycle can take place (Fig. 1). Thus, the reaction in-
volves two transient oxocarbenium ion-like states, and the
sugar substrate adopts different itineraries depending on
its pyranose ring configuration (25). In the case of GHI,
GHb5, and GH30 enzymes, the substrate itinerary is sup-
posed to follow the 153 — 4H3 - 4C1 - 4H3 —'c, pathway
for the Michaelis complex — transition state — covalent
intermediate — transition state — product trajectory (26,
27). Several retaining B-glycosidases are reported to also
be able to transglycosylate when provided with a suitable
aglycon acceptor (Fig. 1) (28). Transglycosylation capacity
has been found to be influenced by temperature, pH, and
the presence of organic solvent (29-31). This reaction has
been successfully applied to synthesize oligosaccharides
and glycoconjugates. The transglycosylation capacity of (mu-
tant) B-glycosidases, in combination with their high regio-
and stereospecificity, makes them an attractive instrument
for synthesizing complex carbohydrates.

GLYCOSYLCERAMIDASES OF FAMILY GH5 AND GH30

All GH5 and GH30 glycosidases have an (a/3)s TIM bar-
rel catalytic domain with two conserved carboxylic acid
residues between B-strands 4 and 7, serving as the nucleo-
phile and acid/base catalytic dyad. The distance between
these two catalytic residues is highly conserved, often be-
tween 5 and 5.5 A between the Ogl and Og2 atoms of the
nucleophile and acid/base glutamic acid residues, respec-
tively (32). GH5 and GH30 glycosidases comprise fungal,
bacterial, and eukaryotic B-1-4 glucanases, 3-1-4 mannases,
B-1-4 xylanases, cellulases, and glucosylceramidases (33, 34).
GHDb5 glycosidases have been further classified into 53 sub-
families, providing a more accurate prediction of function
of yet uncharacterized proteins (34). A new classification
approach has led to the transfer of five GH5 protein sub-
groups to GH30 group 2, including the lysosomal enzyme
GBALI (Fig. 2C). The GHb5 and GH30 glycosidases resem-
ble each other regarding protein structure and substrate
specificities but show differences in topology (33, 35). For
instance, one characteristic of the GH30 enzymes is the fu-
sion of the (a./3)g barrel catalytic domain with a B-structure
consisting of an immunoglobulin-like fold (Fig. 2F). This
B-structure, poorly conserved in GH30 glycosidases, is
absent in GHb5 enzymes (Fig. 2D). Characteristically, the
TIM barrel of most GHb enzymes is sealed with a cap-like
structure that does not occur in GH30 enzymes. A special
case stands for endoglycoceramidase II (EGCII) from Rho-
dococcus sp. that removes the entire oligosaccharide from
gangliosides such as GM3 and GM1 (Fig. 2B) (36). EGCII
has two fold domains, a catalytic TIM barrel adjoined to a
B-sandwich domain, as in GH30 members. However, the
B-structure domain differs from the ones observed in most
GH30 enzymes in that it is composed of only eight B-strands
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in a barrel geometry (Fig. 2E). The TIM barrel of EGCII is
not capped by the small B-strand sheet observed in most
other GH5 family members (37). Unlike EGCII, endogly-
coceramidase I (EGCI) (another endoglycoceramidase
from R. equi with broader substrate specificity than EGCII)
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displays a typical GH5 TIM barrel fold sealed with two
B-strands at the noncatalytic face of the domain. However,
in addition, the TIM barrel of this enzyme is also fused to a
B-sandwich structure (38) (Fig. 2A). Thus, EGCl is a typical
GHb5 enzyme, while EGCII shows structural features of

Fig. 2. GHb5 and GH30 general fold and secondary
structure arrangement. A: EGCI 3D structure (PDB
ID: 5j7z) (38). B: EGCII 3D structure (PDB ID: 20sx)
(87). C: GBA1 3D structure (PDB ID:2v3e) (83). D:
Diagram of the GH5 family members’ secondary struc-
ture organization (33). E: EGCII secondary structure
arrangement (PDB: 20sx) (37). F: GBAI (PDB: 1ogs)
secondary structure element of GH30 members (33).
B# refers to TIM barrel domain B-strand number, and
Bs# refers to a B-strand number of the B-side domain.



members of both GH5 and GH30 families. The evolution-
ary relationship between these enzymes remains unclear.
Of note, the existence and characterization of an animal
endoglycoceramidase in the animal kingdom was first de-
scribed for leeches by Li et al. (39, 40). The same research-
ers later reported on a similar enzyme in earthworms (41),
clams (42), and oysters (43). In humans, no endoglycocer-
amidase is characterized yet, although an endohydrolysis
activity toward gangliosides has been noted for human can-
cer cells and tissues of other mammals (44, 45).

In addition to its capacity to hydrolyze, GBAI may act in
vivo as transglucosidase, generating (-glucosylcholesterol
(46). The accumulation of cholesterol in lysosomes, as oc-
curs in Niemann-Pick type C or experimentally induced
with U18666A, promotes the formation of glucosylated ste-
rols by GBA1 (47) Moreover, GH5 EGCII has been engi-
neered by mutagenesis into a highly efficient transglucosidase
applicable for carbohydrate synthesis (48, 49).

Other glycosylceramidases classified in family GHb5
are bacterial (Rhodococcus sp.) endogalactosylcerami-
dase, first named EGCIII (50, 51); Cryplococcus neoformans
glucocerebrosidase EGCrP1 (52); steryl-3-glucosidase EGCrP2
(53); and Saccharomyces cerevisiae steryl-3-glucosidase EGH1
(54). The endoglycoceramidases and EGPrl degrade only
glycolipids with a ceramide moiety. In contrast, EGHI1 and
EGCPr2 are reported to hydrolyze both glucosylceramide
and steryl-B-glucosides (53). No crystal structure of these
enzymes is available yet.

GLYCOSYLCERAMIDASES OF FAMILY GH116

The GHI116 family comprises enzymes with diverse speci-
ficities and includes the glucosylceramidase GBA2 (55).
The partial homology with B-xylosidase/B-glucosidase
SSO1353 of Sulfolobus solfataricus assisted the identification
of E527 as the nucleophile and D677 as the acid/base in
GBA2 (55, 56). At present, no 3D structure of GBAZ2 is

=
B-sandwich B

E441 nucleophile

o TxGH116

Flz2345670H
variable

conserved

available, but recently such a structure was reported for a
GHI116 B-glucosidase of Thermoanaerobacterium xylanolyticum
(TxGH116), alone and in complex with diverse ligands
(57). The TxGH116 structure consists of an N-terminal do-
main, primarily formed by a two-sheet 3-sandwich, and a
catalytic C-terminal (/)¢ solenoid domain (Fig. 3A). The
putative catalytic nucleophile is at the end of a long loop
between the first and second a-helix of the C-terminal
domain, while the putative catalytic acid/base is in a long
loop between the fifth and sixth helix of the solenoid,
containing the binding site for a structural Ca” ion. The
N-terminal -sandwich is tightly associated with the cata-
lytic domain and contributes to the substrate binding cleft
and unusual orientation of the acid/base residue. The
TxGH116 structures allowed the identification of the glu-
coside binding- and active-site residues, which are con-
served with GBA2. Mutagenic analysis of TxGH116 and
structural modeling of GBA2 (Fig. 3B) provided a ratio-
nale for pathogenic missense mutations of GBA2 (57).
The amino acid sequence of the GH116 fold is highly con-
served within the N-terminal B-sandwich and the catalytic
C-terminal (/)¢ solenoid domains (Fig. 3A).

Studies on the degradation of GlcCer in B-glucosidase-
deficient cells rendered the first indication for the exis-
tence of GBA2 (20). The enzyme is synthesized as cytosolic
protein and rapidly associates to the cytosolic leaflet of
membranes with its catalytic pocket inserted in the lipid
layer (20). Its activity is lost upon extraction from mem-
branes with detergents, hampering further characteriza-
tion of the enzyme. Independently, Yildiz et al. (58) and
Boot et al. (59) cloned the gene encoding GBA2 (locus
1p13). GBA2 shows prominent transglucosylase capacity
(see section below) and is largely responsible for the (re-
versible) formation of B-glucosylcholesterol from GlcCer
in cells and tissues (47). Given its membrane-embedded
pocket, GBA2 seems ideally positioned for the transfer of a
glucose between membrane lipids and steroids. Different
subcellular localizations of GBA2 have been observed,

a-selenoid
domain

Fig. 3. GHI, GH59, and GH116 general fold topol-
ogy. A: G116 TxGH116 structure (PDB ID: 5bvu) (57)
with the position of the conserved amino residues of
GH116 members depicted on the TxGHI116 structure
based on sequence alignment using the ConSurf
Server. B: GBA2 model based on the TxGH116 struc-
ture. C: GH1 glycosylceramidase GBAS3 structure (PDB
ID: 2¢9m) (66). D: GH59 GALC (PDB ID: 4ccc) (73).
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ranging from endosomes to the Golgi apparatus and ER
(60). The physiological function of the highly conserved
enzyme is enigmatic. The inhibition of GBA2 in Gaucher
disease and Niemann-Pick type C patients treated with
N-butyldeoxynojirimycin (NB-DNJ; miglustat) seems not
to cause major complications, whereas some individuals
with inherited GBA2 deficiency develop spastic paraplegia
and cerebellar ataxia (21-24). Mice lacking GBA2 de-
velop normally and show no overt abnormality, except
for incidences of male infertility (61). The interaction of
GBA2 with actin has been put forward as an explanation
for the defective spermatogenesis in GBA2-deficient mice
(62). On the other hand, excessive activity of the enzyme
has been demonstrated to be toxic in Gaucher disease and
other inherited lysosomal glycosphingolipid storage dis-
eases (47, 55).

OTHER PROTEINS OF FAMILY GH1 RESEMBLING
GLYCOSYLCERAMIDASES

Based on their primary structure alignment, some pro-
teins of the GHI family have been considered to be gluco-
sylceramidases. These GH1 proteins contain a 3-glucosidase
or B-glucosidase-like TIM barrel domain. Among them is
lactase phlorizin hydrolase (LPH) (63). LPH is an intesti-
nal 130-160 kDa glycoprotein that is produced as a pro-
peptide with four homologous domains, two of which are
catalytically active. One of these domains shows 3-glucosidase
activity and is active toward phlorizin (plant phloretin-2’-
B-p-glucopyranoside) and possibly glucosylceramide; the
other domain shows [-galactosidase activity and is active
toward lactose (B-galactosyl-p-glucose). Both catalytic do-
mains are assumed to adopt an (a/B)g TIM barrel fold.
Detailed structure information stemming from crystallog-
raphy is still required to shed light on the interplay between
the activities of both catalytic domains. LPH deficiency
causes congenital disaccharide intolerance II, a gastroin-
testinal disorder characterized by severe diarrhea in infants
when fed with lactose as abundantly present in milk (64).
The GHI1 family also includes the enzyme GBA3, a cyto-
solic B-glucosidase expressed in some cell types. This en-
zyme has a broad substrate specificity toward aryl glycosides
and dietary flavonoids and shows very low activity toward
glycosylceramides and glycosylsphingosine in vitro (65).
GBA3 contains no glycans, has a molecular weight of 53
kDa, and shows a near-neutral pH optimum. It has also
been named Klotho-related protein (59). This name re-
fers to structural similarities to proteins of the Klotho fam-
ily, none of which have been found to exert significant
glycosylceramidase activity. The 3D structure of GBA3 was
solved in its free from and in complex with ligands, reveal-
ing a typical (a/B)g TIM barrel domain of the GH1 family
in which E167 and E373 of strands 4 and 7 are assigned as
the acid/base and nucleophile catalysts, respectively (Fig. 2C).
Next to the TIM barrel of GBA3 there are two B-strands
that are somewhat reminiscent to the side B-structure in
GBA1 (66-68).
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GALACTOSYLCERAMIDASE OF FAMILY GH59

Galactocerebrosidase (GALC) is encoded by the GALC
gene at locus 14q31 (69). GALC is synthesized as a
669-amino acid polypeptide with a regular N-terminal
signal sequence and 6 glycans and transported to lysosomes
by mannose-6-phosphate (M6P) receptors (70). The 80-85
kDa precursor GALC is converted in lysosomes to the ac-
tive form consisting of two subunits of 50-52 kDa and 30
kDa (70). GALC employs the double-displacement mecha-
nism with E258 as the nucleophile and E182 as the general
acid/base (71). This enzyme shows optimal activity at pH
4.6 coinciding with the lysosomal milieu. The catalytic ac-
tivity toward galactosylceramide is improved by interaction
with the small accessory proteins saposin A and saposin C,
which are generated by proteolytic processing in lysosomes
of the precursor prosaposin (72). The 3D structure of
GALC has been solved by X-ray crystallography, revealing
a catalytic TIM barrel structure (Fig. 3D) (71, 73). The
domain architecture of GALC is unique with a previously
uncharacterized lectin domain not observed in other hy-
drolases. This has led to its classification into a specific family,
GHb59. All three domains of GALC contribute to the sub-
strate binding pocket, and disease-causing mutations are
widely distributed throughout the protein (71, 74).

Of note, the seminal work by Suzuki (75) has provided
evidence for a key role of elevated galactosylsphingosine
in the pathology of Krabbe disease. Galactosylsphingosine
(deacylated galactosylceramide) is normally degraded by
GALC. In Krabbe patients galactosylsphingosine is exces-
sive, possibly also by active formation from accumulating
galactosylceramide through the action of lysosomal acid
ceramidase (76, 77). In Gaucher disease and Fabry disease,
excessive formation of potential pathogenic glucosylsphin-
gosine and globotriaosylsphingosine respectively occurs
(78). This is likely mediated by the metabolism of accumu-
lating intralysosomal glucosylceramide and globotriaosyl-
ceramide by acid ceramidase (79).

GLYCOSYLCERAMIDASES: PRESENCE OF N-GLYCANS

Depending on their cellular topology, -glycosylceramidases
may have N-linked glycans. All lysosomal enzymes are
equipped with N-glycans that may play a role in folding,
intracellular trafficking, and delivery to lysosomes (14). For
example, lysosomal GALC has six glycans that acquire M6P
moieties in the Golgi apparatus, allowing subsequent M6P
receptor-mediated routing of newly synthesized enzymes
to lysosomes (80). The reuptake of secreted GALC upon
binding to M6P receptors at the cell surface also ensures
the delivery of enzymes to lysosomes. This pathway is actu-
ally exploited in enzyme replacement therapies for several
lysosomal storage disorders (see Therapeutic Enzymes sec-
tion). The N-glycans of the lysosomal enzyme GBA1 do not
acquire M6P (81); newly formed GBAI is transported to
lysosomes by binding to lysosome membrane protein 2 in
the ER (82). Of note, not all B-glycosylceramidases have
N-linked glycans: for example, human GBA2 and GBA3,
being cytosolic proteins, lack these glycans.
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Fig. 4. Glycosylceramidases: binding site architecture and stabili-
zation. A: Superposition of the glycon binding sites of EGC II [PDB
ID: 20sx (37); blue], GBA [PDB ID: 2v3e (83); green], and GBA3
[PDB ID: 2e9m (66); magenta] in complex with p-glucose (ball-and-
stick, blue), DNJ (ball-and-stick, green) and galactose (ball-and-
stick, magenta), respectively. B: Superposition of the aglycon sites of
EGC II in complex with glucosylceramide (ball-and-stick, blue),
GBA1 in complex with NN-DN]J (ball-and-stick, green), and GBA3
(ball-and-stick, magenta). The conserved aromatic residues are
shown in sticks. C: GBAl-rigidified regions upon IFG bonding de-
picted in red on the GBAI crystal structure (PDB ID: 2v3e) as deter-
mined by HDX mass spectrometry (87). D: Tryptic cleavage site (Lys
194) highlighted in magenta spheres on the GBA1 structure (PDB
ID: 1ogs) (33).

GLYCOSYLCERAMIDASES: POCKET ARCHITECTURE

All glycosylceramidases hydrolyze glycosphingolipids de-
spite apparent differences in fold topologies. The enzymes
show a glycon binding site where the hydrophilic sugar
moiety is accommodated and an aglycon binding site
where the hydrophobic ceramide is positioned. The super-
position of EGCII (GHb) in complex with GM3 [Protein
Data Bank (PDB) ID: 20sx] (37), GBA1 (GH30) in com-
plex with MNmonyldeoxynojirimycin (NN-DNJ) (PDB ID:
2v3e) (83), and GBA3 in complex with galactose and fatty
acids (PDB ID: 2e9m) (66) reveals remarkable overlap of
nucleophile and acid base catalytic residues in the glycon
binding site as well as a comparable location of the glycon
and aglycon binding sites (Fig. 4A, B). The substrate sugars
have a similar position and orientation in the glycon bind-
ing site stabilized by hydrogen bonds between protein side-
chain residues and substrate. The wider glycon binding site
of EGCII allows its activity toward glycosphingolipids with a
large oligosaccharide moiety. The hydrophobic amino acid

residues of the aglycon site are not strictly conserved,
except for Tyr306 (EGCII), Tyr313 (GBAl), and Tyr309
(GBA3), as well as Tyrl81 (EGCII), Tyr244 (GBAl), and
Phel79 (GBAS3), residing close to the catalytic dyad in a
position similar to the +1 subsite in other glycosidases (Fig.
4B). The side-chain orientation of Tyrl81 is, however, dif-
ferent in the EGCII aglycon site compared with Tyr224 and
Phel69 in GBAl and GBA3, respectively. The apparent
conservation of some aromatic amino acid residues in the
aglycon binding site suggests an important role in the posi-
tioning of glycosphingolipid substrate. The commonality
in the overall architecture of the substrate binding sites
among different glycosylceramidases might explain the
paradox of different fold and low primary structure similar-
ity on the one hand and joint substrate specificities on the
other hand.

GLYCOSYLCERAMIDASES: DYNAMICS
AND STABILITY

Glycosidases, like most enzymes, are dynamic entities
that undergo multiple conformations during catalysis (84).
Thus, one snapshot of protein structure is insufficient to
completely understand the catalytic process of the enzyme.
The molecular dynamics of retaining B-glycosidases have
been studied little so far. The biophysical and theoretical
techniques to study the global dynamics are molecular dy-
namic simulation, frequency decay fluorometry, hydro-
gen/deuterium exchange (HDX) mass spectrometry, and
NMR spectroscopy, which covers a broad range of time-
scale motion from picoseconds to hours with an atomic
resolution.

GHb5 and GH30 enzymes have a comparable catalytic
TIM barrel catalytic domain. David et al. (85) determined
the dynamics of this domain of B-(1,4)-glycosidase Cex
(CfXynl0A) of the soil bacterium Cellulomonas fimi using
NMR spectroscopy from the nanosecond to millisecond
time scale. The TIM barrel domain was found to be uni-
formly rigid on the probed time scales. Few dynamic
changes were observed for the glycosyl-enzyme intermediate-
state complex, although an enhanced thermal stability and
proteolysis resistance of the domain complexed with the
2-deoxy-2-fluoro-B-cellobioside was noted. A lower-resolu-
tion technique was also employed to follow the conforma-
tional dynamics of a thermophilic clan A B-glycosidase
from the extremophilic archaeon S. solfataricus (SBgly) and
a mesophilic clan A B-glycosidase from Escherichia col,
using multitryptophan emission decay (86). The thermo-
philic SBgly has 12 tryptophan residues mostly distributed
over the core of the protein TIM barrel domain with some
located on flexible loops. Two groups of tryptophan fluo-
rescence decay were observed for SBgly: a shortlived and a
long-lived decay, reflecting the well-packed and rigid TIM
barrel core and the flexibility of the protein surface loops,
respectively. However, when incubated with the irrevers-
ible inhibitor cyclophellitol (see section below), quench-
ing of the fluorescence of shortlived tryptophan residues
occurred, pointing toward a structural rigidification of the
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TIM barrel’s flexible loops. In contrast, the mesophilic
clan A B-glycosidase from E. coli showed a uniform distribu-
tion of tryptophan fluorescence decay, indicating a looser
structure of its TIM barrel domain. The same trend was
also observed for GH30 GBA1 when studied with HDX
mass spectrometry. Residues residing in the core of the
TIM barrel domain were highly protected against the
HDX, and loops connecting the a-helices and B-sheet of
the catalytic domain showed the lowest protection (87).
The conformational stability and rigidity of GBAI is pH-
dependent, as indicated by measuring the melting temper-
ature (7,) at different pH values and resistance toward
tryptic digestion (88). At acidic pH, similar to that of lyso-
somes, the 7, of GBAI is 4°C higher than at neutral pH, as
found in the ER. The enhanced GBA1 thermal stability un-
der acidic conditions is accompanied by remarkable pro-
tection against digestion by trypsin. At neutral pH, GBA1
displays a major trypsin cleavage site located on a flexible
loop in the proximity of the substrate binding site (Fig.
4D). Thus, a different local pH at distinct subcellular loca-
tions might influence the rigidity of GBA1 (88).

The amino acid substitutions in GBA1 that cause Gau-
cher disease provide information on structural requisites
for the folding and stability of the enzyme. Mutations in the
B-side structure, also named the folding domain, are gen-
erally found to impair folding in the ER and result in pro-
teasomal degradation of the misfolded protein (89). The
best-known example is the 1.444P substitution that results
in low amounts (of catalytically normal) GBA1 in lysosomes
(90). The L.444P substitution occurs frequently in all ethnic
groups, and homozygosity leads to severe neuronopathic
variants of Gaucher disease. On the other hand, the N370S
substitution in the GBAI sequence, the most common mu-
tation among Caucasians, results in (near) normal amounts
of GBAI in lysosomes (91). This mutant enzyme, however,
shows abnormalities in catalytic parameters in vitro and in
vivo (89, 92). Recombinant N370S GBA1 has been crystalized
and studied with HDX mass spectrometry and crystallography
(87, 93, 94). The crystal structures of mutant enzymes at
acidic and neutral pH values showed a similar overall fold-
ing to that of normal enzymes. Subtle differences were
noted in the conformation of a flexible loop at the active
site and in the hydrogen bonding ability of aromatic resi-
dues on this loop with residue 370 and the catalytic resi-
dues Glu-235 and Glu-340. Circular dichroism spectroscopy
showed a pH-dependent change in the environment of
tryptophan residues in imiglucerase that is absent in N370S
GBAL. This finding coincides with the earlier observation
that N370S GBAI shows a relatively high residual enzy-
matic activity at pH <5.0 (92). Again, the local pH in lyso-
somes might significantly influence features of mutant
GBAI and render an explanation for the variable severity
of disease in Gaucher patients homozygous for N370S
GBAI, ranging from prominent visceral symptoms to a vir-
tual asymptomatic disease course (87).

In general, the TIM barrel domain of glycosidases seems
globally rigid yet includes flexible loops. It is proposed that
arigid TIM barrel fold provides the correct frame for favor-
able interactions with carbohydrate substrates and that this
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rigidity is necessary to bind, distort, and subsequently hy-
drolyze the glycosidic linkage within the enzyme active site
(85). The flexible loops may play essential roles in substrate
binding and product release and influence the still poorly
understood intermolecular interaction of GBA with its acti-
vator protein saposin C (95, 96).

No information on the dynamics of the (a/a)¢ solenoid
catalytic domain of GH116 family members is yet available.
An investigation of TxGH116 provided information about
the protein fold and led to tentative explanations for the
detrimental effects of observed amino acid substitutions in
human GBAZ2 that lead to neurological symptoms (57). For
instance, it has been proposed that the substitution of Arg-
360 by a tryptophan in GBA2 sequence leads to a local dis-
turbance of the charge balance within the mutation vicinity
and structural clashes due to the bulky tryptophan side
chain, thus destabilizing the global fold of the protein. An-
other pathogenic mutation is F419V, which is located in
the interface between the N-terminal $-sandwich and the
(/)¢ solenoid catalytic domains. Substitutions of the aro-
matic side chain by two methyl groups at this position is
assumed to disrupt the interdomain interactions and in-
duce a global destabilization of the protein fold.

TRANSLATION OF KNOWLEDGE: THERAPEUTIC
AND INDUSTRIAL ENZYMES, THERAPEUTIC
INHIBITORS, AND DIAGNOSTIC
ACTIVITY-BASED PROBES

The interest of fundamental as well as applied nature
in retaining B-glycosidases is presently high. Acquired fun-
damental knowledge on these enzymes increasingly finds a
variety of important applications meriting discussion.

Therapeutic enzymes

Seminal investigations on GBA-deficient Gaucher dis-
ease patients receiving chronic intravenous administration
of (recombinant) human GBAI have led to the develop-
ment of an effective treatment for visceral complications
such as splenomegaly, hepatomegaly, low platelet counts,
and anemia (97, 98). The success of this treatment, coined
as enzyme replacement therapy, has prompted similar
approaches for other inherited lysosomal disorders caused
by the deficiency of a retaining glycosidase, such as Fabry
disease (a-galactosidase A deficiency), Pompe disease
(acid a-glucosidase deficiency), mucopolysaccharidosis I
(a-iduronidase deficiency), and mucopolysaccharidosis
VII (B-glucuronidase deficiency). Different production
platforms (cultured transfected hamster cells, gene-activated
human cells, and genetically modified rabbits and plant
cells) are presently in use to produce therapeutic glycosi-
dases for enzyme replacement therapies (98-101).

Examples of present intraintestinal use of glycosi-
dases are recombinant lactase together with dairy prod-
ucts by individuals suffering from lactose intolerance and
recombinant a-galactosidase to prevent flatulence fol-
lowing the consumption of galactomannan-rich plant food
(102, 103).
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Therapeutic noncovalent inhibitors

Inhibitors of retaining B3-glycosidases have received con-
siderable attention. They provide important research tools
and can now be found in therapeutic applications. Two fun-
damentally different classes of inhibitors can be distin-
guished: reversible noncovalent inhibitors and irreversible
covalent inhibitors. Numerous reversible 3-glycosidase in-
hibitors, including saccharides, iminosugars, carbasugars,
thiosugars, azosugars, and nonglycosidic inhibitors, have ei-
ther been synthesized or extracted from natural sources
(104). Reversible B-glycosidase inhibitors are considered at-
tractive for medical use because the inhibition of target (or
off-target) enzymes can be more easily controlled. Intestinal
a-glycosidase inhibitors, which were developed for the oral
treatment of type 2 diabetes, were among the first applied
inhibitors in the clinic. Inside the intestine these inhibitors
reduce the conversion of complex carbohydrates, such as
starch, to monosaccharides, which are absorbed by the
body. Thus, a-glucosidase inhibitors reduce the risk of post-
prandial hyperglycemia (105). Examples of a-glucosidase
inhibitors in clinical use are acarbose, voglibose, and the
iminosugar miglitol (AN-hydroxyethyldeoxynojirimycin) (106).

Iminosugars that modulate glycosidases deserve special
discussion. They are presently most actively studied as
therapeutic agents in patients with lysosomal glycosidase
deficiencies. In particular, their beneficial action as phar-
macological (chemical) chaperones that enhance the fold-
ing and/or stability of mutant glycosidases is being pursued
(see below) (107-109). Iminosugars (Fig. 5A) are small
polyhydroxylated alkaloids with at least two hydroxyl groups
and one heterocyclic nitrogen atom. Simple iminosugars
naturally occur in plants and microorganisms (110). The
substitution of the oxygen or anomeric carbon of the
pyranose ring by protonated nitrogen is thought to mimic
the positive charge generated in these centers upon par-
tial cleavage of the glycosidic bond, thus emulating the
oxocarbenium ion transition state with a high inhibitory

potency (111) (Fig. 5B). Nojirimycin (NJ) (compound 6;
Fig. 5A), isolated from Bacillus, Streptomyces, and mulberry,
was shown to be a potent inhibitor of a- and -glycosidases
(104). The presence of a hydroxyl group at Cl renders NJ
unstable, hampering exploitation. 1-Deoxynojirimycin (DNJ)
(compound 7; Fig. 5A) lacks the C1 hydroxyl that enhances
stability and inhibitory potency (104). DN]J also inhibits
a- and B-glycosidases. Changing the position of the hetero-
cycle nitrogen atom to the anomeric carbon position of DNJ
pyranosidic ring in so-called l-azasugars increases the
inhibition of B-glucosidases 440 times without affecting
a-glycosidases (112). Isofagomine (IFG) (compound 8;
Fig. bA) is a 1-azasugar in which the anomeric carbon and
the ring oxygen of glucose are replaced by nitrogen and
carbon, respectively, and the C2 hydroxylic group is absent.
The remaining hydroxyl groups are maintained, preserving a
p-glucose-like configuration. In noeuromycin (compound
9), the presence of the hydroxyl group at C2 increases
B-glycosidase inhibition, presumably due to an additional
hydrogen bond interaction in the active site (113).

The high specificity of IFG toward GBA1 has prompted
studies on its use as a therapeutic chemical chaperone in
Gaucher disease patients. These patients produce mutant
GBAI molecules that often are inefficiently folded in the
ER and/or show reduced stability in lysosomes (17). IFG
shows a higher binding affinity to GBAI at neutral pH (as
in the ER) compared with acidic pH (as in lysosomes) (56).
IFG was envisioned to assist the folding and/or stability of
(mutant) GBAIl and, because it crosses the blood-brain
barrier, to have the potential to improve neuropathology
in severely affected Gaucher disease patients. Positive ef-
fects of IFG on (mutant) GBA1 were noted in in vitro and
in vivo studies (114). IFG was found to increase the thermal
stability of GBA and to increase in cultured cells the levels
of wild-type N370S and 1.444P GBA, the two most com-
monly encountered mutant enzymes in Gaucher disease
patients (115). Unfortunately, IFG has failed in clinical
trials, likely due to difficulties in reaching optimal IFG
concentrations concomitantly in several tissues. Of note,
various glucomimetics are now under development, and
their effects on chaperone capacity are being investigated
(109, 116). Using HDX mass spectrometry, strong pertur-
bations in the HDX rate were observed for regions in GBA
engaged in direct interaction with IFG as well as in other
distal protein regions. In contrast, in the crystalline state no
significant structural changes were observed in GBA1 upon
IFG binding (117). The IFG rigidification effects on GBA1
seem to propagate beyond its binding pocket to surround-
ing regions, thus restricting the local protein dynamics. Re-
cently, the occupancy effect of the binding site in GBA1 by
small hydrophilic and amphiphilic mechanism-based in-
hibitors was studied (88). The complex of GBAI with the
small glycomimetic conduritol B epoxide (CBE) was found
to cause only minor changes in the enzyme fluorescence
spectrum. In contrast, binding of activity-based probes with
a large amphiphilic extension occupying both glycon and
aglycon binding sites led to a prominent shift of the maxi-
mum GBAI fluorescence spectra toward the blue region.
This indicates an induced closed and rigid structure, which
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is also suggested by accompanying increased resistance to
tryptic digestion (Fig. 3D). Thus, dual occupancy of the gly-
con and aglycon binding sites might enhance stabilization.
Similar findings were made for EGCII, suggesting that am-
phiphilic compounds act as a “hydrophobic zipper” (118).

NB-DNJ (miglustat) (compound 10; Fig. 5A) is registered
as therapeutic agent for the treatment of mild-to-moderate
Gaucher disease by substrate reduction therapy (119-121).
At micromolar concentrations NB-DN]J inhibits the enzyme
glucosylceramide synthase (GCS) that generates glucosylce-
ramide from ceramide and UDP glucose (122). NB-DN]J
is thus able to reduce glucosylceramide and glycosphingo-
lipids (105). More recently, NB-DNJ was also found to stabi-
lize GBA1 (123). NN-DN]J (compound 11; Fig. 5A) shows
even considerably better binding affinity toward GBALI, pre-
sumably due to its longer alkyl chain length (124). Another
target of Nsubstituted deoxynojirimycin is GBA2 (125).
This B-glucosidase is very sensitive to inhibition by hydro-
phobic deoxynojirimycins such as N-(5)-adamantane-1-yl-
methoxy-pentyl deoxynojirimycin (AMP-DNM) (compound
12; Fig. 5A) (IC50 = 3 nM) (126). The inhibition of GBA2
has been found to be beneficial in GBAl-deficient mice and
animals with other deficiencies in lysosomal glycosphingo-
lipid degradation (127, 128). Likewise, the genetic loss of
GBA2 in these models was found to ameliorate disease,
again suggesting that excessive metabolism of glucosylce-
ramide by GBA2 during impaired lysosomal degradation
contributes to disease severity (128, 129).

The tuning of the N-substituent of deoxynojirimycins
could render exciting therapeutic agents (85). An extensive
library of N-substituted deoxynojirimycins has been synthe-
sized and tested for its ability to inhibit key enzymes in the
metabolism of glucosylceramide: GBAl, GBA2, and GCS
(125, 130, 131). Deoxynojirimycins were substituted with
a butyl, methoxypentyl-adamantyl, or biphenyl moiety. De-
sired for the treatment of Gaucher disease and other
sphingolipid storage disorders are compounds that con-
comitantly inhibit GCS and GBA2 with high affinity but do
not impair GBAI enzymatic activity. Optimal in this respect
is 1-idose-configured iminosugar substituted with methoxy-
pentyl-adamantyl (compound 13; Fig. 5A) (132). p-Glucose-
configured AMP-DNM also exerts major beneficial effects
in obese rodents such as improving glucose homeostasis,
correcting hepatosteatosis, and restoring satiety (133-136).
The remarkable positive effect of AMP-DNM on glucose ho-
meostasis could be attributed to the combined buffering of
carbohydrate assimilation through the inhibition of intesti-
nal glycosidases and tissue-wide improvement of insulin sen-
sitivity through the lowering of inhibitory gangliosides in
lipid rafts on the surface of cells (131).

Covalent mechanism-based inhibitors and diagnostic
activity-based probes

Cyclophellitol (compound 14; Fig. 6A), extracted from
the mushroom Phellinus sp., was shown to be a potent suicide
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inhibitor of retaining B-glucosidases such as GBA1 (137).
Cyclophellitol can induce GBA1 deficiency in cells and ro-
dents (138, 139). It does this by binding covalently, in a
mechanism-based manner, to the catalytic nucleophile
E340 of the enzyme (Fig. 6B) (140, 141). Cyclophellitol
aziridine (compound 15; Fig. 6A) also acts as a suicide
inhibitor via the same mechanism. The inactivation in-
volves the nucleophilic attack by the enzyme’s catalytic nu-
cleophile to the cyclophellitol, or cyclophellitol aziridine
electrophile, resulting in ring opening and the formation
of'a covalent adduct bond to the nucleophile. The reaction
is facilitated by protonation of the cyclophellitol by the
general acid/base residue (Fig. 6B). Cyclophellitol aziridine
exhibits a positive charge and is intrinsically more reactive
than the epoxide counterpart (142).

CBE (compound 16; Fig. 6A) employs the same mecha-
nism for the irreversible inactivation of glycosidases (140).
It was used to identify the catalytic carboxylate in sucrase
and isomaltase (143). Radioactive CBE derivatives were
also employed to identify catalytic active-site residues in
other glycosidases (144). The structural symmetry of CBE
allows the labeling of both a- and B-glucosidases (145,
146). However, CBE may interact not only with catalytic
nucleophile residues. For instance, the assignment of
nucleophile residues of B-lac Z, GBAI, and almond B-
glucosidase nucleophile residues by CBE was first errone-
ous and later corrected (147, 148). The aziridine analogue
of CBE (compound 17; Fig. 6A) is a modest inactivator of
Abg B-glycosidase and more potently of yeast a-glucosidase
(149). Exo-alkyl epoxide glycosides (compounds 18 and 19;
Fig. 6A), with an epoxide moiety linked to a monosaccharide
by an alkyl chain, were also used to label the catalytic nucleo-
phile in a variety of enzymes, and through X-ray crystallog-
raphy their interactions with the enzymes were characterized
(150). It was observed that the alkyl chain length may influ-
ence the labeling. In a retaining 1,4 xylanase from 7Tricho-
derma reesi, 2,3-epoxypropyl B-p-xyloside and 3,4-epoxybutyl
B-p-xyloside labeled the nucleophile and acid base residue,
respectively (151).

CBE has meanwhile found many research applications.
Administering CBE to mice has rendered insight in the
minimum GBA activity (12% to 16%) required for normal
functioning (152). CBE inactivates GBA1 in all tissues, in-
cluding the brain. Therefore, CBE treatment of mice allows
investigations on CNS pathology resulting from GBA defi-
ciency (153). The cyclitol was also used to study the im-
portance of glucosylceramide metabolism in cancer cells
resistant to chemotherapy-induced apoptosis (154, 155). It
furthermore assisted the discovery of the occurrence of the
second cellular glucosylceramidase, GBA2 (20).

Covalent inhibitors such as cyclophellitol have pro-
vided insights on intermediate-state sugar ring distortions.
The crystal structure of cyclophellitol covalently bound
in B-glucosidase from Thermotoga maritima, a bacterial (3-
glucosidase, revealed a 4C1 chair conformation (156). Witte
etal. (157) designed selective activity-based probes (ABPs)
toward GBA1 based on cyclophellitol as a scaffold (ABP 20;
Fig. 6B). A reporter group (biotin or BODIPY) was at-
tached to cyclophellitol via a pentyl linker. The resulting

ABP allows ultrasensitive and specific visualization of GBA1
in vitro as well as in cultured cells and mice (157). Subse-
quently designed ABPs were based on a cyclophellitol
aziridine scaffold with attached reporter groups via alkyl
or acyl linkers (ABP 21; Fig. 6B) (158). These probes gen-
erally recognize multiple retaining glycosidases in the same
class (159). Meanwhile, cyclophellitol aziridine ABPs
labeling a-galactosidases, a-glucosidases, a-fucosidase,
B-galactosidases, and B-glucuronidase have been success-
fully generated (160-164). These ABPs find several appli-
cations, such as quantitative detection and localization of
glycosidases in cells and tissues, as well as identification and
characterization of glycosidase inhibitors by competitive
ABP profiling (165-167). Another important application
lies in the demonstration of the deficiency of glycosidases
in assisting the diagnosis of corresponding inherited dis-
eases. The remarkable sensitivity of glycosidase detection
with fluorescent ABPs allows the use of small amounts of
analytes such as cells and bodily fluids (78).

Another class of covalent retaining glycosidase inhibitors
are 2-deoxy-2-fluoro glycosides (compound 22; Fig. 6A).
These substrate mimics contain an excellent leaving group
(a fluoride) linked to a glycoside at C2. This C2 fluoride
stabilizes the glycosyl-enzyme intermediate (Fig. 6D) (168).
The spontaneous hydrolysis of the glycosyl-enzyme com-
plex is slow; the halflife may vary between seconds to
hours. The enzyme’s catalytic activity can be rescued with a
suitable external acceptor to transfer the fluorinated glyco-
side and liberate the nucleophile residue (168). This fea-
ture has been used to explore the aglycon binding site. The
recovery of enzyme activity complexed with fluorinated
glycosides relies on the binding affinity of an acceptor to
the aglycon site (169). Like CBE and cyclophellitol, acti-
vated fluorinated glycosides have been amply used as re-
search tools for studying retaining B-glycosidases (170).
NMR spectrometry with 2-deoxy-2-fluoro glycoside provided
a model of substrate itinerary and insight in enzyme dy-
namics during catalysis in B-glucosidase from Alcaligenes
Jfaecalis and B-(1,4)-glycosidase from C. fimi, respectively
(85, 171). Fluorinated glycosides assisted the identification
of a novel mammalian cytosolic B-glucosidase and charac-
terization of the catalytic pockets of lactase phlorizin hy-
drolase (172, 173). In addition, 2-deoxy-2-fluoro glycosides
were also developed into ABPs (174). These were able to
label B-glycosidases selectively in complex biological mix-
tures and assisted in the discovery of novel B-glycosidase
enzymes in C. fimi (ABP 23; Fig. 6B, D) (175).

CONCLUSION AND PERSPECTIVE

Knowledge on retaining -glucosidases has rapidly ex-
panded over the last few decades. Structure activity rela-
tionship and dynamics studies provide detailed information
about their physical characteristics and deepen the under-
standing of substrate-to-product itineraries. This approach
has led to more potent and selective inhibitors and chemi-
cal chaperones, although their full potential in therapeutic
applications has yet to be realized. Understanding the role
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of protein dynamics in substrate binding and distortion
and in product release is comparatively small. Further in-
formation on this aspect could solve the paradox between
relatively high structural conservation and a wide variety of
functions among some glycosidases.

This review focused on glycosylceramidases. This field in
particular has witnessed a remarkable successful transla-
tion of fundamental knowledge to clinical care. Now in use
as registered drugs are recombinant glycosidases as well as
modulators of glucosylceramide metabolism. Furthermore,
the therapeutic value of chemical chaperones in enhanc-
ing mutant glycosidases is actively being investigated. ABPs
now facilitate diagnoses of enzyme deficiency and the
screening for agents that interact with the catalytic pocket
of glycosidases. B
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