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Abstract f-Glucosidases (3.2.1.21) are found in all
domains of living organisms, where they play essential
roles in the removal of nonreducing terminal glucosyl
residues from saccharides and glycosides. f-Glucosidases
function in glycolipid and exogenous glycoside metabo-
lism in animals, defense, cell wall lignification, cell wall
f-glucan turnover, phytohormone activation, and release of
aromatic compounds in plants, and biomass conversion in
microorganisms. These functions lead to many agricultural
and industrial applications. f-Glucosidases have been
classified into glycoside hydrolase (GH) families GHI,
GH3, GHS5, GH9, and GH30, based on their amino acid
sequences, while other f-glucosidases remain to be clas-
sified. The GH1, GHS5, and GH30 f3-glucosidases fall in GH
Clan A, which consists of proteins with (f/o)g-barrel
structures. In contrast, the active site of GH3 enzymes
comprises two domains, while GH9 enzymes have (o/o)g
barrel structures. The mechanism by which GHI enzymes
recognize and hydrolyze substrates with different speci-
ficities remains an area of intense study.
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Introduction

Beta-glucosidases (f-p-glucopyranoside glucohydrolases,
E.C. 3.2.1.21) are enzymes that hydrolyze glycosidic bonds
to release nonreducing terminal glucosyl residues from
glycosides and oligosaccharides. These enzymes are found
universally, in all domains of living organisms, Archaea,
Eubacteria, and Eukaryotes, in which they play a variety of
functions. These include biomass conversion in micro-
organisms, breakdown of glycolipids and exogenous
glucosides in animals, and lignification, catabolism of cell
wall oligosaccharides, defense, phytohormone conjugate
activation, and scent release in plants, as well as both sides
of plant-microbe and plant—insect interactions.

Although the definition of f-glucosidases is straight-
forward, the abundance of nonreducing terminal f-linked
D-glucosyl residues in nature, some examples of which are
shown in Fig. 1, has led to the assighment of many E.C.
numbers for enzymes that hydrolyze their glycosidic bond.
Among these enzymes are glucosyl ceramidases or gluco-
cerebrosidases  (3.2.1.45), glucan 1,4-f-glucosidases
(3.2.1.58), glucan 1,3-f-glucosidases (3.2.1.74), steryl-f-
glucosidase  (3.2.1.104), strictosidine  f-glucosidase
(3.2.1.105), amygdalin hydrolase (3.2.1.117), prunasin
hydrolase (3.2.1.118), vicianin f-glucosidase (3.2.1.119),
raucaffricine f-glucosidase (3.2.1.125), and coniferin
p-glucosidase (3.2.1.126). In addition, f-glucosidases often
exhibit additional activities, such as f-p-fucosidase
(3.2.1.38), f-p-galactosidase (3.2.1.23), f-p-mannosidase
(3.2.1.25), and f-disaccharidase activities, such as f-apio-
syl-p-p-glucosidase (3.2.1.161).

Since the name and the corresponding E.C. number(s)
tell us little about mechanism of action, structure, and
relationship to other glycoside hydrolases, and one enzyme
may catalyze hydrolysis of several related substrates,
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<« Fig. 1 Structures of example p-glucosidase substrates. The plant

cyanogenic glucosides linamarin, dhurrin, prunasin, and its precursor
amygdalin. Other defense-related glycosides include 2-O-f-p-gluco-
pyranosyl-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOAGIc)
and the flavonoids apigenin 7-O-f-p-glucoside, the isoflavonoids
diadzin and genistin, and phloridzin. Coniferin and coumaryl alcohol
represent monolignol f-glucosides, while abscissic acid glucosyl
ester is a phytohormone glucoconjugate and salicin and indoxyl
f-glucoside are other plant glycosides with similarity to phytohor-
mones. Strictosidine is the metabolic precursor to a wide array of
monoterpene alkaloids. Cellobiose and laminaribiose represent plant
cell-wall-derived oligosaccharides and can be extended with the same
linkage to give the corresponding triose, tetraose, etc. In the lower
right is an example of a glucosyl ceramide, one of the substrates
for human acid f-glucosidase (GBA1l) and other mammalian
p-glucosidases

Henrissat developed an alternative classification system for
glycoside hydrolases based on amino acid sequence and
structural similarity [1-3]. In this system, those enzymes
with overall amino acid sequence similarity and well-
conserved sequence motifs are grouped into the same
family. At this writing, 115 glycoside hydrolase families
are listed in the frequently updated Carbohydrate Active
enZYme (CAZY) Web site (http://www.cazy.org) [3]. The
f-glucosidases that have been described in the literature
fall in glycoside hydrolase families GH1, GH3, GHS, GH9,
and GH30, [1, 3-5]. In addition, the human bile acid
p-glucosidase/GBA2 glucocerebrosidase and its relatives
are yet to be assigned to a family. The families that have
similar catalytic domain structures and conserved catalytic
amino acids, suggestive of a common ancestry and cata-
lytic mechanism, are grouped into clans [2, 3]. Of these,
clan GH-A has the largest number of families, and it
includes the f-glucosidase-containing families GH1, GHS,
and GH30.

GHI1 includes the largest number of characterized
p-glucosidases; therefore, it will be the emphasis of this
review, with the other f-glucosidase families receiving
brief mention. We will consider the roles of f-glucosidases
and related enzymes in animals, in plants, and in micro-
organisms, followed by the application of these enzymes.
Then, we will describe the structure, mechanism, and the
resulting general properties of f-glucosidases that have
been purified, and end with a perspective on what is known
and needs for further study.

B-Glucosidases and their functional roles

Roles of ff-glucosidases and their relatives in mammals
Mammals contain several f-glucosidases, including the
family GH1 lactase-phloridzin hydrolase and cytoplasmic

p-glucosidase, the GH30 human acid p-glucosidase
(GBA1) and the bile acid f-glucosidase or GBA2. These

enzymes are thought to play roles in metabolism of gly-
colipids and dietary glucosides. In addition, a group of
related family GH1 proteins is thought to play signaling
functions.

Perhaps the best-studied mammalian f-glucosidase is
the human acid f-glucosidase, which is generally consid-
ered a glucosyl ceramidase. Defects in the function of this
enzyme and its transport to the lysosome lead to Gaucher
disease, in which glycoceramides accumulate in the lyso-
somes of tissue leukocytes leading to their engorgement
and buildup in the tissues [6]. Since enzyme replacement
therapy is one way of alleviating the symptoms for this
disease, the enzyme has been produced in recombinant
mammalian and insect cells, and gene-activated human
cells, and the structures of the enzymes determined [7-9].
Other means of treatment for Gaucher disease include use
of imino sugars like deoxynojirimycin and isofagomine
and their hydrophobic derivatives, which may inhibit
synthesis of glycoceramides, but also bind to mutant GBA1
in the ER and help it to fold properly for transport to the
lysosome [6]. However, these inhibitors also inhibit other
p-glucosidases, such as GBA2 [10, 11].

A human bile acid f-glucosidase (GBA2) was found
associated with liver microsomes [12]. Immunofluores-
cence showed a perinuclear reticulated localization [10],
consistent with its earlier assignment to the endoplasmic
reticulum (ER), while over-expressed green fluorescent
protein tagged enzyme was localized near the plasma
membrane [11]. When the bile acid f-glucosidase gene was
knocked out in mice, little effect was seen on bile acid
metabolism, but there was an accumulation of glucocera-
mides in the Seritoli cells of the testes, leading to round-
headed sperm and decreased fertility [10]. Cells transfected
with the gene showed an increased ability to hydrolyze
fluorescent glucoceramides, confirming the protein’s
identity as GBA2, the nonlysosomal glycoceramidase
[10, 11].

Currently, five GHI1 proteins are known in humans:
lactase-phloridzin hydrolase (LPH), cytoplasmic f-gluco-
sidase, Klotho (a-Klotho, KL) p-Klotho (S-KL), and
Klotho-LPH-related protein (KLPH) [13]. LPH, an intes-
tinal hydrolase involved in food digestion, has both
f-glucosidase activity toward exogenous glucosides, such
as phloridzin, and f-galactosidase activity toward lactose.
The precursor protein consists of four GH1 domains, the
first two of which are removed during maturation, leaving a
type I membrane protein with the LPH3 and LPH4
domains bound to the intestinal epithelial cells by a
C-terminal transmembrane segment [14]. Flavonoid glu-
cosides appear to be hydrolyzed at both the LPH3 active
site and the lactase active site in the LPH4 domain [15, 16].
Deficiency of this enzyme leads to lactose intolerance, one
of the most common enzyme deficiencies in humans.


http://www.cazy.org

3392

J. R. Ketudat Cairns, A. Esen

The broad specificity cytoplasmic f-glucosidase has
been studied for 30 years [17], and it has recently been
given the additional name Klotho-related protein [18]. The
cytoplasmic f5-glucosidase is found in high levels in
hepatocytes and brush border epithelial cells, and it has
been shown to hydrolyze plant-derived flavonoid gluco-
sides with high efficiency [19, 20], as shown in Table 1.
Recently, the cytoplasmic f-glucosidase was shown to
partially account for residual hydrolysis of glucoceramides
and galactoceramides in fibroblasts treated with conduritol
p-epoxide (CBE), a potent inhibitor of human GBA1 [18].
Although the recombinant enzyme produced in Esche-
richia coli showed extremely slow hydrolysis of natural
glycoceramides (Table 1), its structure was solved
and found to include lipids in positions suggestive of a
glycoceramide binding site and its k.,/K,, values for
fluorescently labeled glycoceramides were comparable to
those of flavonoid glycosides. The structure of the human
cytoplasmic f-glucosidase expressed in Pichia pastoris
was solved independently, and the residues likely to be
involved in its binding of quercetin 4’-O-glucoside were
identified by molecular docking and site-directed muta-
genesis [13]. No lipids were observed in the active site of
the enzyme produced in P. pastoris.

The Klotho subfamily of mammalian GH1 proteins (i.e.,
KL, B-KL, and KLPH) lack a complete active site with
both the catalytic acid/base and nucleophile and thus have
no f-glucosidase activity [12]. However, KL has been
shown to have weak glucuronidase activity and to modify
glycosylation of the transient receptor potential ion channel

TRPVS5, suggesting they may act as glycoside hydrolases
[21]. KL was identified by its induction of rapid aging-like
symptoms in knock-out mice [22], and it plays regulatory
roles in calcium and phosphate homeostasis [21, 23]. All
Klotho subfamily members have N-terminal secretory
signal sequences and C-terminal transmembrane domains,
and KL has a secretory form as well [24, 25]. The KLPH
has a single GH1 domain, while KL and $-KL have two
GHI1 domains, all of which lack essential catalytic amino
acids [24].

Insect f-glucosidases and myrosinases

Although the Drosophila melanogaster genome contains
only one GH1 gene, suggesting that insects may not have
expanded this gene family at an early stage, other insects
have adapted glycosides and glycoside hydrolases from the
plants on which they feed for protection and digestive
purposes [26]. Digestive p-glycosidases from GHI have
been isolated from insect larvae that feed on plants
[27, 28]. Similarly, myrosinases have been isolated from
specialist insects that feed on crucifers, such as the cabbage
aphid, Brevicoryne brassicae [29]. The larval f-glyco-
sidases mentioned above can hydrolyze gluco-
oligosaccharides and plant glycosides, such as cellobiose,
gentiobiose, and amygdalin [27], in line with their
digestive functions. These insect ff-glycosidases and myr-
osinases have sequences most similar to each other, then to
vertebrate LPH, suggesting they diverged from the same
animal GH1 gene ancestor, after its divergence from plants.

Table 1 Substrate specificity of

human cytoplasmic f- Substrate Kin (LM) Kear (871 ke Kpn (mM ™" s71) Reference

glucosidase: substrate K, and Artificial aryl glycosides

apparent k., values .
pNP-f-b-Glc 1,800 12 6.9 Berrin [20]
pNP-f-p-Fuc 370 11 29 Berrin [20]
pNP-a-L-Ara 570 6.0 10 Berrin [20]
pNP-$-p-Gal 3,100 18 5.6 Berrin [20]

Flavonoids and isoflavonoids
Quercitin 4’-glucoside 34 ND Day [19]
Quercetin 4'-glucoside 32 1.1 34 Berrin [20]
Quercetin 7-glucoside 42 0.7 16 Berrin [20]
Apigenin 7-glucoside 22 1.5 71 Berrin [20]
Luteolin 4'-glucoside 10 1.2 117 Berrin [20]
Luteolin 7-glucoside 50 3.0 61 Berrin [20]
Genistin 13 ND Day [19]
Genistin 35 1.5 44 Berrin [20]
Glycosphingolipids

Berrin et al. [20], recombinant C6-NBD-GlcCer 46 0.121 26 Hayashi [18]

human from P. pastoris; Day

et al. [19], human from small C6-NBD-Gal-Cer 2.0 0.255 128 Hayashi [18]

intestine and liver; Hayashi C18-Glc-Cer 14 0.0072 0.51 Hayashi [18]

et al. [18], human expressed in C18-Gal-Cer 9.2 <0.0002 <0.02 Hayashi [18]

E. coli
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These genes have since evolved to meet the unique needs
of the herbivorous insects in their battle with plant defenses
to exploit the plant nutrients.

Roles of GH1 f-glucosidases in plants
Functional diversity and multiplicity

It is in plants that f-glucosidases have been found to play
the widest array of biological functions, which include
roles in defense, symbiosis, cell wall catabolism and lig-
nification, signalling, and plant secondary metabolism.
Several putative f-glucosidase genes have been shown
either to be induced by biotic or abiotic stress or to be
necessary for successful response to the stress [30-34].
With the advent of genomics, it became clear that about 40
GHI1 f-glucosidases are expressed in a typical plant, many
in the same tissues [35, 36]. The roles of these enzymes are
presumed to be determined by their substrate-specificities,
their tissue and subcellular localization, and the conditions
under which they come into contact with their physiolog-
ical substrates.

To match this enormous functional diversity, plants
have the largest number of GHI1 family proteins. For
example, 48 GHI1 genes for putative [-glucosidases and
thioglucosidases are found in Arabidopsis thaliana [35]
and 40 GHI1 genes are found in rice genome sequences
[36]. A number of these represent pseudogenes, and, in the
case of rice, two appear to be endophyte genes, but none-
theless both plants appear to express over 30 putative GH1
p-glucosidases. Sequence-based phylogenetic analysis
grouped these proteins into eight clusters that include both
rice and Arabidopsis representatives and two clusters found
only in Arabidopsis and other plants of the family Cap-
parales, including a cluster of classical thioglucosidases
(myrosinases) and a cluster of ER and peroxisomal
f-glucosidases and myrosinases. In addition, several
groups of enzymes from other plants do not fall into the
Arabidopsis and rice phylogenetic clusters, including the
well-studied chloroplastic f-glucosidases of maize, sor-
ghum, wheat and other cereals, which are not found in rice.
Most of these plant GH1 enzymes are closely related to one
another, but the lineage of SFR2 [33] shows higher simi-
larity to enzymes from thermophilic bacteria and Archaea
than other plant enzymes, and this lineage is thought to be
distinct within GH1 [37]. A few of the Arabidopsis and rice
enzymes have been shown to be primarily f-p-man-
nosidases [35, 38], so it is possible that some of the others
will have different glycone specificities as well, but most
are likely to be f-p-glucosidases. Given that plants also
contain GH3 and GHS5 f-glycosidases with f-glucosidase
activity [5, 39], the precise number of pf-glucosidase

isoenzymes in a particular plant species has yet to be
determined.

Defense and microbial interaction

Plants have long been known to contain glycosides that
release toxic compounds, such as cyanide and hydroxamic
acids (4-hydroxy-1,4-benzoxazin-3-ones) [40, 41], and the
use of f-glucosidases as “detonators” of these chemical
“bombs” has recently been reviewed [42]. In general, the
defense glycosides are stored in a different cell or a dif-
ferent cellular compartment from the f[-glucosidases that
hydrolyze them to release toxic compounds. The defense
compounds tend to be stored in the vacuole, while their
corresponding f-glucosidases are often found in the
apoplast or plastid. Both f-glucosidases and thioglucosid-
ases have been found to play these roles, and specialist
insects that feed on these plants have adapted these
enzymes to diffuse the glycoside bombs or use them for
their own defense [26]. ff-Glucosidase-mediated defenses
are also required for endophytic fungi to develop symbiotic
relationships with plants, evidently by modulating the
growth of these microorganisms [43].

Plants have developed a wide range of compounds for
defense, examples of which can be seen in Fig. 1. Cya-
nogenic f-glucosides, including linamarin from clover,
cassava and various other plants, dhurrin from sorghum,
and prunasin from cherry and other stone fruits, are
hydrolyzed to release an o-hydroxynitrile, which then
breaks down either enzymatically or spontaneously to
release cyanide and an aldehyde [41, 42]. Noncyanogenic
defense compounds, such as y- and f-hydroxynitriles and
isoflavones in legumes, other flavonoids, coumarins,
hydroxaminic acids, such as 2,4-dihydroxy-7-methoxy-
1,4-benzoxazin-3-one (DIMBOA) in maize and wheat, and
saponins are also stored as f-p-glucosides, which are
hydrolyzed by specific f-glucosidases [44-54].

Aside from sequestration of the enzyme in the chloro-
plast or apoplast, several GH1 hydrolases are found in
other compartments. The AtBGLU26 (PEN2) myrosinase
is found in the pyroxisome [34], while AtBGLU23
(PYK10) is the most abundant protein in an ER-derived
compartment called the ER body, which is only found in
crucifers [55, 56]. AtBGLU26 has been shown to be crit-
ical to the Arabidopsis defense against nonspecialist fungi
[34, 57]. AtBGLU23 is a -glucosidase that has been found
to be critical for establishment of symbiosis with the
endophytic fungus Piriformospora indica by preventing it
from overgrowing the roots and triggering a defense
response [43, 58]. AtBGLU23 and the closely related iso-
enzymes AtBGLU21 and AtBGLU22 have recently been
shown to be specific for scopolin, the most abundant
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coumarin glucoside in Arabidopsis roots, thereby explain-
ing the antifungal role of AtBGLU23 [54].

Upon cell disruption, plant defensive f3-glucosidases and
p-thioglucosidases often bind to cytoplasmic aggregating
factors, which are thought to help localize the otherwise
soluble f-glucosidases and f-thioglucosidases at the site of
injury, ensuring a maximal release of defense compounds
[53, 59-63]. The functional significance of the interactions
of the various defensive f-glucosidases from different
cellular compartments and their multiple aggregating
factors is an area of active investigation.

Cell wall metabolism

The cell wall of plants is the largest repository of carbo-
hydrates in nature, much of which are f-linked glucosyl
residues, so it is not surprising that f-glucosidases should
play important roles in cell wall development. -Glucosi-
dases, in fact, appear to play roles in both the degradation
of oligosaccharides generated in cell wall turnover and
release of monolignols from their glycosides to allow
lignification to stabilize secondary cell walls.

Several f-glucosidases that hydrolyze cell-wall-derived
oligosaccharides have been identified over the years and
have been studied primarily in monocots. For example, a
f-glucosidase in germinating barley seedlings showed
activity toward f-1,3- and f-1,4-linked oligosaccharides
[64—66]. More recently, it has been shown that this enzyme
displays greater preference for mannooligosaccharides,
which are also found in barley endosperm cell walls [67].
Rice seedling f-glucosidases have also been shown to
hydrolyze oligosaccharides, with varying preferences
[36, 38, 68-71]. Rice BGlul (Os3BGlu7), Os3BGlus,
and Os7BGlu26 hydrolyzed cellooligosaccharides with
increasing efficiency as the degree of polymerization (DP)
increased from 2 to 6, while Os4BGlul2 showed little
increase in activity with DP and Os3BGlu6 hydrolyzed
disaccharides best. The Os3BGlu7 and Os3BGlu8 isoen-
zymes are widely expressed in rice tissues, so they may be
needed for release of glucose from oligosaccharides gen-
erated in cell wall remodeling at various stages of plant
development. Since the rice f-glucosidase isoenzymes
mentioned above also hydrolyze plant-derived glycosides,
they may play other roles in the plant as well.

The lignification of secondary cell walls is thought
to involve the activation of monolignols by removal of
p-glucosyl residues from monolignol glycosides, like cin-
namyl alcohol f-glucosides [72]. A coniferin f-glucosidase
was identified from lodgepole pine tree xylem [73].
Immunological analysis indicated that this protein was
localized to the differentiating region of the xylem, con-
sistent with a role in lignification. More recently, two
Arabidopsis ff-glucosidases (AtBGLU45 and AtBGLU46)

that cluster with lodgepole pine coniferin f-glucosidase in
phylogenetic analysis were shown to hydrolyze coniferin,
syringin and coumaryl alcohol glucoside [74].

Phytohormone activation

Many phytohormone glucosides are found in plants, and
there has been some debate as to whether these are ter-
minal inactivation products or storage forms that can be
readily activated by specific f-glucosidases. Partially
purified rice p-glucosidases were shown to hydrolyze
gibberellin glucosides [75], while maize p-glucosidase
(Zm-p60.1, an isoform of ZmGlul, which hydrolyzes the
defense compound DIMBOAGIc) was shown to hydro-
lyze and activate cytokinin f-glucosides in vitro, as well
as in vivo after infusion of the exogeneous substrate [76].
Abscissic acid (ABA) glucosyl ester (ABA-GE) was
shown to be transported from roots to leaves and be
hydrolyzed by extracellular f-glucosidase in the leaves,
although free ABA is transported in larger amounts [77].
An enzyme hydrolyzing the auxin glucosyl ester 6-O-(4-
O)-indole-3-ylacetyl-fi-p-glucose has also been identified,
though the nature of this enzyme remains to be deter-
mined [78].

Recently, it has been shown that a specific Arabidopsis
ER f-glucosidase (AtBGLUI1S, AtBG1) is activated to
hydrolyze ABA-GE in response to drought stress [79].
Mutation of the gene for this enzyme caused early germi-
nation and defective stomata closing, which could be
rescued by transgenic expression of the gene, but not by a
gene encoding an inactive mutant, thereby verifying its role
in increasing ABA levels. This is perhaps the clearest
demonstration of a physiological role for a f-glucosidase in
phytohormone activation and suggests that other phyto-
hormone glucoconjugates also serve as f-glucosidase-
activated storage forms.

Secondary metabolism

The monoterpene alkaloid intermediate strictosidine is
hydrolyzed by a specific cytoplasmic f-glucosidase to
allow metabolism to various monoterpene alkaloids,
depending on the plant [80]. This enzyme has been
characterized from several plants, and that of Rauvolfia
serpentina has been structurally characterized [81]. One
of the downstream products from strictosidine is rau-
caffricine, a glucoside that can be deglucosylated by
raucaffricine f-glucosidase for further metabolization to
ajmaline [82]. Recently, another f-glucosidase hydrolyzing
alkaloid glucosides was isolated from Psychotria ipeca-
cuanha, further expanding on this theme [83]. As such,
f-glucosidases can play metabolic roles to release glucosyl
blocking groups from metabolic intermediates and allow
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their metabolism to various natural products, many of
which are of medicinal importance.

Other functions

Plant f-glucosidases may play a variety of other roles. For
instance, they appear to play roles in releasing volatiles
from glycoside storage forms. This includes flower scents
[84] as well as attractants for parasitic wasps that can attack
herbivores feeding on the plant [85]. With the wide variety
of glucosides found in plants, it is likely many roles remain
to be discovered.

Roles of GH1 f-glucosidases in microorganisms

Although much research has been done on f-glucosidases
from microorganisms, most of it has focused on their
application rather than their endogenous function. As such,
most of the enzymes that have been studied in the context
of their natural function are those involved in bioconver-
sion to produce glucose from plant biomass, or in breaking
through plant cell walls to establish pathogenic or symbi-
otic relationships [86]. Bacterial f-glucosidases are often
components of large complexes called cellosomes, contain
polysaccharide degrading endoglucanases and carbohy-
drate binding proteins to localize the complex and to
the cellulose surface and the cell membrane [87, 88].
Alternatively, some microorganisms secrete soluble endo-
glycosidases and exoglycosidases for this function,
including exoglucanases/[5-glucosidases. Fungi, such as the
white rot fungus Phanerochaete chrysosporium, may
contain cytoplasmic f-glucosidases and extracellular exo-
glucanases, some of which may act in metabolism of the
organism’s own cell wall, in addition to plant cell wall
biomass metabolism [89-91].

Applications of fS-glucosidases

As noted above, ff-glucosidases are of interest for biomass
conversion, since conversion of fi-glucans, the largest source
of biomass in the world, is generally accomplished by three
enzymes, endo-f-glucanases (e.g., cellulases), exo-f-glu-
canases (e.g., cellobiosidases) and p-glucosidases [86].
Limiting factors in conversion of cellulose to glucose for
fermentation to alcohol include the inhibition of cellulases
by oligosaccharides and the lack of adequate f-glucosidase
production by certain microorganisms used for biomass
breakdown. Thus, the identification and production of
p-glucosidases, especially those with high glucose toler-
ance, has been of interest, and applicable f-glucosidases
have been isolated from bacteria and fungi [86, 89-91].
There are hundreds of different f-glucosidic flavor
precursors in plants, and their hydrolysis often enhances

the quality of the beverages and foods produced from them
[92, 93]. Generally, there are native f-glucosidases in
source-plant tissues that hydrolyze these flavor precursors
to produce the desired aglycone moiety. Enzymes from the
source plants or other sources may be added to foods and
beverages before, during, or after processing to enhance
food quality. Enzymes with desirable properties may be
targeted for breeding programs to increase their abundance
in the plants or for overproduction in transgenic microbial
or plant hosts, and for engineering to improve their cata-
lytic properties for flavor enhancement and stability.

Aside from flavor enhancement, foods, feeds, and bev-
erages may be improved nutritionally by release of
vitamins, antioxidants, and other beneficial compounds
from their glycosides. For instance, vitamin Bg (pyridox-
ine) can be released from its glucoside by enzymes in rice,
in which pyridoxine glucoside is its predominant form [70,
94]. Other vitamins are also found as glucosides in plant
sources, and release of their aglycones may improve their
nutritional availability, despite the presence of animal and
microbial f-glucosidases in the small intestine to aid in this
process. Therefore, animal feeds are often treated with
crude f-glucosidases. Much work has been done to identify
f-glucosidases that can hydrolyze soy isoflavone glyco-
sides, the aglycones of which have antioxidant properties
[45-47, 95, 96]. Similarly, the pungent taste of food made
from cruciferous vegetables (e.g., broccoli, cabbage, cau-
liflower, horseradish, kale, mustard, watercress, etc.) is
derived from the products of the myrosinase/glucosinolate
system, which may also have anticarcinogenic effects,
although they may cause endemic goiter in large amounts
[93, 97].

The compartmentalized f-glucosidase-f-glucoside
defense systems found in such food and feed-plant tissues
as cassava roots and leaves, lima beans, flax seeds, and
clover leaves produce HCN when the tissue is macerated
during preparation or by chewing [93]. The bitterness in
almonds is caused by the presence of cyanogenic gluco-
sides [98]. Cassava is highly consumed in parts of Asia,
Africa, and South America, and contains the cyanogenic
f-glucoside linamarin and its fS-glucosidase linamarase.
When consumed raw, cyanide poisoning can occur with
symptoms of difficulty in breathing, paralysis, convulsion,
coma, and even death. Similar symptoms can arise when
bitter almonds are eaten raw. Processing of cassava roots
by maceration results in the enzyme releasing the HCN,
and subsequent aeration and washing removes the products
of cyanogenesis. Alternatively, thorough cooking destroys
the linamarase enzyme, preventing cyanide release.

In addition to their catalysis of hydrolysis, f-glucosidases
also catalyze reverse hydrolysis and transglycosylation
reactions, which can be used to synthesize oligosaccharides
and glycosides of interest [99]. Various mutations have been
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developed to maximize the products of these transglycosy-
lation reactions by manipulating the catalytic mechanism, as
described below.

Biochemistry of f-glucosidases
Structures of f-glucosidases

p-Glucosidases have various structures, but the overall fold
of the catalytic domain is similar in each GH family. The
families GH1, GHS, and GH30 belong to the Clan GH-A,
and they all have similar (f/o)g-barrel domains that contain
their active site. In contrast, GH3 enzymes have two
domains contributing to their active site. GH9 enzymes
have (a/a)¢-barrel structures, while the GBA2 family shows
weak homology to proteins with this («/a)g structure as
well (Fig. 2). We will consider these in turn, followed by a
more in-depth look at GHI1 enzymes, which serve as an
excellent model for studying the structural basis for diverse
substrate specificities.

The clan GH-A enzymes of families GH1, GHS, and
GH30 all have a common (ff/a)g-barrel structure and their

active sites contain two conserved carboxylic acid residues
on fi-strands 4 and 7, serving as the catalytic acid/base and
nucleophile, respectively [100, 101]. Although structures
are available for all three of these families, our focus will
be on GHI here, since the relatively closely related GH1
plant f-glycosidases show a high diversity of substrate
specificities, the basis of which will be considered later.
The lengths and subunit masses of these GH1 enzymes
vary considerably, depending on the presence of auxiliary
domains and redundant GH1 domains (as in human LPH),
but the catalytic domain itself ranges from around 440 to
550 residues, depending on the lengths of the variable
loops at the C-terminal ends of the fS-strands of the (f/o)g-
barrel [102]. These monomers form a wide range of qua-
ternary structures, including monomeric enzymes, dimers,
tetramers, hexamers, octamers, and large aggregates.

The GH3 p-glucosidases and exoglucanases have a
two-domain structure, a (f§/o)g-barrel followed by an o/f
sandwich comprising a 6-stranded [5-sheet sandwiched
between three a-helices on either side [103]. The active site
of GH3 enzymes is situated between the (ff/a)g and (¢/f)g
sandwich domains, each of which contributes one catalytic
carboxylate residue (Fig. 2). The catalytic nucleophile for

Fig. 2 Structures of f-glucosidases from different GH families.
These include f-glucosidases or related enzymes from GH1 (Zea
mays ZmGlul, PDB code 1E1E), GH3 (Hordeum vulgare Exo 1
p-glucan glucohydrolase, PDB code 1EX1), GH5 (Candida albicans
exo-f3-(1,3)-glucanase Exg exoglucanase, PDB code 1CZ1), GH30
(Homo sapiens, acid f-glucosidase/glucocerebrosidase GBA1, PDB
code 2V3D), and GH9 (Vibrio parahaemolyticus, putative exoglu-
canase, PDB code 3H7L). The structural cartoons are colored in a

spectrum from blue to red from their N- to C-termini, with the
catalytic nucleophile and acid—base residues shown in stick for those
enzymes in which they are known. The ligands shown are glucose in
the GH3 barley Exol and N-butyl-deoxynojirimycin in the GH30
human GBAL, both of which are shown with carbons in pink. The
human GBA2 (bile acid ff-glucosidase) shows low levels of sequence
similarity to (o/o)g enzymes, suggesting its catalytic domain may be
similar to the GH9 structure. Drawn with Pymol (DeLano)
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barley Exo I is an aspartate at residue D285, which resides
on the loop after f-strand 7 of the (f/x)g barrel, while the
catalytic acid/base is glutamate E491, which is on a long
loop extending from the (a/f})¢ sandwich domain [104].

Only a few GHO9 proteins have been verified to be
f-glucosidases [105, 106], as most proteins in this family
are endoglycosidases. This family consists of (a/a)e barrels.
Recently, the structure of a Vibrio parahaemolyticus
protein with 69% amino acid sequence identity over
567 residues with the Vibrio cholera f-glucosidase, was
determined (PDB accession 3H7L, Fig. 2). These family
GH9 enzymes are the first S-glucosidases shown to act
through an inverting mechanism (the prevailing mecha-
nism in family GH9), which is unusual, since all other
f-glucosidases described so far act through a retaining
mechanism [106].

The human GBA?2 and its relatives are not related to
other ff-glycosidases, but show weak similarities to certain
(a/o)g enzymes in homology searches. The GBA2 sequence
contains no secretory pathway signal sequence and a single
putative transmembrane domain, but was predicted to have
its N-terminus in the endoplasmic reticulum and C-termi-
nus in the cytoplasm [11]. The position of this putative
transmembrane o-helix falls in the middle of a sequence
homologous to soluble (a/a)¢ amylohydrolase, chitobiose
phosphorylase and o-L-rthamnosidase (3.2.1.40) enzymes,
and the low confidence of the transmembrane topology
prediction call this topology into question, but the enzyme
is clearly associated with membranes by some means [10,
11].

Catalytic mechanisms

Glycoside hydrolases perform catalysis using two mecha-
nisms, one with inversion and one with retention of
chirality at the anomeric carbon [105]. Both of these
mechanisms use a pair of acidic and nucleophilic residues,
usually carboxylic acids, on either side of the sugar,
approximately 5 A apart in the retaining mechanism, and
10 A apart in the inverting mechanism, in which a water
molecule must fit between the catalytic base and the
substrate. The GH9 pf-glucosidases use an inverting
mechanism, in which an activated water molecule makes a
direct nucleophilic attack on the anomeric carbon to
displace the aglycone in a single step, as shown in Fig. 3a
[106]. The catalytic base extracts a proton from the
incoming water molecule while the catalytic acid proto-
nates the leaving group aglycone. In contrast, most
p-glucosidases that have been characterized (i.e., GHI,
GH3, and GH30 enzymes) are retaining enzymes, and they
perform catalysis in two steps, glycosylation and degly-
cosylation (Fig. 3b). In glycosylation, the aglycone departs
with the donation of a proton from the catalytic acid/base

and nucleophilic attack of the catalytic nucleophile on the
anomeric carbon to yield an a-linked covalent enzyme-
glycone intermediate. In the deglycosylation step, the
process is reversed, as a water molecule attacks with basic
assistance from the catalytic acid/base to displace the
catalytic nucleophile from the glucose.

Both the glycosylation and deglycosylation steps are
thought to pass through oxocarbenium-ion-like transition
states. The glucose of the incoming substrate has some-
times been observed to be distorted into a lS3 skew boat as
it moves toward the *H; half-chair shape in the first tran-
sition state, although in other structures it is poorly defined
by the electron density, apparently due to high mobility
[108—112]. The structures of certain putative transition
state mimics have also been solved in the active site and
shown to have a structure close to the 4H3 half-chair,
although others appeared to inhibit by mechanisms other
than transition state mimicry [108, 113-118].

The presence of the covalent intermediate was first
demonstrated with the GH1 Agrobacterium sp. [3-glucosi-
dase by covalent labeling with 2,4-dinitrophenyl-2-deoxy-
2-fluoroglucoside [119, 120]. In this inhibitor, the
electronegative fluoride atom destabilizes the transition
state for both half reactions, while the 2,4-dinitrophenylate
provides an excellent leaving group to allow the glyco-
sylation step to proceed rapidly. This traps the enzyme in
the covalent intermediate and allows the catalytic nucleo-
phile to be identified by tryptic digest and mass
spectrometry. This covalent intermediate has also been
observed in crystal structures for both the 2-F-glucoside
and, in some cases, in the nonfluorinated glucosyl residue
in certain acid/base catalyst mutants [104, 112, 121, 122].
The covalent inhibitor CBE has also been used to identify
the catalytic nucleophile in some cases [104], but it is less
specific and sometimes labels nearby amino acids. The
acid/base catalyst of cassava f-glucosidase was also iden-
tified with a mechanism-based inhibitor, N-bromoacetyl-
p-p-glucopyranosylamine [123], but most acid/base resi-
dues have been identified through homology, proximity to
the glycosidic bond oxygen in crystal structures or site-
directed mutagenesis [124].

The double-displacement mechanism for retaining
p-glucosidases leads to predictions that mutants of these
enzymes in which the acid/base or nucleophile is removed
can be rescued by small nucleophiles and utilized for
transglycosylation [107, 124-127]. When the acid/base of
Agrobacterium sp. f-glucosidase was mutated to glycine
(E170G), the hydrolysis of 2,4-dinitrophenyl f-p-glucoside
(dNPGlIc), which has a leaving group that does not require
protonation (pKa = 3.96), lost its pH dependence from 7 to
9 and could be rescued by various small nucleophiles, such
as azide, which produced f-p-glucosyl azide [124]. This
verified E170 as the catalytic acid/base and was consistent
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A Inverting Mechanism
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Fig. 3 Retaining catalytic mechanisms of inverting and retaining
p-glucosidases. a The inverting mechanism that is seen in family GH9
glycoside hydrolases, including f-glucosidases. A single displace-
ment of the aglycone by the water leads to an anomeric carbon with
inverted chirality. b The commonly accepted mechanism for hydro-
lysis with retention of anomeric configuration as seen GH Clan A and
family GH3 f-glucosidases. The glucosyl moiety is distorted into an
'S, skew boat upon binding to the enzyme in preparation to form the
“H; half chair conformation of the proposed transition state [107,

with the double displacement mechanism in which the role
of the catalytic acid has been circumvented. Similarly,
conversion of the Abg catalytic nucleophile to a small
nonnucleophilic amino acid, i.e., Ala, Ser, or Gly, resulted
in an inactive enzyme that could be rescued by azide or
fluoride to form o-p-glucosides, thereby converting a
retaining enzyme to an inverting enzyme [125, 126].
Alternatively, the use of «-fluoroglucoside, in which the
fluoride replaces the enzyme nucleophile in the covalent
intermediate, allowed transfer of a f-linked glucosyl moi-
ety onto a sugar or other alcohol. Since these nucleophile
mutants have low hydrolytic activity, but relatively high
transferase activity, they were designated glycosynthases
[127]. Both the acid/base and the nucleophile mutants have
potential uses in glycoconjugate synthesis.

5. Intermediate

108]. The first step is glycosylation, in which the catalytic acid
donates a proton to the leaving group, while the catalytic nucleophile
attacks from the opposite side to form an «-linked intermediate. In the
second, deglycosylation step, the catalytic base (the same carboxylate
as the catalytic acid) extracts a proton from a water molecule,
improving its nucleophilic power to attack at the anomeric carbon and
displace the enzyme. Hydrolysis by either mechanism is equivalent in
the organism, since mutarotation of the released glucose will lead to a
racemic mixture of glucose in solution after a short time

Mechanism of substrate binding and specificity

Although the residues responsible for the hydrolytic
mechanism are well characterized, how f-glycosidases
recognize and interact with their substrates, which in large
part determines their diverse functions, is less clear. GH1
enzymes are a prime model for these studies and the
structures of 23 GHI1 enzymes and their variants are cur-
rently available, including three from archaea, nine from
bacteria, two from animals, one from a fungus, and eight
from plants (CAZY website, [5]). The complexes of several
of these enzymes with substrates, inhibitors and covalent
intermediates are available, allowing in-depth analysis of
residues likely to be critical to substrate and transition state
binding. Although many of the prokaryotic enzymes show
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rather similar and broad substrate specificities, the com-
plexes of fp-glycosidase S from the archaeon Sulfolobus
solfataricus and f-glucosidase A from the eubacteria
Thermotoga maritima with a range of inhibitors has pro-
vided a wealth of information on catalytic and inhibitory
mechanisms [113-118]. In addition, site-directed muta-
genesis of GH1 enzymes with and without experimentally
determined structures has been done to test the roles of
various residues.

The GHI1 enzymes may have rather broad glycone
specificity, for instance one enzyme may hydrolyze f-p-
glucosides, f-p-fucosides, f[-p-mannosides, [3-p-galacto-
sides and o-L-arabinosides, or may be specific for one or a
few glycone sugars. Marana [128] analyzed GH1 speci-
ficity and concluded that a conserved glutamate, which
bridges the glycone hydroxyl groups 4 and 6 in enzymes
with f-glucosidase and f-galactosidase activities but is
replaced in 6-phosphoglycosidases, is critical for the dis-
tinction between enzymes. However, it still remains to be
determined how GHI1 enzymes can be primarily fS-gluco-
sidases or f-mannosidases or show different ranges of
allowed glycones, even though they bind the sugar with the
same conserved residues [38, 65, 109, 112]. It is worth
noting that binding of the aglycone has also been observed
to affect the sugar binding position [109, 129], so residues
more distant in the substrate binding pocket cannot be
excluded from playing roles in glycone specificity.

The basis of the tremendous diversity in function of
p-glucosidases, especially in plants, is the substrate agly-
cone specificity differences that determine their natural
substrates. Structures of complexes of enzymes with
inhibitors and mutant enzymes with substrates, along with
mutagenesis and chimera studies comparing similar
enzymes with divergent specificities, have suggested that
the basis of aglycone specificity is complex. Although this
includes mutagenesis and structural studies of human
cytoplasmic f-glucosidase [13, 130], the plant GHI
enzymes have served as the primary model, due to their
high diversity in aglycone specificity.

Maize ZmGlul and sorghum dhurrinase 1 (SbDhrl) are
closely related, displaying 70% amino acid sequence
identity, but have distinct specificities. ZmGlul has broad
specificity, but cannot hydrolyze dhurrin, the natural sub-
strate of SbDhrl, while SbDhrl hydrolyzes only dhurrin.
Studies of reciprocal ZmGlul/SbDhrl chimeric enzymes
[131] and subsequent structural and site-directed muta-
genesis studies [109-111, 129] indicated that the aglycone
specificity determining sites are different in ZmGlul and
SbDhrl. The structures of a catalytically inactive ZmGlul
mutant (GlulE191D) in complex with the natural substrate
DIMBOAGIc (Fig. 4a), its free aglycone DIMBOA, and
the unhydrolyzed competitive inhibitor dhurrin showed
that the aglycone moiety of the substrate is sandwiched

between four aromatic residues, W378 on one side and
F198, F205, and F466 on the other [109]. The 7-methoxy
group of DIMBOA also has a hydrophobic contact with
A467. All of these residues, except W378, are variable
among f-glucosidases that differ in substrate specificity,
which led to the conclusion that these sites and the active-
site shape are the basis of aglycone binding specificity in
f-glucosidases. In the case of Dhrl, the three phenylala-
nines are replaced with V196, L203, and S462, and the
active site is smaller (Fig. 4b). A water-mediated H-bond
between the dhurrin phenolic hydroxyl and Dhrl S462
provides a more polar and stronger binding interaction than
seen in ZmGlul [109-111]. This apparently led to a more
stable 'S5 skew boat conformation of the glucosyl residue,
whereas in ZmGlul the conformation appeared to be var-
iable, leading to poor electron density around the anomeric
carbon. Mutagenesis of these aglycone-binding residues in
the Zm60.8 isoform of ZmGlul confirmed their importance
to hydrolysis of synthetic substrates [132].

Fig. 4 Active site configurations of maize f-glucosidase 1 (Glul, a)
and sorghum dhurrinase 1 (Dhrl, b). The active sites of maize Glul
and sorghum Dhrl enzymes are shown for the structures of the Glul
E189D mutant in complex with DIMBOA glucoside (PDB entry
1E56) and Dhrl E191D mutant in complex with dhurrin (PDB entry
1VO3) [109, 111]. The sidechains of residues noted to interact with
the aglycone are shown in stick representation behind the active site
surface, which is colored as the underlying residues, which are
colored with carbon in yellow for Glul and purple for Dhrl, nitrogen
in blue, and oxygen in red. The ligands are shown in ball and stick
representation with similar coloration. The Phe 261 residue, which
narrows the active site in Dhrl, is also shown in front of the catalytic
nucleophile Glu 404. Figure created with Pymol
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However, the structural investigation of ZmGlul to
SbDhrl mutants and the subsequent structure of SbDhrl
and other GHI1 hydrolases showed that the above-men-
tioned variable residues alone cannot designate substrate
specificity [111, 131]. Although the Trp corresponding to
ZmGlul W378 is nearly invariable in other plant GH1
enzymes, its positional variation was found to be critical for
binding of substrates like dhurrin and strictosidine [81, 111,
131]. Even the closely related wheat f-glucosidase (TaGlu)
was found to have different amino acids at the other agly-
cone-binding residues found in ZmGlul, despite the fact
that it also hydrolyzes DIMBOAGIc [52]. The oligosac-
charide binding site in rice BGlul runs out of the active site
in a different direction from that of DIMBOAGlIc binding in
ZmGlul, so that L442, corresponding to ZmGlu F466,
makes no interaction with the substrate, while N190, cor-
responding to ZmGlu F205, interacts only indirectly ([112],
and PDB code 3F5K). Instead, N245 plays a key role in
binding to the third glucosyl residue in cellooligosaccha-
rides, while the corresponding residues in SbDhrl (F261)
and rice Os3BGlu6 (M251) appear to block off their active
sites, which do not bind to such long substrates [71, 111].
Thus, a different, though overlapping, set of active site
residues has been recruited to interact with the aglycone in
each GH1 f-glucosidase that has been investigated, in
contrast to the highly conserved glycone binding site.

Kinetic parameters for substrate hydrolysis

p-Glucosidases have variable kinetic parameters toward
their substrates. The K, values for natural substrates and
other good substrates are typically 1 mM or less, but these
values vary roughly 1,000-fold. Similarly, f-glucosidases
have relatively low k., values (~300 s~ ! or lower), which
may be physiologically beneficial in some roles, but one
must suspect the physiological relevance or the enzyme
preparation if these values are too low. Comparison of the
ke./Kn (efficiency coefficient) values is generally used to
evaluate potential natural substrates, as two substrates with
similar K, values may have vastly different catalytic effi-
ciencies. It is instructive to look at the published values for
the hydrolysis of putative natural substrates by natural and
recombinant preparations of human cytoplasmic f-gluco-
sidases (Table 1). The plant-derived flavonoid luteolin
4'-glucoside and a synthetic fluorescent glycoceramide,
C6-NBD-GalCer, give similar efficiency coefficients,
although the former is hydrolyzed approximately five-fold
faster than the latter. The natural glycoceramides that have
longer acyl chains had much slower hydrolysis rates.
Nonetheless, it was shown that RNAi knockdown of the
cytoplasmic f-glucosidase resulted in an increase in gly-
coceramide concentrations, suggesting they may serve as
natural substrates in the cell [18].

When f-glucosides with different efficiencies differ in
the leaving-group ability of their aglycones, the rate-lim-
iting step will be the glycosylation reaction, while either
the glycosylation or deglycosylation step, or both, might
be rate-limiting if substrates differ in the glycone. For
example, many pf-glucosidases hydrolyze p-nitrophenyl-
p-p-fucoside (pNPFuc) with higher efficiency than
p-nitrophenyl--p-glucoside (pNPGlc). In the case of
maize f-glucosidases [50] and rice Os3BGlu7 [70], the K ,,
values are similar, and the V,,,, values for pNPFuc are
clearly higher, however, in Dalbergia isoflavonoid f-glu-
cosidases [46, 47, 133] and rice Os3BGlu6 [71], the V.4 is
similar or higher for pNPGIc and the K, is ten-fold lower
for pNPFuc.

Inhibitors and cofactors

B-Glucosidases are inhibited by transition-state sugar ana-
logues, substrate analogue glycosides, and free aglycones
of their substrates, as well as slowly hydrolyzed substrates,
such as the fluoroglucosides mentioned earlier. Structural
and thermodynamic analysis of 18 putative substrate ana-
logues suggested many may not act as true transition-state
analogues, but may nonetheless bind and inhibit 7. mari-
tima f-glucosidase [118]. Since the aglycone and glycone-
binding pockets in the active site are distinct, sugar analogs
shaped similar to the half-chair conformation of the tran-
sition state can bind to the glycone-binding site and inhibit
the enzyme, whereas free aglycones may bind to the
aglycone-binding site. Free glucose is a poor inhibitor
(typically K; = 100-200 mM) because glucose must be
distorted toward the half-chair conformation for binding to
the glycone-binding site, which is thought to require a
portion of the energy of aglycone binding. In contrast, free
aglycones can be potent competitive inhibitors because
they bind to the aglycone-binding site without energetically
unfavorable distortion.

Although most metal ions do not inhibit -glucosidases,
Ag" and Hg?", are potent f-glucosidase inhibitors, and
inhibition by Cu?" and Fe** has also been reported [134].
Although f-O-glucosidases are not known to require any
cofactors, ascorbate is known to enhance the activity of
f-S-glucosidases (myrosinases) by acting as a surrogate
catalytic base [135]. The chelation of Zn** between the
monomers in the biological dimer of myrosinase suggests
that metal ions could act in stabilization of some GHI
enzymes.

pH and temperature optima and stability
p-Glucosidases show a range of pH optima and stabilities,

depending on their source and amino acid sequence. The pH
optima of most f-glucosidases range between pH 4 and 7.5,
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depending on their source and cellular location, and they
tend to be stable over a range of pH from 4 to 9. It is usually
safe to store these enzymes at 0—4°C at pH 7-8, once major
protease contaminants have been removed, but this should
be tested with each enzyme. As with other proteins,
pH extremes, copurifying proteases, and microbial con-
tamination may result in degradation, although many
p-glucosidases are resistant to proteases due to their tightly
folded core structure. Nonetheless, proteolysis can result in
recombinant proteins losing their purification tags and in
purified active enzymes appearing to have two subunits on
SDS-PAGE due to an internal cleavage that leaves the fold
intact, in the authors’ experience. Some f-glucosidases are
resistant to denaturation by ionic detergents such as SDS,
which allows extraction with buffers containing up to 3%
SDS and zymogram development after SDS-PAGE when
samples are applied without heating.

Thermostability and temperature optima vary greatly
among enzymes. Mesophilic f-glucosidases may show
highest activity at 30-65°C, but are generally inactivated at
and above 55-70°C [46, 53, 58, 73]. High activity at
temperatures above the extremes of the enzyme’s natural
environment is not physiologically relevant and may result
in rapid heat denaturation, so assays are often run at
30-40°C. On the other hand, f-glucosidases from ther-
mophilic bacteria, such as T. maritima BglA, may have
temperature optima of over 100°C [136]. Engineering of a
bacterial fS-glucosidase to have the same N-terminal and
C-terminal residues as T. maritima BglA, allowed hydro-
gen bonding between these termini and stabilized the
enzyme, suggesting such interactions may be important for
high stability [137]. This thermostability is also thought to
be due to an increased number of proline residues, elec-
trostatic bridges, and internal water molecules, and binding
of more subunits in the quaternary structure compared to
many mesophilic enzymes [138].

Summary and future prospects

The description of f-glucosidases in this review is limited
in detail, due to the vast amounts of data that have been
generated in the last several years. Nonetheless, we hope
the reader will appreciate the wide variety of functions that
f-glucosidases play in nature, from biomass degradation by
microorganisms, to glycolipid and xenogenic f-glucoside
breakdown in animals, to roles in defense, phytohormone
regulation, cell wall metabolism, and secondary metabo-
lism in plants, where the f-glucosidases have attained their
greatest multiplicity and diversity of function. Although
f-glucosidases like sorghum SbDhrl can be very specific,
others show overlapping ranges of activities for multiple
substrates, such as the glucocerebrosidase and flavonoid

p-glucosidase activities of human f-glucosidases. It seems
likely that f-glucosidases play many as yet undiscovered
roles, as well as potential for many applications.

Although the catalytic mechanism is well understood for
GH Clan A and GH3 f-glucosidases, the means by which
their exact substrate specificity is established has proven to
be divergent for even closely related f-glucosidases. This
and the high multiplicity of putative -glucosidase in plants
limit the conclusions that can be drawn from genomic
sequences as to the putative specificities and functions of
new f-glucosidase homologs. Nonetheless, the insights
gained from structural and mutagenic studies provide a
starting point from which to investigate the functions of
new f-glucosidases. As more substrate specificities and
structures are determined, it should become more feasible
to predict substrate specificity from the sequences of as yet
uninvestigated f-glucosidases.
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