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Disaccharide-specific glycosidases (diglycosidases) are unique glycoside hydrolases,
as their substrate specificities differ from those of monosaccharide-specific
b-glycosidases (monoglycosidases), in spite of similarities in their sequences and
reaction mechanisms. Diglycosidases selectively hydrolyse the b-glycosidic bond
between glycone and aglycone of disaccharide glycosides, but do not cleave the
bond between two saccharides, and barely hydrolyse monosaccharide glycosides.
We analysed the substrate recognition mechanisms of diglycosidases by computa-
tional and experimental methods, using furcatin hydrolase (FH) (EC 3.2.1.161)
derived from Viburnum furcatum. Amino acid sequence comparisons and model
structure building revealed two residues, Ala419 and Ser504 of FH, as candidates
determining the substrate specificity. These residues were specifically conserved
in the diglycosidases. The model structure suggested that Ala419 is involved in
the aglycone recognition, whereas Ser504 recognizes the external saccharide of the
glycone. Mutations at these sites drastically decreased the diglycosidase activity.
The mechanism by which the diglycosidases acquired their substrate specificity is
discussed, based on these observations.
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b-Glucosidases exist in almost all living organisms and
are involved in a wide variety of biological reaction
pathways, such as starch and sucrose metabolism, cyano-
amino acid metabolism and phenylpropanoid biosynthe-
sis, as described in the KEGG database (http://www.
genome.ad.jp/kegg/). They hydrolyse the b-glycosidic
bond of a b-glucoside between a glucose and an agly-
cone (non-carbohydrate moiety) (1, 2) (Fig. 1). Most
of the plant b-glucosidases are classified into glycosyl
hydrolase (GH) family 1, based on the sequence similar-
ity in the CAZY (Carbohydrate Active enZYmes) data-
base (http://www.cazy.org) (3, 4). The tertiary structures
of GH family 1 proteins share an (a/b)8 triose phosphate
isomerase (TIM) barrel structure, and their core second-
ary structures are highly conserved, even when the
sequence identity is <25%. They have two conserved Glu
residues, which are essential for hydrolysis via the
retaining mechanism (2, 5, 6). These residues reside at
the bottom of the slot-like barrel hole. Around the active

site, a highly conserved loop, bearing several aromatic
and polar residues, interacts with the glucose of the
substrate via hydrogen bonds (7). Biological studies of
numerous plant b-glucosidases revealed their diverse
substrate specificity. Through the catalytic reaction,
these enzymes release various kinds of aglycone moieties
as bioactive metabolites for defense mechanisms. For
example, hydrogen cyanide is generated from inactive
b-glycosides via hydrolysis in several edible plants, such
as cassava and black cherry (5, 8–10).

In addition to the monosaccharide glycosides
(monoglycosides), with a glucose unit for a glycone, the
disaccharide glycosides (diglycosides), in which the gly-
cones are glucose with another monosaccharide, exist
in many plants. Several glycosidases that can utilize
these diglycosides as their substrates have also been
detected in plants (11–15). They release a disaccharide
unit by the selective hydrolysis of the b-glycosidic link-
age between the disaccharide glycone moiety and the
aglycone (Fig. 1), and therefore, they do not hydrolyse
the bond connecting the two sugars. Furthermore,
they hardly hydrolyse monoglycosides, which distin-
guishes these glycosidases from other b-glycosidases.
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Such a disaccharide-specific glycosidase is hereafter
called a diglycosidase, whereas a b-glycosidase that liber-
ates a monosaccharide is referred to as a monoglycosi-
dase. We identified two diglycosidases, b-primeverosidase
(PD), derived from Camellia sinensis, and furcatin
hydrolase (FH), from Viburnum furcatum and analysed
their biological functions (16, 17). They share the highest
amino acid sequence similarity (64% identity), although
their taxonomic relationship is not close. They are clas-
sified into GH family 1, based on the sequence similar-
ity to plant monoglycosidases, and their reactions also
follow the retaining mechanism. The natural substrates
of PD are b-primeverosides (6-O-b-D-xylopyranosyl-b-D

-glucopyranosides), and the reaction is involved in
either aroma formation or defense mechanisms (16, 18).
FH hydrolyses furcatin [para-allylphenyl (pAP) 6-O-b-
D-apiofuranosyl-b-D-glucopyranoside] into p-allylphenol
and the disaccharide, and it works as a deterrent against
insect attack by releasing a toxic aglycone (17). Although
the substrate specificity differs somewhat between FH
and PD, para-nitrophenyl (pNP) b-primeveroside is their
common substrate (17, 18). A previous molecular phylo-
genetic analysis suggested that these diglycosidases form
a single subcluster in the plant monoglycosidases cluster
(17). Although the substrate specificities and the evolu-
tionary relationship of the diglycosidases have been
investigated, the substrate recognition mechanism has
not been clarified at the molecular level. The tertiary
structures of the diglycosidases have not been solved yet.
Recently, Han et al. (19) suggested a substrate recogni-
tion mechanism for PD, based on a molecular dynamics
simulation with the model structure. In their model
structure, however, the substrate bond targeted for
hydrolysis was far from the catalytic site. Therefore,
their model structure does not seem to represent the
actual binding mode or explain the catalytic mechanism.

To investigate the reaction mechanism underlying
the unique substrate specificities of the diglycosidases,
we compared the amino acid sequences of the di- and
mono-glycosidases, and constructed a model structure
of FH including its substrate. Among the 538 residues
of the FH sequence, we identified two candidates
that contribute to the substrate specificity. Based on

computational analyses, these residues were examined
by site-directed mutagenesis. The diglycosidase activities
of these mutants were remarkably reduced. We discuss
the substrate recognition mechanism of the diglycosi-
dases, based on a synergistic approach utilizing compu-
tational and experimental studies.

MATERIALS AND METHODS

Amino Acid Sequence Comparison and Phyloge-
netic Tree Construction—The proteins with significant
amino acid sequence similarity to FH were collected
by a BLAST (20) search of the non-redundant protein
sequence database at the NCBI site (http://www.
ncbi.nlm.nih.gov/BLAST/). An E-value cut-off of <10�125

was used as the criterion for significant sequence
similarity. When some proteins thus collected showed
>80% sequence identity to each other, one of them was
selected for the following analysis as a representative
of the group. In total, 35 sequences were obtained, and
a multiple alignment of these sequences was produced
with the alignment software MAFFT ver.5.8 (21).

Based on the alignment, an unrooted molecular phy-
logenetic tree was constructed by the neighbour-joining
(NJ) method (22). The genetic distance between every
pair of aligned sequences was calculated as a maximum
likelihood estimate (23), using the JTT model (24) for
the amino acid substitutions. The sites including gaps
in the alignment were excluded from the calculation.
The statistical significance of the NJ tree topology
was evaluated by a bootstrap analysis (25) with 1,000
iterative tree reconstructions. Two software packages,
PHYLIP 3.5c (26) and MOLPHY 2.3b3 (27), were used
for the phylogenetic analysis.

Homology Modelling—A model structure of FH with
the substrate was constructed, using the coordinates
of Trifolium repens cyanogenic b-glucosidase (PDB ID:
1CBG; resolution: 2.15 Å) as a template, based on
the phylogenetic analysis (see RESULTS section). The
sequence identity between FH and 1CBG was 55%.
pNP b-primeveroside was selected as a substrate model,
because the compound is known as a good substrate for
both FH and PD (17, 18), and thus it seemed to be
suitable to extract the common characteristics of these
diglycosidases. To build the glycone moiety (xylose and
glucose) of pNP b-primeveroside, the coordinates of pNP
b-D-thioglucoside (PSG), an inhibitor included in the
crystal structure of Zea mays b-glucosidase (PDB ID:
1E1F; resolution: 2.6 Å) were used. The two structures,
1CBG and 1E1F, were superimposed based on the
sequence alignment, and the coordinates of PSG were
transferred into the corresponding position of 1CBG.
The inhibitor was then changed to pNP b-primeveroside
in the following manner. The C6 of the glucose in PSG
was modified with the xylose by a 6-O-glycosidic bond,
and the S-linked b-glycosidic bond between glucose and
pNP was changed to the O-linked bond. The coordi-
nates of 1CBG with pNP b-primeveroside were used
as an initial structure to build the model. All operations
for the homology modelling were performed with the
molecular modeling tool MOE (Molecular Operating
Environment, ver. 2005.06, Chemical Computing Group,

Fig. 1. Schematic diagrams of monoglycosides and digly-
cosides. An empty arrow indicates the b-glycosidic bond
hydrolysed by monoglycosidases, whereas diglycosidases cleave
the b-glycosidic bond indicated by a solid arrow. ‘X’ indicates a
bond that is barely hydrolysed by diglycosidases.
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Montreal, Canada). Energy minimization was performed
with the MMFF94s force field (28), using an implicit
solvent model. The quality of the model structure was
checked with Verify3D (http://nihserver.mbi.ucla.edu/
Verify_3D/).

Site-directed Mutagenesis—The bacterial expression
plasmid pGEX-FH-WT, which expresses the mature
form of wild-type FH fused with glutathione S-trans-
ferase (GST) at the N-terminus, was used as the
template (17). Primers for the mutations were designed
as follows: 50-ACGATTGGGAATGGAACGCTGGTTTCA
ACGTAAGG-30 for S504A, 50-ACGATTGGGAATGGAACT
GGGGTTTCAACGTAAGG-30 for S504W, 50-TCACTTCT
AGACGATTGGCWATGGAACTCTGGTTT-30 for E501Q
and E501L, 50-TCACTTCTAGACGATTGGGMCTGGAA
CTCTGGTTT-30 for E501A and E501D, 50-TCCGGCG
ACTGGTACACCGTGGTTTTGTTTCTGTCCAGAA-30 for
A419V, and 50-CCGGCGACTGGTACACCTTGGTTTTG
TTTCTGTCCAGAA-30 for A419W (the mutated codon is
shown in bold). Site-directed mutagenesis was carried
out with a QuikChange Multi site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA), according to the
manufacturer’s instructions. Escherichia coli BL21 cells
were transformed with either the wild-type plasmid
(pGEX-FH-WT) or the mutated plasmid. A 60 ml cul-
ture of the transformed cells was grown to log phase
(A600 = 0.6) at 378C, and then isopropyl-b-D-thiogalacto-
pyranoside was added to a final concentration of 1 mM.
The induced culture was incubated at 258C for an
additional 15 h. The cells were harvested by centrifuga-
tion, and were suspended in 50 mM Tris–HCl buffer
(pH 8.0) containing 0.2 mg/ml lysozyme (WAKO Pure
Chemicals, Osaka, Japan). After incubation for 10 min at
308C, the cells were sonicated 15 times for 30 s intervals
at 48C, and the lysate was centrifuged at 14,000g for
10 min. The recombinant protein in the supernatant was
purified by passage through a glutathione-Sepharose
column (0.7� 2.5 cm) (GE Healthcare Bio-Science AB,
Uppsala, Sweden). SDS–PAGE analysis of eluted frac-
tions exhibited single band at 88 kDa, and the purity of
FH mutants were equal to that of GST–FH fusion
protein purified by previous method (17). The purified
enzyme was utilized in the enzyme assay without
cleavage of the GST-tag.

Enzyme Assays—The activities of the wild-type and
mutant enzymes were measured with pNP b-primevero-
side, pNP b-glucoside, furcatin and pAP b-glucoside. pNP
b-glucoside were purchased from Sigma-Aldrich Co. (MO,
USA). pNP b-primeveroside was kindly provided by
Amano Enzyme Co. (Nagoya, Japan). Furcatin and pAP
b-glucoside was prepared as described previously (17).
Assays were carried out at 378C using a final concentra-
tion of 2 mM substrate and 20 mM sodium citrate buffer
(pH 5.0), in a total volume of 50 ml. The reaction was
started by adding 5 ml of the enzyme, and was stopped
by adding 50 ml of 0.2 M Na2CO3. The initial velocities
were determined by monitoring the liberated aglycones,
p-nitrophenol with a spectrophotometer at 405 nm and
p-allylphenol with HPLC, as described previously (17).

The kinetic parameters of the wild-type and mutant
enzymes were determined with pNP b-primeveroside.
The assay conditions were the same as those described

above, except the substrate concentration ranged from
1 to 25 mM. The initial velocities for pNP b-primeve-
roside at each concentration were fit to the Michaelis–
Menten equation by a non-linear regression analysis
using KaleidaGraph (Synergy Software, PA, USA), and
the constant for the curve yielded Km and kcat.

RESULTS

Computational Analysis—Database searching yielded
1,114 proteins with sequence similarity to FH. The top of
the list for the detected sequences was occupied by
hundreds of plant glycosidases, including PD. The GH
family 1 proteins derived from other eukaryotes, eubac-
teria and archaea followed the plant enzymes in the list.
We expected that sequence and structure comparisons
between FH and its closely related monoglycosidases
would identify the residues involved in the unique
substrate recognition. Therefore, we collected FH and
the top 34 proteins sequences with E-values <10�125,
as described in the MATERIALS AND METHODS
section. All of them were plant enzymes, and three of
the proteins had solved tertiary structures (1CBG, 1E1F
and 1V02 in Fig. 3). Among the selected enzymes,
vicianin hydrolase (VH) from Vicia angustifolia was
recently identified (29) in addition to two previous
diglycosidases, PD and FH. As described below, the
acquisition of diglycosidase activity by VH is considered
to be independent from those of PD and FH. Therefore,
we did not use this enzyme in the comparative analysis.

The obtained sequences were aligned, and the partial
alignment data of the representative glycosidases are
shown in Fig. 2. In this study, an alignment site at which
>80% of the total sequences have the same or similar
amino acids was defined as a conserved site. According to
this definition, about half of the alignment sites were
conserved, and these sites were mainly found in the core
secondary structure of the TIM barrel fold. This
observation suggested that the tertiary structures of
the diglycosidases are similar to those of the monoglyco-
sidases. Two catalytic Glu residues corresponded to the
alignment sites 176 and 411, as shown in Fig. 2. In
addition to them, the alignment sites 23, 127, 463, 470
and 471 in Fig. 2, which correspond to glucose binding
residues of the monoglycosidases (7), were also conserved
in FH and PD. In the case of FH, Gln88, His192, Trp494,
Glu501 and Trp502 were respectively aligned to these
sites. This conservation suggested that the diglycosidases
interact with the glucose unit of the substrate, in a
similar manner as the monoglycosidases.

A phylogenetic tree of GH family 1 was constructed,
based on the multiple alignment of the 35 homologous
sequences, to select a template structure for model
building (Fig. 3). The tree suggested that 1CBG is the
most closely related to FH among the three monoglyco-
sidases with known structures, and thus, this b-glucosi-
dase was chosen as the template. The tree also suggested
that FH and PD evolved from a common ancestor of
plant monoglycosidases. This observation is consistent
with the phylogenetic analyses in the previous reports
(16, 17). On the other hand, VH was far from these
diglycosidases, but close to the other monoglycosidases.
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Fig. 2. A multiple alignment of diglycosidases and mono-
glycosidases. The alignment, including FH, PD and eight
monoglycosidases, was reconstructed from the multiple align-
ment of 34 sequences. The GI number of each protein is shown
in the left column. The number neighbouring the first residue
in each line indicates the residue number in the sequence.
A measure indicating the site is shown over the alignment. A
conserved site with the same or physicochemically similar amino
acid residues in >80% of the total sequences is indicated by an
inverse character with a black or grey background, respectively.
The criteria of Dayhoff et al. (33) were used for the classification

of physicochemically similar amino acids: (i) hydrophobic group,
L, I, M and V; (ii) aromatic group, F, Y and W; (iii) small
hydrophilic group, S, T, P, A and G; (iv) negatively charged group
and the relatives, D, E, Q and N; (v) positively charged group, K,
R and H; and (vi) Cys residue, C. The catalytic glutamates are
enclosed by red lines. The residues within 3.5 Å from the
substrate in the FH model structure and 1E1F are coloured
red. The substituted sites in the FH mutant are enclosed by blue
lines. The a-helices and b-strands of 1CBG are indicated by red
and blue bars, respectively. Gaps for insertions and/or deletions
are indicated by hyphens.
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furcatin hydrolase Viburnum furcatum (46093424)

b -primeverosidase Camellia sinensis (32400332)

cyanogenic b -glucosidaseTrifolium repens (1CBG)(157830534)

isoflavone conjugate-specific b -glucosidase Glycine max (115529201) 

non-cyanogenic b -glucosidase
Trifolium repens (114974)

non-cyanogenic b -glucosidase Cicer arietinum (45720176)

dalcochinin 8′-O-b -glucoside b -glucosidase
Dalbergia cochinchinensis (6118076)

b-glycosidase Dalbergia nigrescens (54401705)

prunasin hydrolase PH B Prunusserotina (17432550)

prunasin hydrolase isoform PH A Prunusserotina (6979913)

amygdalin hydrolase isoform AH I Prunus serotina (16757966)

Oryzasativa (116309770)

strictosidine b -glucosidase

Arabidopsis thaliana (22327030)

dhurrinase Sorghum Bicolor (1V02)(49259425)

Arabidopsis thaliana (15232261)

92.5

99.7

100.0

100.0

100.0

100.0

100.0

87.5

100.0

100.0

90.8

100.0

81.9

b -glucosidase Hevea brasiliensis (118566338)

b -glucosidase Manihot esculenta (1155090)

linamarase Manihot esculenta (249262)

b -glucosidase Oryzasativa (16303740)

b -glucosidase Persicaria tinctoria (5030906)

vicianin hydrolase Vicia angustifolia (86553273)

Arabidopsis thaliana (15224882)

silverleaf whitefly-induced protein Cucurbita pepo (10998338)

b -glucosidase Oryza sativa (22658440)

Arabidopsis thaliana (15222734)

b -mannosidase Lycopersicon esculentum
(17226270)

b -mannosidase Oncidium Gower Ramsey
(84316796)

b -glucosidase Pinus contorta (3820531)

raucaffricine-O-b -D-glucosidase Rauvolfa serpentina (6103585)
strictosidine-O-b-D-glucosidase
Rauvolfa serpentina (27527664)

Catharanthus roseus (6840855)
b -glucosidase Olea europaea (25989474)

Arabidopsis thaliana (15232260)

furostanol glycoside 26-O-b -glucosidase Costus speciosus (1374991)

b -glucosidase Zea mays (1E1F)(13399866)

0.1 amino acid substitution/site

Fig. 3. An unrooted phylogenetic tree of diglycosidases
and monoglycosidases. The protein name, source name and
GI number or PDB ID of each sequence are indicated at
each leaf. The GI numbers for the 10 sequences indicated in

Fig. 2 are underlined. For the hypothetical sequences derived
from genome data, only the source names and the GI numbers
are indicated. Bootstrap probabilities of clustering at a node of
>80.0% are indicated.
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We built a model structure of FH by homology
modelling including pNP b-primeveroside, as described
in the MATERIALS AND METHODS section. This model
structure was specifically constructed to represent the
substrate binding mode, as described below. As shown in
Fig. 4A, it formed a typical TIM barrel fold. The two
deleted regions of FH, as compared to 1CBG (the
alignment sites 214–218 and 424–425 in Fig. 2), corre-
sponded to the loops, which were far from the substrate.
Except for these regions, no global conformational change
was found. The carboxylate groups of the catalytic Glu
residues, Glu238 and Glu447 (the alignment sites 176
and 411 in Fig. 2), were �5 Å apart from each other in
the model structure. This location is suitable for catalysis
via the retaining catalytic mechanism (6). An oxygen in
the carboxylate of Glu447, which functions as the

catalytic nucleophile, was close to both C1 (4.4 Å) and
the hydrogen of O2 (2.4 Å) in the glucose unit of the
substrate, whereas an oxygen in the carboxylate of
Glu238, which functions as the acid/base catalyst, was
near the glycosidic oxygen between the aglycone and the
glycone (2.9 Å). Thus, the locations of the catalytic
residues and the substrate binding mode were repro-
duced well in the model structure.

The structural comparison between the di- and mono-
glycosidases suggested that the difference in the sub-
strate specificity of these enzymes was not caused by
global conformational changes. Therefore, we selected
the residues surrounding the substrate in the model
structure as the candidates to determine the substrate
specificity of FH. There were 19 residues within 3.5 Å
from the substrate in the model structure, which
included the pair of catalytic Glu residues (Fig. 4B).
Among these 19 candidates, two residues, Ala419 at
alignment site 383 and Ser504 at site 473, were further
selected, as they were specifically conserved within FH
and PD. In the monoglycosidases, alignment site 383 is
occupied by a conserved Trp (Fig. 2). This aromatic
residue anchors the aglycone at the entrance of the slot,
placing the substrate in the proper position for catalysis
in the structure of Zea mays b-glucosidase (7, 30). In the
FH model structure, Ala419 was also present near the
entrance, and was located very close to the aglycone of
the substrate (Fig. 4B). On the other hand, alignment
site 473 was not conserved within the monoglycosidases.
In the model structure, Ser504 was present at the bottom
of the catalytic hole and was close to the O3 of xylose, the
external saccharide (Fig. 4B). Hereafter, we focused on
Ala419 and Ser504 of FH as the candidates to explain
the substrate specificity toward diglycosides. These two
amino acids of FH were examined by site-directed
mutagenesis, in order to investigate their roles in the
substrate specificity.

Site-directed Mutagenesis of FH—We constructed two
mutants for each target site. The hydrolytic activities of
these mutants toward diglycosides (furcatin and pNP
b-primeveroside) and monoglycosides (pAP b-glucoside
and pNP b-glucoside) were measured at the same
substrate concentration (2 mM), and the activities were
compared with those of wild-type FH (Table 1).

At first, Ala419 was replaced with Trp, which is con-
served in monoglycosidases. This A419W mutant exhib-
ited reduced activity toward all substrates, at 24–43%
relative to the wild-type. Ala419 was also replaced with
a hydrophobic Val, and A419V exhibited 40–127% acti-
vities relative to the wild-type. It is notable that the
negative effect of the mutation on the hydrolytic acti-
vities toward all di- and mono-glycosides is greater in
A419W than in A419V, suggesting that larger side chains
at this site cause deeper reductions in the hydrolytic
activity. As compared to A419W, the difference in the
aglycone seemed to be more clearly demonstrated in
A419V. Specifically, the decrease in the activity of A419V
relative to the wild-type was more remarkable for the
substrates with pAP, the same aglycone moiety as the
natural substrate, than for those with pNP.

Ser504 was then replaced with a bulky Trp and also
with a small Ala, lacking the hydroxy group as compared

A

B

Fig. 4. (A) The model structure of FH with the substrate.
The backbone of the model structure of FH is shown by a grey
tube. The residues within 3.5Å from the substrate atoms are
indicated by line models, which include two catalytic Glu
residues (yellow), the conserved residues within GH family 1
(green) and others (blue). pNP b-primeveroside is indicated by a
space filling model, coloured by atom type. (B) Active site of the
FH model structure. pNP b-primeveroside and the amino acids
within 3.5 Å from the substrate atoms are shown. The three
mutated sites are indicated by stick models. Other residues and
the substrate are shown in the same manner as in (A).
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to Ser. The activities of S504W toward diglycosides were
severely decreased, to 1.4 and 1.3% relative to those of
the wild-type (Table 1). In contrast, the effect of the
mutation toward monoglycoside hydrolysis was relatively
modest, with 20 and 28% activities relative to the wild-
type. On the other hand, the activity of S504A toward
furcatin increased 113% relative to the wild-type, and the
activities toward the other substrates slightly decreased
as compared to the wild-type. Thus, when Ser504 was
substituted with an amino acid bearing a bulky side
chain, a remarkable difference in the activity with the
glycone, rather than the aglycone, was detected. How-
ever, such dependence on the glycone was not observed
when Ser504 was substituted with an amino acid bearing
a similar side-chain size.

Kinetic Analysis of the Mutants—To further investi-
gate the roles of Ala419 and Ser504 in the substrate
specificity of FH, the kinetic parameters of their mutants
were determined with pNP b-primeveroside (Table 2).
The relative kcat/Km values were similar to the relative
activities toward pNP b-primeveroside in Table 1. The
Km values of A419W and A419V were decreased to half
of the wild-type value, indicating enhanced affinity of
the mutants for pNP b-primeveroside. However, the
lower kcat values (1/6 and 1/2 relative to the wild-type)
indicated that the catalytic rates were decreased by the
mutation. Thus, the lower overall activity (kcat/Km) was
caused by the reduction of kcat.

The Km value of S504W was increased 5-fold relative to
that of the wild-type, and the kcat value was decreased to
1/20 of the wild-type. The increase in Km indicates
reduced affinity of the mutant toward the substrate,
suggesting that the bulky Trp prevents the binding of

pNP b-primeveroside by steric hindrance. On the other
hand, S504A exhibited a high catalytic rate, with a kcat

comparable to that of the wild-type, but its Km value was
slightly increased. The high kcat value suggested that the
substrate was bound to S504A at an accurate position in
the active site.

DISCUSSION

Both computational studies and mutagenesis experi-
ments suggested that at least two residues of FH are
involved in the substrate specificity. Ala419 was located
close to the aglycone of the diglycoside in the model
structure. The kinetic study with pNP b-primeveroside
revealed that the mutations at this site did not disturb
the binding, but decreased the catalytic rate (Table 2).
From these observations, the hydrophobic interaction
between the aglycone and Trp or Val may enhance the
affinity in these mutants, whereas the bulky side chain
may shift the glycosidic oxygen away from the cata-
lytic glutamates, resulting in the lower overall activity.
The low relative activity toward furcatin (Table 1) may
be explained by the same mechanism as with pNP
b-primeveroside. However, there was a subtle difference
in the relative activity between A419W and A419V. As
described above, the decrease in the activity of A419V
relative to the wild-type was more remarkable when the
substrates included pAP, rather than pNP. This observa-
tion suggested that Ala419 is adapted to the interaction
with the aglycone of the natural substrate. In contrast,
this difference in the relative activity associated with the
difference in the aglycone was not observed in A419W.
The low catalytic rate of A419W (Table 2) may have
obscured the different activities with aglycones. The
corresponding site in monoglycosidases is occupied by
Trp, which can interact with the aglycone. The small side
chain of Ala at this site may enable the catalytic slot of
the enzymes to expand, which would facilitate the
accommodation of large substrates with two saccharides.
That is, FH and PD may have acquired diglycosidase
activity by the substitution of the conserved Trp with
Ala, to create the space for diglycosides. As shown in
Table 1, however, A419W hardly hydrolysed monoglyco-
sides. In addition to the single mutation of Ala419 to Trp,
additional amino acid substitutions at other positions

Table 1. Relative activities of wild-type and mutants of FH.

Enzyme Relative activity (%)

Furcatin pNP b-primeveroside pAP b-glucoside pNP b-glucoside

Wild-type 100 100 (91) 100 (11) 100 (2)
A419W 26� 1 24� 1 43� 1 39� 1
A419V 40� 1 78� 3 56� 4 127� 1
S504W 1.4� 0.030 1.3� 0.02 20� 0.5 28� 0.5
S504A 113� 1 62� 1 87� 3 87� 4
E501L 0.1� 0.002 ND ND ND
E501D 0.2� 0.010 ND ND ND
E501Q 0.1� 0.003 ND ND ND
E501A 0.1� 0.060 ND ND ND

The numbers in parentheses indicate the relative activity in comparison to the activity of the wild-type enzyme toward furcatin (0.27 mmol
p-allylphenol released/min/mg protein). ND, not detectable.

Table 2. Comparison of the kinetic parameters toward
pNP b-primeveroside.

Enzyme Km (mM) kcat

(min�1)
kcat/Km

(min�1
�mM�1)

Relative
kcat/Km (%)

Wild-type 4.0� 0.5 5.9� 0.3 1.5 100
A419W 1.7� 0.2 1.0� 0.03 0.59 39
A419V 1.9� 0.4 2.5� 0.2 1.3 87
S504W 23.0� 2.4 0.3� 0.02 0.013 1
S504A 7.5� 0.8 5.6� 0.3 0.75 50
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may be required to alter the diglycosidase activity into
the monoglycosidase activity.

Ser504 is located at the inner wall of the hole, and is
close to the external saccharide of the diglycosides,
rather than the aglycone, in the model structure. As
described above, the drastic increase in Km and the
decrease in kcat of S504W may be caused by the collision
between the bulky side chain of Trp and the substrate,
which would prohibit the substrate from binding to the
enzyme. Ser504 is considered to play an important role
for the interaction with an external saccharide of the
glycone, since the decrease in the relative activity of
S504W is more remarkable for diglycosides than mono-
glycosides (Table 1). On the other hand, the slight
increase in Km and the lack of a significant change in
kcat of S504A toward pNP b-primeveroside suggested that
the substrate can bind to this mutant protein in the
proper position for the catalysis, although the affinity is
slightly decreased. Since Ser and Ala share similar
physicochemical properties, such as size and polarity,
the mutation from Ser to Ala may not have introduced a
large change in the structural environment around the
substrate, especially xylose.

We also examined Glu501 by a mutation study, since
Glu501 is close to both the glucose and xylose with
distances of 2.5–3.5 Å in the model structure. As
described above, the corresponding site (alignment site
470 of Fig. 2) is completely conserved with Glu in both
the mono- and di-glycosidases. The residue interacts with
the hydroxy groups at positions C4 and C6 of glucose in
monoglycosidases (7), and stabilizes the substrate–
enzyme intermediate (31). However, the role of the
residue in diglycosidases has not been determined.
Since the C6-hydroxy group of glucose is linked by the
external saccharide in the diglycosides, the Glu in the
diglycosidases may interact with both saccharides.
Therefore, we mutated Glu501 of FH to different amino
acids and examined their catalytic activities. As shown in
Table 1, all of the Glu501 mutants practically lost their
activities toward both the diglycosides and monoglyco-
sides. This observation indicated that Glu501 is essential
for the GH family 1 proteins, including the diglycosi-
dases, to recognize the glycone of the substrate.

In GH family 1, the interaction with the aglycone and/
or the whole-substrate structure has not been fully
clarified, even among the monoglycosidases (7); for
example, a single mutation is not sufficient to exchange
the substrate specificity between a pair of monoglycosi-
dases with high sequence similarity (32). Our study
provides the first clue toward revealing how the diglyco-
side recognition mechanism has evolved in GH family 1.
We suggest that changes occurring at two different
locations were critical for the evolution of diglycosidases
from monoglycosidases. However, the phylogenetic tree
suggests that diglycosidase activity has been indepen-
dently acquired several times during the evolution of the
GH family 1 proteins (Fig. 3). The diglycosidases that
evolved independently from PD and FH may have
acquired the activities by different mechanisms. In fact,
VH has Trp and Ala at the alignment sites 383 and 473,
respectively, like the monoglycosidases. Therefore, the
substrate recognition by VH is considered to be different
from those of FH and PD. Further accumulation of

sequence and structure data of diglycosidases will reveal
the various mechanisms for the same function.
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