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Abstract The KK-L-arabinofuranosidase (AbfD3) from Thermo-
bacillus xylanilyticus is a family 51 glycosyl hydrolase. Accord-
ing to classi¢cation hierarchy, family 51 belongs to clan GH-A.
While the major GH-A motifs, the catalytic acid-base and nu-
cleophile, are conserved in AbfD3, a third catalytically impor-
tant residue (Glu28) does not appear to be analogous to any
known GH-A motif. To evaluate the importance of Glu28, bio-
informatics analyses and site-saturation mutagenesis were per-
formed. The results indicate that Glu28 forms part of a family
51 arabinosidase motif which might be functionally homologous
to a conserved N-terminal motif found in exo-acting enzymes
from families 1 and 5. Importantly, the data reveal that Glu28 is
a key determinant of substrate recognition in the 331 subsite,
where it may also play an important role in water-mediated
deglycosylation of the glycosyl^enzyme covalent intermediate.
/ 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Arabinofuranosidases (EC 3.2.1.55), which are found in soil
bacteria, fungi and plants, are accessory enzymes which par-
ticipate in the degradation of plant hemicelluloses. By catalys-
ing the hydrolysis of K-1,2, K-1,3 or K-1,5 L-arabinofuranoside
bonds in polymers such as arabinoxylan or arabinan, arabi-
nofuranosidases complement the action of the major depoly-
merising enzymes, such as xylanases, and allow the complete
degradation of plant biomass. Recently, this hitherto under-
studied class of enzymes has been the subject of renewed
interest because new potential industrial uses for arabinofur-
anosidases have been identi¢ed. Importantly, it is now con-
sidered that robust arabinofuranosidases will probably be re-
quired for enzymatic bioconversion strategies aimed at the
complete sacchari¢cation of lignocellulose residues [1]. In ad-
dition, arabinofuranosidases have been shown to be useful as
£avour enhancers for the wine industry and as nutritional
improvers in animal feed [2]. Finally, arabinofuranosidases

which display transglycosylation ability constitute potentially
interesting tools for chemoenzymatic synthesis of arabinose-
containing compounds that are di⁄cult to access via organic
synthetic methods [3].

The majority of arabinofuranosidases known to date belong
to family 51 of the glycosyl hydrolase classi¢cation system.
This family is exclusively composed of retaining arabinofura-
nosidases which catalyse hydrolysis via a double displacement
mechanism leading to net conservation of the anomeric con-
¢guration during the reaction [4,5]. Although no structural
information is yet available for family 51 arabinofuranosi-
dases, hydrophobic cluster analysis of amino acid sequences
and sequence alignment analysis have unambiguously as-
signed this family to clan GH-A of the glycosyl hydrolase
classi¢cation system [6]. Clan GH-A is composed of 16 dis-
tinct enzyme families (1, 2, 5, 10, 17, 26, 30, 35, 39, 42, 51, 53,
59, 72, 79 and 86) which together cover a vast array of sub-
strate speci¢cities. Cursory examination of the structural mod-
els, which are now available for representative enzymes from
half of the GH-A families, con¢rms the conclusions of pre-
vious work which attribute a common (L/K)8 fold to the cata-
lytic domain of all GH-A members [7,8]. Moreover, more
detailed analyses have revealed the existence of several com-
mon sequence motifs which translate into common functional
features. The most prominent of these motifs are the two
catalytic amino acids which catalyse the hydrolysis of the
glycosidic bond via a retaining, double displacement mecha-
nism. All GH-A members possess these two residues, one act-
ing as the catalytic acid-base (contained within the GH-A
motif, Asn-Glu) and the other as a nucleophile (Glu in GH-
A), which are always localised at the C-terminal ends of
L-strands 4 and 7 respectively [8]. In addition to these func-
tionally critical, strictly conserved features, GH-A members
often exhibit other less well-conserved motifs which contribute
to a generic active site structure. These include a tryptophan
(or equivalent aromatic amino acid) which, at the C-terminal
extremity of L8, forms a non-prolyl cis peptide bond with an
adjacent amino acid [8^11] and a tyrosine which is found at
the C-terminal extremity of L6 [9]. However, despite such
similarities in the catalytic domains of individual GH-A mem-
bers, these enzymes show di¡erent substrate recognition fea-
tures and are generally classi¢ed as either endo- or exo-acting
enzymes. Previously, Juers et al. [12] have partly attributed
this rich functional diversity to the presence of additional,
non-catalytic domains which, when combined with the com-
mon (L/K)8 sca¡old, modify the overall active structure.

Previous studies on the family 51 K-L-arabinofuranosidases
from Thermobacillus xylanilyticus (AbfD3) [13] and Geobacil-
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lus stearothermophilus (AbfA T-6) [14,15], which employed
site-directed mutagenesis to identify the catalytic couple,
have led to the localisation of the two catalytic residues,
Glu176 (the acid-base catalyst) and Glu298 (the nucleophile).
Unexpectedly, in our study we also revealed a third glutamate
(Glu28) which is not directly involved in catalysis, but which is
nevertheless critical for normal hydrolytic activity. Initially,
based on our kinetic data we tentatively proposed that
Glu28 might be involved in the stabilisation of a catalytic
transition state. Therefore, the aim of this study was to test
this hypothesis and to gain further insight into the role of
Glu28 in AbfD3. Additionally, we sought to investigate the
occurrence of this motif in family 51, and more generally in
clan GH-A.

2. Materials and methods

2.1. Bioinformatics analyses
Several analyses were performed using Structure Prediction Meta

Server (http://bioinfo.pl/Meta/). Secondary structure predictions for
AbfD3 were generated using SAMT99, SAMT02 [16] and Profsec
[17] and a list of best potential structural homologues was compiled
by 3D Jury [18]. 3D Jigsaw, which also forms part of the aforemen-
tioned Meta Server, provided information concerning potential do-
main structure in AbfD3. Finally, the motif discovery tool MEME
(http://meme.sdsc.edu/) [19] was used to identify the ¢ve best con-
served motifs, having a minimum size of 6 amino acids, within a
sequence set composed of 43 full-length family 51 enzyme sequences
(giM17741471, giM15140932, giM13473100, giM1913931, giM1770022,
giM16079903, giM25351195, giM10174479, giM25989577, giM23020570,
giM22992223, giM439852, giM23326899, giM23336185, giM23335773,
giM22992228, giM9967515, giM15643050, giM25351193, giM557472,
giM29367433, giM557475, giM2494817, giM21107441, giM21112233,
giM3128393, giM23023940, giM1877425, giM13398412, giM13398414,
giM15228368, giM13937191, giM17380938, giM22324432, giM15026526,
giM1168266, giM21280331, giM13810441, giM16417958, giM6978931,
giM3581838, giM15212230, giM7481897).

2.2. General reagents and substrates
The substrates pNP-K-L-arabinopyranoside (pNP-arap), pNP-L-D-

glucopyranoside (pNP-glcp), pNP-L-D-xylopyranoside (pNP-xylp)
and all other general chemicals were supplied by Sigma-Aldrich
(Saint-Quentin Fallavier, France). The substrates pNP-K-L-arabino-
furanoside (pNP-araf) and pNP-L-D-ribofuranoside (pNP-ribf), which
were synthesised essentially according to established methods [3], were
gifts from Dr R. Plantier (Universite¤ de Reims Champagne-Ardenne,
France).

2.3. Site-saturation mutagenesis
Site-directed mutagenesis was performed using the QuikChange1

site-directed mutagenesis kit (Stratagene, Amsterdam, The Nether-
lands). Mutations were created in independent reactions using two
complementary mutagenic primers. The forward primers had the
same generic sequence, with NNN representing the mutated codon
in each case: 5P-CGGCCATTTCTCGNNNCATCTCGGGC-
GATGC-3P Cys, TGC; Lys, AAA; Thr, ACC; Tyr, TAC; Leu,
CTG; Ser, AGC; His, CAT; Gly, GGC; Ala, GCC; Asp, GAC;
Gln, CAG; Phe, TTC; Trp, TGG; Pro, CCG; Arg, CGG; Ile,
ATC; Met, ATG; Asn, AAC; Val, GTG.

After mutagenesis, all mutated genes were sequenced using a Mega-
BACE 1000 automated DNA sequencer (Amersham Biosciences,
Saclay, France) and DYEnamic1 ET dye terminator technology
(Amersham Biosciences). For sequencing, the T7 forward, 5P-TAA-
TACGACTCACTATAGGG-3P, and T7 reverse, 5P-GCTAGTTAT-
TGCTCAGCGG-3P, primers were employed. The wild type and mu-
tated proteins were expressed in Escherichia coli cells and puri¢ed as
previously described [20].

2.4. Enzyme assays
The activities of wild type and mutant enzymes were determined by

continuous measurement of p-nitrophenol (pNP) release. An aliquot
(900 Wl) of substrate solution (pNP-glycoside, 5 mM in 50 mM sodium

acetate, pH 5.8) was mixed in a cuvette with 100 Wl of enzyme and
pre-incubated at 60‡C for 5 min. Afterwards, hydrolysis of the pNP-
glycoside was monitored over a 15 min period at 401 nm. To calculate
the speci¢c activity of each mutated enzyme, the molecular extinction
coe⁄cient was assumed to be the same as that of the wild type AbfD3
(O280nm = 85 230 M31 cm31). For determination of KM and kcat, the
same assay was performed using various substrate concentrations
usually ranging from 0.001 to 15 mM. Kinetic parameters were auto-
matically derived from Michaelis^Menten representations using the
SigmaPlot 2000 software (version 6.1) equipped with the Enzyme
Kinetics module 1.0 (SPSS Science, Paris, France).

2.5. High pressure anion exchange chromatography
The progression of transglycosylation reactions was monitored by

analysing the products of discontinuous reactions using high pressure
anion exchange chromatography equipped with pulsed amperometric
detection (HPAEC, Dionex, CA, USA). The reactions were prepared
by adding 0.11 IU (approximately 200 ng) of AbfD3 to 280 Wl of
pNP-araf (5 mM in 50 mM sodium acetate, pH 5.8). Reactions
were incubated at 60‡C for various times and were stopped by adding
one volume of universal bu¡er (28.60 mM citric acid, 22.35 mM
KH2PO4, 28.60 mM H3BO3, 25.54 mM sodium barbital, pH 11).
Reactions catalysed by AbfD3-Ala28 were performed using 3.6U1033

IU (approximately 6 Wg) of enzyme.
Separation of the reaction species was performed on a CarboPac

PA-1 column (250U4.5 mm) equipped with the appropriate guard
column. Elution was achieved by applying a gradient of 1 M sodium
acetate in 0.1 M NaOH at a £ow rate of 1 ml/min [21]. Puri¢ed and
structurally characterised K-L-arabinofuranosyl-1,2-arabinofuranoside
was used as the chromatographic standard.

3. Results and discussion

3.1. Primary sequence analysis
The Structure Prediction Meta Server was used in order to

perform a variety of prediction analyses on the entire AbfD3
sequence (495 amino acids). Fig. 1 shows a summary of the
major results that were obtained. Nine high-scoring (3D Jury
score s 100) potential structural homologues were identi¢ed
by the various remote servers. All of these hits were GH-A
enzymes belonging exclusively to families 1 or 5. The major
activities represented by this group of enzymes were cellulase,
L-glucanase (exo and endo), L-glucosidase and mannanase.
The top three hits shown in Fig. 1 (3D Jury scores s 115)
were two family 1 L-glucosidases from Bacillus polymyxa
(giM80132) [22,23] and Bacillus circulans sp. alkalophilus
(Q03506) [24,25] respectively and a family 5 L-(1,3)-exogluca-
nase from Candida albicans (P29717) [11,26]. Closer examina-
tion of the results from the Meta Server analysis revealed that
a major region of the AbfD3 sequence (approximately resi-
dues 40^300) and its corresponding predicted secondary struc-
ture align rather well with most of the actual secondary struc-
ture elements which form the (L/K)8 barrels of all three of
these enzymes. Likewise, the two major GH-A motifs for
the catalytic acid-base, Asn-Glu (residues 175^176 in
AbfD3), and the nucleophile, Glu298, are perfectly aligned,
as is the conserved tyrosine (Tyr242 in AbfD3) motif at the
C-terminal side of L6. However, with regard to the structural
arrangement of the L8^K8 region, these data reveal that the
AbfD3 sequence is unlikely to adopt a family 1-type arrange-
ment. In contrast, the predicted structure for AbfD3 does
resemble that of the family 5 L-(1,3)-exoglucanase from
C. albicans, although the highly conserved Trp motif (Trp363

in exoglucanase) appears to be absent or replaced by a Tyr.
Furthermore, the results of 3D Jigsaw analysis indicate that,
in AbfD3, K8 is immediately followed by a C-terminal domain
(307^495), composed mainly of L-strands, which resembles
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Fig. 1. Secondary structure prediction and structural homology searching. A (SAMT99), B (SAMT02-DSSP), C (SAMT02-STRIDE) and D (Profsec) are the results of secondary structure predic-
tions for AbfD3. The symbols used are: H, K-helix; E, extended strand in L-ladder; G, 3/10 helix; T, H-bonded turn; S, bend. The wild type sequence (AbfD3, O69262) is aligned with three
top-scoring structural homologues: L-glucosidases from B. polymyxa (giM80132) and B. circulans sp. alkalophilus (Q03506) and a L-1,3-exoglucanase from C. albicans (P29717). Numbering corre-
sponds to AbfD3. Grey and black shading indicate K-helix and L-strand structure respectively. The L8 con¢guration for family 1 enzymes is indicated by (F1). + indicates the positions of con-
served GH-A motifs and * indicates the position of Glu28 in AbfD3.
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the immunoglobulin-like domains which have been identi¢ed
in many glycosyl hydrolases [27^29] and notably in GH-A
L-galactosidases [30]. In the extreme N-terminal region,
AbfD3 is much shorter than the other three sequences. Con-
sequently, the homologous sequences were truncated and no
alignment was therefore deduced for the N-terminal AbfD3
sequence (region 1^37) which contains the functionally impor-
tant Glu28. In order to further investigate the signi¢cance of
these ¢ndings, motif discovery analysis in family 51 sequences
was performed using the MEME tool. This revealed four
motifs which were present in the vast majority of the 43 se-
quences. Motifs 1 and 4 (AbfD3 residues 51^79 and 157^177
respectively) were found in all the sequences, whereas motifs 2
and 3 (AbfD3 residues 18^39 and 329^357) were present in all
arabinosidase sequences (41 sequences), but absent in the se-
quences of the family 51 endoglucanases from Fibrobacter
succinogenes [31] and Alicyclobacillus acidocaldarius. Interest-
ingly, motif 2 covers the N-terminal region containing Glu28

while motif 3 covers the C-terminal region which precedes the
putative L8.

3.2. Site-saturation mutagenesis at position 28
In order to further investigate the speci¢c role of Glu28 in

AbfD3, site-saturation mutagenesis was performed in order to
generate all of the possible amino acid substitutions at posi-

tion 28. For rapid identi¢cation of mutants displaying altered
catalytic properties, initial screening of all mutants was per-
formed by measuring their speci¢c activities towards a variety
of pNP-glycosides. Following this crude selection, Michaelis^
Menten parameters were determined for all mutants in the
presence of pNP-araf (Table 1) and for selected mutants in
the presence of other pNP-glycosides (Table 2).

With regard to the hydrolysis of pNP-araf, three mutants
(AbfD3-His28, AbfD3-Ser28 and AbfD3-Tyr28) displayed sig-
ni¢cant activity. The most active of these was AbfD3-His28,
whereas the previously reported conservative mutation,
Glu28

CAsp [13], led to a signi¢cant loss of activity, despite
an improvement in substrate binding. AbfD3-His28 displayed
wild type values for both KM and kcat/KM, while a slight in-
crease in kcat compared to the wild type enzyme indicated that
this side chain alteration is favourable for transition state
formation and/or stabilisation. For the other two mutants,
AbfD3-Ser28 and AbfD3-Tyr28, the side chain alterations pro-
voked slightly di¡erent e¡ects. The Glu28

CTyr substitution
caused alterations of similar magnitude in both the KM and
kcat values (40% increase and 50% decrease respectively),
whereas the e¡ect of the Glu28

CSer substitution had a
more marked e¡ect on the kcat value (28% decrease compared
to an 11% increase in KM). Among the remaining, weakly
active mutants, two di¡erent consequences of mutation could
be distinguished. Seven mutations, including the isosteric
GluCGln28, provoked severe perturbations in KM values
which precluded accurate determination of the kinetic param-
eters, whereas others displayed reasonable KM values, but
weak kcat values.

Reactions performed in the presence of pNP-glycosides oth-
er than pNP-araf revealed that the mutant AbfD3-His28 dis-
played a signi¢cant increase in activity towards pNP-arap.
This change in activity towards the conformationally more
rigid pyranose form of L-arabinose, in which C4 displays an
axial secondary alcohol, was due to a major improvement in
the formation of the enzyme^substrate complex (20-fold de-
crease in KM). In contrast, during the course of the initial
activity screening, none of the mutants appeared to display
improved activity towards pNP-xylp, which is the C4 epimer
of pNP-arap. Several mutants showed greater activity towards
pNP-ribf when compared to the wild type enzyme. In the case
of AbfD3-Asn28, which displayed the most signi¢cant im-
provement in activity towards pNP-ribf, this change in stereo-
speci¢city was brought about by a major improvement in KM.
Indeed, the a⁄nity of this mutant for pNP-ribf was higher
than that measured for wild type AbfD3 in the presence of
pNP-araf. However, despite stabilisation of the ground state
enzyme^substrate complex, AbfD3-Asn28 is nevertheless a

Table 1
Comparison of the kinetic parameters of the hydrolysis of pNP-araf
catalysed by wild type AbfD3 or one of the 19 mutant variants

Mutation KM (mM) kcat (s31) kcat/KM (mM31 s31)

Wild type 0.68W 0.01 4060W 150.27 5970.588W 125.96
His28 0.73W 0.03 4500W 155.26 6164.384W 121.62
Ser28 0.87W 0.00 3600W 141.01 4137.931W 123.52
Tyr28 0.95W 0.01 2000W 120.51 2105.263W 96.82
Asp28 0.46W 0.01 1.01W 0.02 2.19W 0.11
Cys28 1.06W 0.00 1.10W 0.09 1.04W 0.04
Gly28 1.12W 0.01 0.82W 0.05 0.73W 0.01
Val28 1.38W 0.08 1.00W 0.07 0.72W 0.09
Leu28 1.37W 0.02 0.95W 0.08 0.69W 0.05
Ala28 0.98W 0.01 0.59W 0.04 0.60W 0.08
Lys28 1.3W 0.00 0.64W 0.04 0.49W 0.06
Met28 2.07W 0.03 0.80W 0.03 0.39W 0.03
Ile28 2.40W 0.07 0.76W 0.05 0.32W 0.02
Thr28a 32.7W 0.40 0.5W 0.03 0.02W 0.01
Phe28a 26.81W 0.51 0.42W 0.03 0.02W 0.01
Trp28a 22.63W 0.43 0.48W 0.03 0.02W 0.01
Pro28a 30.5W 0.68 0.60W 0.09 0.02W 0.01
Arg28a 20.28W 0.32 0.51W 0.05 0.03W 0.00
Asn28a 33.41W 0.062 0.38W 0.01 0.01W 0.01
Gln28a 32.97W 0.78 0.43W 0.04 0.01W 0.01
aUnusually high KM value, precluded precise determination of ki-
netic parameters.

Table 2
Kinetic parameters of reactions catalysed by wild type AbfD3 and selected mutants in the presence of various pNP-glycosides

Reaction KM (mM) kcat (s31) kcat/KM (mM31 s31)

AbfD3+pNP-arap 27.4W 0.43a 0.37W 0.03a 0.01a

AbfD3-His28+pNP-arap 1.34W 0.02 1300W 136.10 970W 110.25
AbfD3+pNP-ribf 1.94W 0.09 197W 4.21 101.55W 2.54
AbfD3-Asn28+pNP-ribf 0.41W 0.08 233W 28.17 568.46W 106.28
AbfD3-Arg28+pNP-ribf 0.88W 0.08 272W 5.13 308.38W 17.01
AbfD3-Trp28+pNP-ribf 0.87W 0.05 262W 15.95 301.46W 4.80
AbfD3-Cys28+pNP-ribf 1.04W 0.12 256W 5.00 247.45W 27.96
AbfD3+pNP-glcp 1.82W 0.2 169.40W 5.46 94.00W 12.06
AbfD3-Asp28+pNP-glcp 3.39W 0.13 991.63W 9.56 292.46W 8.69
aUnusually high KM value, precluded precise determination of kinetic parameters.
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poor catalyst since its kcat value (233 s31) in the presence of
pNP-ribf was similar to that of wild type AbfD3 (197 s31).
Other mutants active towards pNP-ribf, AbfD3-Trp28,
AbfD3-Arg28 and AbfD3-Cys28, follow this trend, displaying
improved KM values and only very modest improvements in
kcat. Interestingly, like AbfD3-Asn28, AbfD3-Trp28 and
AbfD3-Arg28 (but not AbfD3-Cys28) are also among those
mutants which display the least a⁄nity (KM values s 20
mM) for pNP-araf. Finally, mutant AbfD3-Asp28 (kcat/
KM = 292.46W 8.69) was signi¢cantly more active on pNP-
glcp than wild type AbfD3 (kcat/KM 94.00 W 12.06). This result
is particularly interesting because inspection of the kinetic
parameters reveals that the increase in activity is due to an
increase in kcat and not, as one might suppose, a decrease in
KM. In comparison in pNP-araf hydrolysis, the Glu28

CAsp
substitution provoked a 29% reduction in KM and a radical
decrease (4000-fold) in kcat [13]. Therefore, it would appear
that while the presence of the shorter Asp side chain at posi-
tion 28 is unfavourable for the binding of the glucosyl moiety,
it is favourable with regard to catalysis.

Overall, if one considers the strict conservation of Glu28 in
family 51 arabinofuranosidases, the success of the Glu28

CHis
(and to a lesser extent Ser and Tyr) substitution is rather
unexpected. Perhaps similar volume occupation [32] and
water-accessible surface areas [33] could partly explain the
functional feasibility of the His substitution. However, unlike
Glu, His displays a lower propensity for hydrogen bond ac-
ceptance and therefore, in AbfD3-His28, one would expect
that hydrogen bonding patterns are disturbed. Although
such changes are not apparent in the data obtained for
pNP-araf hydrolysis, the altered speci¢city towards pNP-
arap is a clear indication of reorganised hydrogen bond pat-
terns in the 31 subsite which modulate speci¢city towards the
sugar C4-OH. This is further evidenced by the data obtained
for AbfD3-Asn28. In this case, it is likely that residue 28 is
located in the 31 subsite where it interacts with the ribofu-
ranose moiety. Compared to K-L-arabinofuranose, L-D-ribofu-
ranose di¡ers at both C3 and C4, therefore one may suppose
that the presence of Asn at position 28 allows improved sub-
strate binding, perhaps via new hydrogen bonds to the C3 and
C4 hydroxyl groups. Signi¢cantly, in the structural homo-
logues which were revealed by bioinformatics analysis, analo-
gous situations have been identi¢ed. In the family 1 glycosi-
dases the sugar C3- and C4-OH groups are hydrogen-bonded
by a strictly conserved glutamine (Gln20 and Gln39 in L-glu-
cosidases from B. polymyxa and Spodoptera frugiperda respec-
tively) which is located at the C-terminal side of L1 [23,34]. In
family 5 exoglucanases, a similar function is played by a con-
served glutamate (Glu27 in the exoglucanase from C. albicans),
which is not present in family 5 cellulases. This residue, which
is located between L1 and K1, is orientated towards the active
site where it forms vital hydrogen bonds to both the C3- and
C4-OH groups of the glucosyl moiety [11].

3.3. Transglycosidase activity of AbfD3-Ala28

Previously, in the presence of pNP-araf, AbfD3 has been
shown to perform a transglycosylation reaction which produ-
ces a mixture of K-L-arabinofuranosyl-(1,2), -(1,3) and -(1,5)-
arabinofuranosides [3]. Therefore, in order to complete our
analysis of the di¡erent AbfD3-Xxx28 mutants, each mutant
was tested for its ability to catalyse this reaction. Surprisingly,
despite the very low catalytic e⁄ciency of many of the mu-

tants, thin layer chromatographic analysis (data not shown)
indicated that almost all of the mutants could perform trans-
glycosylation. In most cases, similar Rf values indicated that
the reaction products were identical to those produced in the
wild type AbfD3-catalysed reaction. Following this observa-
tion, the transglycosylation reactions catalysed by wild type
AbfD3 and the hydrolytically impaired mutant AbfD3-Ala28

(104-fold reduction in kcat/KM) were quantitatively compared
by monitoring the production of the major K-L-arabinofura-
nosyl-1,2-arabinofuranoside product (Fig. 2). Initially, the
rate of AbfD3-catalysed reaction was higher than that of
AbfD3-Ala28 and maximum product yield (6%) was achieved
within 30 s. However, beyond this point secondary hydrolysis
predominated and the product of the wild type AbfD3-cata-
lysed reaction rapidly disappeared and was no longer detect-
able after 10 min. In contrast, due to the extremely low level
of hydrolytic activity in the AbfD3-Ala28-catalysed reaction,
product slowly accumulated over a longer period, with max-
imum yield (6%) being achieved after 10 min. Over longer
incubation periods, the product was hydrolysed but at a
very slow rate. After an 8 h incubation period approximately
50% of the product was still present.

Appealingly, these results are reminiscent of the behaviour
of mutant forms of the L-glycosidase from Sulfolobus solfata-
ricus [35]. When Glu432, a 31 subsite residue which provides
hydrogen bonds to the C4- and C6-OH groups, was replaced
by other amino acids, the hydrolytically impaired mutants
maintained their ability to perform transglycosylation. In con-
trast to glycosynthases [36,37], enzymes lacking their catalytic
nucleophile, synthetically able mutant glycosidases such as
those described in this work, or those described by Corbett
et al. [35], constitute an interesting mechanistic phenomenon
which has not been considered in any great detail. However,
glycone sugar distortion during catalysis is now well estab-
lished [38,39]. Therefore, if Glu28 in wild type AbfD3 and
Glu432 in SSLG mediate substrate recognition via strong hy-
drogen bonds, these residues might play a vital role in catal-
ysis by inducing a suitable saccharide conformation/orienta-
tion in the subsite 31. Such a mechanism has already been
invoked to explain another analogous situation which in-
volves the family 13, clan GH-B human pancreatic K-amylase
(HPA) [40]. When Asp300 in HPA was replaced by Asn, the
hydrolytically diminished HPA mutant conserved its ability to
perform transglycosylation. Based on comparison with cyclo-
dextrin glycosyltransferase [41], the authors suggested that
Asp300 might participate in pyranose ring deformation in sub-

Fig. 2. Time-dependent production of K-L-arabinofuranosyl-1,2-ara-
binofuranoside. The progress of transglycosylation reactions cata-
lysed by wild type AbfD3 (U) or AbfD3-Ala28 (F) was monitored
by determining the quantity of K-L-arabinofuranosyl-1,2-arabinofu-
ranoside produced in discontinuous assays using HPAEC-PAD.

FEBS 27700 9-10-03

M. Ferchichi et al./FEBS Letters 553 (2003) 381^386 385



site 31 via strong hydrogen bonds to the hydroxyl group at
C2. Such a deformation would favour H2O-mediated nucleo-
philic attack at the anomeric centre. Therefore it was con-
cluded that in the mutated enzyme, correct ring deformation
would not occur and thus deglycosylation would proceed us-
ing the superior sugar acceptor.

4. Conclusion

Although a crystallisation note has been published recently
[42], no structural models for family 51 are currently available
in the Brookhaven database. Fortunately, using bioinfor-
matics analyses and experimental approaches we have re-
vealed that Glu28 is contained within an arabinofuranosi-
dase-associated motif and is functionally homologous to a
conserved residue found in exo-enzymes from both family 1
and, especially, family 5. In these enzymes, a Gln (family 1) or
a Glu (family 5), located between L1 and K1, participates in
the 31 subsite structure where it plays a vital role in substrate
¢xation and speci¢city. Interestingly, rather like family 5
endo-acting enzymes, family 51 endoglucanases do not possess
an equivalent of Glu28. This suggests that Glu28 contributes to
the overall pocket structure which determines exo-activity in
family 51 arabinofuranosidases. Finally, with regard to the
interesting glycosynthetic properties of mutated AbfD3, our
results open exciting prospects for the creation of novel en-
zymes able to catalyse the synthesis of arabino- and ribo-ol-
igosaccharides.
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