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ABSTRACT: â-D-Xylosidases are hemilcellulases that hydrolyze short xylooligosaccharides into xylose units.
Here, we describe the characterization and kinetic analysis of a family 43â-xylosidase fromGeobacillus
stearothermophilusT-6 (XynB3). Enzymes in this family use an inverting single-displacement mechanism
with two conserved carboxylic acids, a general acid, and a general base. XynB3 was most active at 65°C
and pH 6.5, with clear preference to xylose-based substrates. Products analysis indicated that XynB3 is
an exoglycosidase that cleaves single xylose units from the nonreducing end of xylooligomers. On the
basis of sequence homology, amino acids Asp15 and Glu187 were suggested to act as the general-base
and general-acid catalytic residues, respectively. Kinetic analysis with substrates bearing different leaving
groups showed that, for the wild-type enzyme, thekcat andkcat/Km values were only marginally affected
by the leaving-group reactivity, whereas for the E187G mutant, both values exhibited significantly greater
dependency on the pKa of the leaving group. The pH-dependence activity profile of the putative general-
acid mutant (E187G) revealed that the protonated catalytic residue was removed. Addition of the exogenous
nucleophile azide did not affect the activities of the wild type or the E187G mutant but rescued the activity
of the D15G mutant. On the basis of thin-layer chromatography and1H NMR analyses, xylose and not
xylose azide was the only product of the accelerated reaction, suggesting that the azide ion does not
attack the anomeric carbon directly but presumably activates a water molecule. Together, these results
confirm the suggested catalytic role of Glu187 and Asp15 in XynB3 and provide the first unequivocal
evidence regarding the exact roles of the catalytic residues in an inverting GH43 glycosidase.

â-D-Xylosidases (EC 3.2.1.37) hydrolyzeâ-1,4 glycosidic
bonds between two xylose (X1)1 units in short xylooligosac-
charides. These enzymes are part of an array of hemicellu-
lases responsible for the complete degradation of xylan, the

most abundant hemicellulose in the plant cell wall. Hemi-
cellulases are utilized in many biotechnological applications,
and their structure-function relationships are a subject of
intense research in recent years (1-3).

The spontaneous hydrolysis of O-glycosidic bonds at room
temperature is extremely slow, and their half-life is estimated
to be over 5 millions years (4). The enzymes that mediate
the hydrolysis of glycosidic bonds, glycosidases, may ac-
celerate this reaction by more than 1017-fold, making them
among the most efficient catalysts known. The enzymatic
hydrolysis of the glycosidic bonds proceeds through two
major mechanisms, resulting in either an overall retention
or an inversion of the anomeric configuration of the sugar.
In both mechanisms, the hydrolysis usually requires two
carboxylic acids and proceeds through oxocarbenium-ion-
like transition states. Retaining glycosidases use a double-
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displacement mechanism, where one catalytic residue func-
tions as a nucleophile and the other as a general acid-base.
Inverting glycosidases operate through a single displacement
mechanism, in which usually one carboxylic acid acts as a
general acid and one as a general base (5, 6) (Figure 1).
Currently, more than 12 600 glycosidase sequences are
known, and the sequence-based classification of their cata-
lytic domains into glycoside hydrolase (GH) families and
clans is available on the continuously updated Carbohydrate-
Active Enzymes (CAZy) server (http://afmb.cnrs-mrs.fr/
CAZY). â-Xylosidases are found in the retaining GH families
3, 39, 52, and 54 and in the inverting GH family 43.

GH43 family, which is assigned together with family
GH62 to clan GH-F, includes enzymes with different
substrate specificities such asâ-xylosidases,R-L-arabino-
furanosidases, arabinanases, and xylanases. The crystal
structure of theR-L-arabinanase Arb43A fromCellVibrio
japonicus is currently the only 3D structure of a GH43
glycosidase (7). This structure revealed a five-bladedâ-pro-
peller fold, and it was the first demonstration of such enzyme
topology. More recently, this kind of topology was observed
also for the GH32 invertase fromThermotoga maritimeand
the GH68 levansucrase fromBacillus subtilis(8, 9). Both
of these enzymes are retaining glycosidases that belong to
clan GH-J. The similarity between glycosidases of GH-J and
GH-F clans was noted before the crystal structures were
available, on the basis of protein sequence comparisons that
showed several conserved blocks in these enzymes (10-
12). One of the most characterizedâ-xylosidases is from
Bacillus pumilusPRL B12. This enzyme was subjected to
detailed mechanistic studies, including binding experiments
of various substrates,R-deuterium kinetic isotopic effect
measurements, inhibition studies, and hydrolysis of different
aryl-â-D-xylopyranosides (13-17). Unfortunately, the protein
sequence of this enzyme and therefore its GH classification
was never determined. However, because this enzyme is an
inverting glycosidase, it is likely that it belongs to family
GH43 (18).

Geobacillus stearothermophilusT-6 is a thermophilic
bacteria that was originally isolated based on its ability to
produce alkaline-tolerant, thermostable xylanases that could
be used in biobleaching of wood pulp (19) and since then
was shown to have an extensive hemicellulolytic system (3,
20). Two â-xylosidases fromG. stearothermophilusT-6,
XynB1 from GH39 and XynB2 from GH52, were previously
isolated and fully characterized (21-24). Here, we report
the isolation and characterization of a thirdâ-xylosidase from
this strain, XynB3, which belongs to the inverting GH43.
The catalytic residues of the enzyme were identified by a
combination of several independent techniques, including

detailed kinetic analysis with substrates bearing different
leaving groups, pH-dependence activity profiles, and azide
rescue of activity. These techniques are often used with
retaining glycosidases, but their exploitation for the identi-
fication of the catalytic residues of inverting glycosidases
was only seldom described. The results provide the first
unequivocal evidence regarding the exact role of each of the
catalytic residues in an inverting GH43 glycosidase.

MATERIALS AND METHODS

Cloning, Mutagenesis, Protein Expression, and Purifica-
tion of XynB3.ThexynB3gene (GenBank accession number
AY690618) was amplified from genomic DNA ofG.
stearothermophilusT-6 by a PCR reaction (N-terminal
primer: 5′-AAAGGGGGACGAGTACCCATGGCCAAAAT-
CAAAAATCC-3′; C-terminal primer: 5′-GCTTCGGTTT-
TATTGGATCCCTTTCACATTTGTTTG-3′) and cloned
into the T7 polymerase expression vector pET9d (Novagen).

Site-directed mutagenesis was performed using the
QuikChange site-directed mutagenesis kit (Stratagene), using
the wild-type pET9d-xynB3as the template. The mutagenic
primers were as follows (the mutated nucleotides are shown
in bold): E187G, 5′-CTTAAGAATTACAGGTGGGCC-
CCATTTGTATAAAATC-3 ′ and 5′-GATTTTATACAAA-
TGGGGCCCACCTGTAATTCTTAAG-3′; D128G, 5′-CAG-
CTCTGGATTTGGGCCCTCTCTTTTTCATGATG-3′ and
5′-CATCATGAAAAAGAGA GGGCCCAAATCCAGAG-
CTG-3′; D15G, 5′-GCTTCCATCCCGGGCCCTCCATTT-
GCCG-3′ and 5′-CGGCAAATGGAGGGCCCGGGATG-
GAAGC-3′. The mutated genes were sequenced to confirm
that only the desired mutations were inserted.

Expression of thexynB3gene or its mutants was carried
out by growing overnight cultures ofEscherichia coliBL21-
(DE3) carrying pET9d-xynB3in Terrific Broth medium (25)
(500 mL in 2 L shake flasks, shaken at 220 rpm and 37°C),
supplemented with kanamycin (25µg/mL), without induc-
tion. After growth, cells from 1 L of overnight culture (OD600

of 14-18) were harvested (14000g for 10 min), resuspended
in about 55 mL of 50 mM Tris-HCl at pH 7.0, 100 mM
NaCl, and 0.02% NaN3, and disrupted by two passages
through a French-Press (Spectronic Instruments, Inc.) at room
temperature. The cell extract was centrifuged (14000g for
15 min), and the soluble fraction was heat-treated (at 60°C
for 30 min) and centrifuged again at room temperature. The
soluble fraction (about 50 mL) contained the recombinant
XynB3 as the main product at a concentration of about 20
mg/mL. Final purification of the enzyme was performed by
gel filtration using a Superdex 200 26/60 column, AKTA
explorer (Pharmacia), running at 2.5 mL/min with 50 mM
Tris-HCl buffer at pH 7.0, 100 mM NaCl, and 0.02% NaN3.
The enzymes appeared as distinct protein peaks, which were
then collected and used for biochemical characterization.
Protein concentrations were determined by the Bradford
method, with bovine serum albumin (BSA) as a standard
(26).

Substrates.4-Nitrophenyl â-D-xylopyranoside (pNPX),
4-methylumbelliferyl â-D-xylopyranoside, and all of the
4-nitrophenyl glycosides were obtained from Sigma Chemi-
cal Co. 4-Bromophenylâ-D-xylopyranoside and 3,4-di-
methylphenylâ-D-xylopyranoside were obtained from Char-
lock Enterprises Ltd. (London, U.K.). Xylooligosaccharides

FIGURE 1: Proposed mechanistic pathway of inverting glycosidases.
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were purchased from MegaZyme Ltd. (Bray, Republic of
Ireland). 2,5-Dinitrophenylâ-D-xylopyranoside, 3,4-dinitro-
phenyl â-D-xylopyranoside, and 3-nitrophenylâ-D-xylo-
pyranoside were synthesized as described by Ziser et al. (27).
2-Naphthylâ-D-xylopyranoside was synthesized as described
in Bravman et al. (23). 4-Nitrophenyl â-D-xylobioside
(pNPX2) was synthesized as described previously (28).

Kinetic Studies.Steady-state kinetic studies were per-
formed by following the spectroscopic absorbance changes
in the UV-visible range, using an Ultrospec 2100pro
spectrophotometer (Pharmacia) equipped with a temperature-
stabilized water-circulating bath. All substrates were initially
dissolved in dimethyl sulfoxide (DMSO), and the reaction
contained DMSO in a final concentration of 10% (v/v). Initial
hydrolysis rates were determined by incubating 500µL of
different substrate concentrations in 100 mM phosphate
buffer at pH 7.0 and 40°C within a water-heated cell in the
spectrophotometer, until thermal equilibration was achieved.
Reactions were initiated by the addition of 200µL of
appropriately diluted enzyme containing 1 mg/mL BSA. The
release of the phenol-derived product was monitored at the
appropriate wavelength. For highly reactive substrates, blank
mixtures containing all of the reactants except the enzyme
were used to correct for spontaneous hydrolysis of the
substrates. The extinction coefficients used and wavelength
monitored for each substrate at pH 7.0 were as follows: 2,5-
dinitrophenyl, 420 nm,∆∈ ) 3.68 mΜ-1 cm-1; 3,4-
dinitrophenyl, 400 nm,∆∈ ) 11.15 mΜ-1 cm-1; 4-nitro-
phenyl, 420 nm,∆∈ ) 7.61 mΜ-1 cm-1; 4-methylum-
belliferyl, 355 nm,∆∈ ) 2.87 mΜ-1 cm-1; 3-nitrophenyl,
380 nm,∆∈ ) 0.455 mΜ-1 cm-1; 4-bromophenyl, 289 nm,
∆∈ ) 0.626 mΜ-1 cm-1; 2-naphthyl, 330 nm,∆∈ ) 0.871
mΜ-1 cm-1; 3,4-dimethylphenyl, 285 nm,∆∈ ) 0.90 mΜ-1

cm-1. Values ofKm andkcat were determined by nonlinear
regression analysis using GraFit 5.0 (29). In cases where the
Km values were too high to be estimated,kcat/Km values were
calculated from the reaction rates at low substrate concentra-
tions ([S] , Km).

The effect of various metal ions on the activity of XynB3
was investigated by adding 0.1 or 1 mM of various salts or
EDTA to the standard activity assay. Activity rescue experi-
ments were performed by adding different concentrations of
sodium azide to the standard activity assay.

pH-dependence studies were carried out at 40°C with
pNPX as a substrate. Mixtures containing 600µL of different
concentrations of substrate solutions in the appropriate buffer
were prewarmed until the reaction was initiated by the
addition of 200µL of appropriately diluted enzyme contain-
ing 1 mg/mL BSA. The buffers used were at final concentra-
tions of 100-200 mM and were citric acid-Na2HPO4 (pH
2.6-7.2), phosphate buffer (pH 5.8-8.0), Tris-HCl buffer
(pH 7.5-9.0), and sodium carbonate-sodium bicarbonate
(pH 9.2-10.2) (30). The pH range employed in this study
included only pH values for which the enzyme was stable
for at least 5 min. Reactions were monitored continuously,
and upon completion, the actual pH was measured to verify
that the pH had not changed. Extinction coefficients of
4-nitrophenol were determined at each pH, and values of
Km, kcat, and kcat/Km were determined as described above.
The pH-dependence plots and the pKa values assigned to
the ionizable groups were determined using GraFit 5.0.

The effect of temperature on the reaction rate was
determined by performing the standard reaction with pNPX
as a substrate in 100 mM sodium citrate buffer (pH 5.0) for
20 min at different temperatures ranging from 30 to 75°C.
The thermostability of XynB3 was determined after incubat-
ing the purified enzyme for 10, 20, and 30 min at different
temperatures in 100 mM sodium citrate buffer (pH 5.0), in
the presence of 1 mg/mL BSA. The residual activity was
measured with pNPX at 40°C and pH 5.0. The extinction
coefficients of 4-nitrophenol at pH 5.0 were determined at
each temperature.

Thin-Layer Chromatography (TLC).The hydrolysis of
xylohexaose and pNPX2 by the wild-type XynB3 and the
hydrolysis of pNPX by the D15G mutant in the presence of
sodium azide were monitored by TLC analysis. The xylo-
hexaose hydrolysis reaction included 8.3 mM xylohexaose
and 0.3 mg/mL XynB3. The pNPX2 hydrolysis reaction
included 1.5 mM pNPX2 and 0.02 mg/mL XynB3. The
pNPX hydrolysis reaction by D15G included 40 mM pNPX,
0.375 M sodium azide, and 2 mg/mL D15G XynB3. All three
reactions were performed at 40°C and 100 mM phosphate
buffer (pH 7.0). At different time points, samples were taken
and the reactions were stopped by either boiling the sample
or by adding Hg2+ to a final concentration of 1 mM (which
completely inhibits the enzyme). Chromatography was
carried out on silica gel 60 plates (Merck), using EtOAc/
MeOH/H2O (6:3:1) as a developing solvent. Spots were
visualized by charring with yellow solution containing (NH4)-
Mo7O24

‚ 4H2O (120 g) and (NH4)2Ce(NO3)6 (5 g) in 10%
H2SO4 (800 mL).

1H Nuclear Magnetic Resonance (NMR).The hydrolysis
of pNPX by D15G in the presence of sodium azide was
monitored by 1H NMR on a Bruker Avance 500 MHz
spectrometer. The mutant enzyme D15G was dialyzed against
a 5 mM triethanolamine hydrochloride buffer at pH 6.0 and
30 mM NaCl, lyophilized, and resuspended in D2O. pNPX
and sodium azide were dissolved in deuterated buffer (5 mM
triethanolamine hydrochloride buffer at pH 6.0 and 30 mM
NaCl). 1H NMR spectra were recorded at 40°C. After the
spectrum of the substrate was recorded (0.5 mL of 80 mM),
the reaction was initiated by adding the D15G enzyme and
sodium azide to final concentrations of 2.5 mg/mL and 1.2
M, respectively, in a final volume of 0.85 mL.1H NMR
spectra were recorded after 0.5, 2, and 24 h and after 7 days.
The assignment of the resonance peaks was based on
published data (24, 31).

RESULTS AND DISCUSSION

Sequence Analysis, Cloning, and Purification of XynB3.
The xynB3gene is a part of the hemicellulolytic system of
G. stearothermophilusT-6 and is located downstream to the
xylan and glucuronic acid utilization gene cluster that was
previously characterized (20). The gene encodes a 536 amino
acid protein with a calculatedMr of 61 898. The sequence
of the XynB3 protein was scanned with BLAST (32) and
showed homology toâ-xylosidases that belong to GH family
43. Of the 176 genes currently classified as GH43 glycosi-
dases, XynB3 showed the highest protein homologies to the
â-xylosidases from (identity percentages are in parenthe-
ses): Oceanobacillus iheyensisHTE831 (72%),Bacillussp.
KK-1 (66%),B. subtilis(65%),Clostridium acetobutylicum
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(64%),B. pumilusIPO (64%), andSelenomonas ruminantium
(60%). According to the phylogenetic analysis made by Qian
et al. (33), GH43 enzymes can be divided into four
subfamilies, and it appears that XynB3 belongs to group I.
The xynB3gene does not include any recognizable Gram-
positive bacterial signal peptide, as determined by the SignalP
server (34); thus, XynB3 is intracellular. Other GH43
glycosidases from different sources were found to be either
intra- or extracellular (35-37) and could also be found as
part of multidomain enzymes, such as thexynAgene from
the extreme thermophileCaldicellulosiruptor, which contains
a GH10 xylanase, four CBDs, and a GH43 arabinosidase
(38, 39).

ThexynB3gene fromG. stearothermophilusT-6 included
the alternative starting codon UUG, followed by UCC (Ser).
To improve the overexpression inE. coli, the starting codon
of the cloned protein was replaced to AUG (Met) and the
second residue was replaced to GCC (Ala) (40). The cloned
gene was overexpressed efficiently using the T7 polymerase
expression system, and the gene product was purified using
two steps, heat treatment and gel-filtration chromatography
(Table 1). Typically, over 150 mg of purified XynB3 were
obtained from 1 L of overnight culture, with an overall yield
of 42%, a purification factor of 2.6, and over 95% purity, as
estimated by SDS-PAGE.

Biochemical Characterization.The apparentMr of XynB3
in solution was estimated by gel-filtration chromatography
calibrated using protein markers of known molecular masses.
XynB3 was eluted in an elution volume corresponding to a
protein with aMr of about 180× 103, suggesting that the
protein is a trimer in solution. Similarly, theâ-xylosidase
from B. pumilusIPO (which shares 64% protein sequence
identity with XynB3) was also suggested to be a trimer based
on gel-filtration chromatography (41). However, the GH43
arabinanase fromC. japonicus(Arb43A) is a dimer based
on its crystal structure (7). The apparent difference in the
oligomeric forms could be explained by the fact that the
â-xylosidases fromG. stearothermophilusand B. pumilus
show sequence identities of only 26% to the dimericC.
japonicusArb43A, and they are significantly larger than
Arb43A, containing about 200 additional residues at their C
terminus. In the GH43 classification made by Qian et al.
(33), theC. japonicusArb43A belongs to group IV, whereas
theâ-xylosidases fromG. stearothermophilusandB. pumilus
belong to group I. It is possible therefore, that the two groups
differ in their oligomeric state. In this regard, it was recently
shown that theR-glucuronidases from GH67 are divided into
three subfamilies, where the proteins from one subfamily
are monomers and the proteins from the two other subfami-
lies are dimers, which form two different dimeric structures
(42). Alternatively, however, it is also possible that the
â-xylosidases fromG. stearothermophilusand B. pumilus
are in fact dimers (like theC. japonicusArb43A), but their
effective molecular radius is longer than that of an ideal

sphere, causing them to elute as larger proteins in the gel-
filtration analysis.

The optimal temperature for XynB3 activity in a 20 min
reaction at pH 5 was 65°C (Figure 2), and the Arrhenius
plot revealed a calculated activation energy of 10 kJ/mol.
The enzyme retained full activity up to 60°C, after
incubation of up to 30 min. The activity of XynB3 was not
affected by the presence of 1 mM Fe3+, Ca2+, Co2+, Mg2+,
Ba2+, Ni2+, K+, Zn2+, Cu2+, or EDTA, indicating that the
enzyme does not require a specific metal ion for its activity.
The addition of 1 mM Hg2+ has completely inhibited the
enzymatic activity, and the addition of 0.1 mM Hg2+ and 1
mM Ag+ has resulted in a residual activity of 7 and 3%,
respectively.

Substrate Specificity.Most glycosidases are highly specific
with regard to the identity of the substrate glycon, which
occupies the-1 subsite at the active site [subsite nomen-
clature according to Davies et al. (43)]. Yet, in family GH43,
there areâ-xylosidases,R-L-arabinofuranosidases, arabinan-
ases, and xylanases, as well as bifunctionalâ-xylosidase/R-
L-arabinofuranosidase enzymes (44-46). Other glycosidases
from GH families 3, 51, and 54 were also shown to have
this polyspecificity between xylo- and arabino-based sub-
strates (47, 48), resulting probably from the spatial similarity
of the orientation of the hydroxyl groups and glycosidic bond
in â-D-xylopyranosides andR-L-arabinofuranosides. The
activity of XynB3 was tested on several synthetic substrates
composed ofp-nitrophenyl (pNP) attached to different sugar
units. The highest activity was observed with pNP-â-D-
xylopyranoside (pNPX), withkcat of 57 s-1, Km of 17 mM,
and kcat/Km of 3.3 s-1 mM-1 at pH 7.0 and 40°C. The
catalytic activity of XynB3 with pNP-R-L-arabinofuranoside
as a substrate was 4.5% of the activity with pNPX, withkcat

of 2.6 s-1, Km of 6 mM, andkcat/Km of 0.43 s-1 mM-1, under
the same conditions. With other sugar units as the glycons,
includingâ-D-galactopyranoside,R-L-arabinopyranoside,R-L-
rhamnopyranoside,â-D-fucopyranoside,â-D-glucopyrano-

Table 1: Purification Table of XynB3

purification step volume (mL) total protein (mg) total activity (units) specific activity (units mg-1) yield (%) purification (fold)

cell-free extracta 50 1085 26.3× 103 24.2 100 1
heat treatment 45 316 15.4× 103 48.7 58 2.0
gel filtration 80 174 11× 103 63.2 42 2.6

a Cell-free extract was obtained from 1 L of overnight culture (OD600 ) 15) of recombinantE. coli BL21(DE3) pET9d-xynB3.

FIGURE 2: Temperature-dependence profile and thermostability of
XynB3. The effect of temperature on XynB3 activity was measured
at pH 5.0 for 20 min at the given temperatures (O, s). The residual
activity after incubating for 30 min at the given temperatures was
measured at 40°C and pH 5.0 (b, - - -).
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side, andâ-D-mannopyranoside, XynB3 had less than 0.05%
activity compared to pNPX.

Glycosidases can be also characterized by their endo/exo
mode of action: endoglycosidases cleave glycosidic bonds
whithin the polysaccharide backbone, while exoglycosidases
cleave off mono- or disaccharides either from the reducing
or the nonreducing end of the polysaccharide chain. In family
GH43, there are endoglycosidases (49), exoglycosidases (50),
and also glycosidases with both modes of action (36). To
determine the XynB3 mode of oligomer hydrolysis, its
activity on xylohexaose (X6) was monitored by TLC (Figure
3). The first hydrolysis product observed after 6 min was
xylopentaose (X5), followed by xylotetraose (X4) after 1 h,
xylotriose (X3) and X1 after 3.5 h, and xylobiose (X2) after
8.5 h. The final hydrolysis product after full hydrolysis was
X1. These results indicate that XynB3 removes single X1

units from the terminal ends of the xylooligosacchrides and
therefore is an exoglycosidase.

To determine whether XynB3 removes the terminal sugar
from the reducing or nonreducing ends of the xylooligomers,
the activity on pNPX2 was examined by monitoring the pNP
formation spectrophotometricaly and by TLC analysis. At
all substrate concentrations tested, the initial rates of pNP
formation gradually increased with time, until reaching
constant rates (Figure 4A). This complex behavior could be
explained only if pNPX2 is first hydrolyzed to give X1 and
pNPX, and the latter is then hydrolyzed to X1 and pNP.
Accordingly, the initial rate enhancement results from the
elevation in the pNPX concentration. If pNP was released
first, then the rate of its formation should have been constant.
In addition, TLC analysis of the pNPX2 hydrolysis by XynB3
revealed that the first hydrolysis product was pNPX, followed
by X1, and at no time, X2 was formed (Figure 4B). Together,
these results indicate that XynB3 removes the terminal unit
from the nonreducing end of xylooligomers.

Identification of the Catalytic Residues of XynB3.GH43
glycosidases hydrolyze the glycosidic bond by a single-
displacement-inverting mechanism, using two conserved
acidic residues (51) (Figure 1). One carboxylic acid acts as
a general-base catalyst, deprotonating a nucleophilic water
molecule that attacks the anomeric carbon of the target sugar
from the opposite side of the glycosidic bond. The second

carboxylic residue acts as a general-acid catalyst, protonating
the leaving aglycone group (5, 6).

The crystal structure of theC. japonicusArb43A in
complex with its substrate arabinotriose revealed three
carboxylic acids located near the scissile glycosidic bond.
On the basis of the relative positions of these residues and
of the substrate, it was proposed that Glu221 is the catalytic
acid, Asp38 is the catalytic base, and Asp158 is involved in
pKa modulation and orientation of Glu221 (residues num-
bered according to the Arb43A sequence) (7). Indeed, the
replacement of these residues to Ala in Arb43A have resulted
in a 6-7 orders of magnitude decrease in the activity
compared to the wild-type enzyme, confirming that these
residues are essential for catalysis. These three residues are
completely conserved and are a part of conserved blocks not
only in GH43 proteins but also in GHs 32, 62, and 68 (10-
12). Interestingly, while GH43 and 62 belong to clan GH-F,

FIGURE 3: Hydrolysis of X6 by XynB3. TLC analysis of the reaction
products. The reaction included 8.3 mM X6 and 0.3 mg/mL XynB3.
Lanes 1-6, X1, X2, X3, X4, X5, and X6 standards. Lanes 7-14,
hydrolysis of X6 by XynB3 after 0.1, 0.5, 1, 3.5, 5, 6.5, 8.5, and
20 h. respectively, at 40°C and pH 7.0.

FIGURE 4: Hydrolysis of pNPX2 by XynB3. (A) Spectrophotometric
monitoring of pNP formation during the hydrolysis reaction, at
different concentrations of pNPX2. O, 1 mM pNPX2; b, 0.7 mM
pNPX2; and0, 0.36 mM pNPX2. The reactions were performed at
40 °C and pH 7.0. (B) TLC analysis of the reaction products. Lane
1, X1 standard; lane 2, X2 standard; lane 3, pNPX standard; lane 4,
pNPX2 standard; lanes 5-9, hydrolysis of pNPX2 by XynB3 after
2, 7, 15, 20, and 25 min, respectively, at 40°C and pH 7.0.
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families 32 and 68 were assigned to clan GH-J and perform
the catalysis using the retaining mechanism. Recently, the
crystal structures of enzymes from GHs 32 and 68 revealed
that they also share a five-bladedâ-propellers fold, similar
to that of the GH43C. japonicusArb43A (8, 9). Structural
comparison of the three structures indicated that the three
conserved carboxylic acids can be superimposed to give very
similar catalytic-site architecture. Remarkably, it appears that
what actually determines whether these enzymes operate in
an inverting mechanism (GH43) or a retaining mechanism
(GHs 32 and 68) is the different ways by which the substrates
are positioned in the active site (8). More commonly,
retaining and inverting glycosidases differ one from another
in the distances between the two catalytic residues, about 9
Å in inverting and about 5 Å in retaining enzymes (52).

The three conserved residues in XynB3 are Glu187
(putative catalytic acid), Asp15 (putative catalytic base), and
Asp128 (pKa modulation). To date, there is still no biochemi-
cal data to support the suggested role of these residues. To
identify the exact catalytic function of the residues, they were
replaced to Gly, and the resulting mutants were subjected to
detailed kinetic analysis.

ActiVity toward Substrates Bearing Different LeaVing
Groups.Different arylglycosides, which are synthetic sub-
strates widely used with glycosidases, are distinguished by
the pKa of their aglycon leaving group: the lower the pKa,
the better the leaving group is. Kinetic analysis with such
substrates provides one of the major strategies for mecha-
nistic characterization and identification of the catalytic
residues of glycosidases. Most commonly, this approach was
applied almost exclusively on retaining glycosidases, which
operate through a double-displacement mechanism. In this
mechanism, the aglycon group is cleaved during the first
step of the reaction; therefore, only the rate of this step
(glycosylation) is influenced by the leaving-group ability of
the substrate. The rate-limiting step of the reaction could be
determined by measuring the dependence ofkcat on the pKa

of the leaving group. A comparison of these values for wild-
type and mutant enzymes has enabled the identification of
the acid-base catalytic residues in many retaining glycosi-
dases (53, 54). Inverting glycosidases use a single-displace-
ment SN2 mechanism, in which the leaving group departs
simultaneously with the attack of the nucleophilic water
(Figure 1). Therefore, the reactivity of the substrate should

affect the rate of the reaction; i.e.,kcat should decrease as
the pKa of the leaving group increases. Assuming that the
values of the association and dissociation constants of the
Michaelis complex (k1 and k-1) do not depend on the
reactivity of the substrate, thenkcat/Km, which equals (k2k1)/
(k2 + k-1), should also decrease whenk2 decreases. In a
catalytic mutant in which the general-acid residue has been
removed, there is no activation of the leaving aglycon, and
therefore, the reactivity of the substrate will have much
greater influence on the activity of the enzyme (53). This
kind of analysis was performed with theâ-xylosidase from
B. pumilusPRL B12 (presumably a GH43 glycosidase) and
with wild-type and mutants forms of the inverting GH6
endoglucanase A fromCellulomonas fimiand cellobiohy-
drolase fromTrichoderma reesei(13, 55, 56).

The steady-state values ofkcat, Km, andkcat/Km for XynB3
and its E187G mutant are presented in Table 2, and the
resulting Brønsted plots, correlating logkcat or log kcat/Km to
the pKa of the leaving group, are shown in Figure 5. For the
wild-type XynB3, thekcat values showed no dependency on
the leaving-group ability of the substrate and thekcat/Km

values showed only little dependency, with a relatively low
Brønsted coefficient (â1g) of -0.46. Similar results were
obtained with theâ-xylosidase fromB. pumilusPRL B12,
where the calculated Brønsted coefficients are around-0.3
for both kcat andkcat/Km values (13).

For the XynB3 E187G mutant, however, much greater
dependency of both the activity and efficiency toward the
leaving-group ability of the substrate was observed, with
Brønsted coefficients (â1g) of -1.9 and-1.8 for kcat and
kcat/Km, respectively. For substrates with excellent leaving
groups (such as 2,5-dinitrophenyl) that require little assistance
of the general-acid residue for their departure, the activity
and efficiency of the E187G mutant were similar to those
of the wild-type enzyme. However, with substrates bearing
poorer leaving groups, the activities of the mutant were much
lower than the wild-type enzyme and in some cases were
too low to be measured. The larger absoluteâlg values for
the E187G mutant as compared with those of the native
XynB3 suggest that in the E187G mutant a higher amount
of negative charge is developed on the glycosidic oxygen in
the transition state. This difference probably results from the
little proton donation that the mutant provides, exactly as

Table 2: Kinetic Parameters for Hydrolysis of Aryl-â-D-xylopyranosides by XynB3 and Its E187G Mutant

aglycone pKa enzyme kcat (s-1) ratiokcat [WT/E187G] Km (mM) kcat/Km (s-1 mM-1) ratiokcat/Km [WT/E187G]

2,5-dinitrophenyl 5.15 WT 25 0.8 6.3 4.0 1.5
E187G 30 11 2.7

3,4-dinitrophenyl 5.36 WT 77 43 3.5 22 6.7
E187G 1.8 0.55 3.3

4-nitrophenyl 7.18 WT 57 4071 17 3.3 1222
E187G 0.014 5.2 2.7× 10-3

4-methylumbelliferyl 7.53 WT 20 2.6 7.7 1100
E187G nda nd nd

3-nitrophenyl 8.39 WT nd nd 1.8 900× 103

E187G 1.0× 10-5 5.0 2.0× 10-6

4-bromophenyl 9.34 WT nd nd 0.48
E187G <1.0× 10-5 nd nd

2-naphthyl 9.51 WT nd nd 0.13
E187G <1.0× 10-5 nd nd

3,4-dimethylphenyl 10.32 WT nd nd 0.02
E187G <1.0× 10-5 nd nd

a nd ) not determined.
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would be expected in the absence of the acid residue. Overall,
these results are in agreement with E187 being the general-
acid residue of XynB3.

It is worth noting that the derived absoluteâlg values for
the general-acid mutant E187G (-1.8 and-1.9) are in fact
larger than the value obtained for the spontaneous hydrolysis
reaction of 2-aryloxytetrahydropyrans in water (âlg ) -1.18)
(57). This implies even less proton donation in the mutant
than in free solution and could be explained by the
hydrophobic character of the+1 subsite environment. Such
hydrophobic character of the+1 subsite was also observed
in the â-xylosidase fromB. pumilusPRL B12 (15).

For the D15G mutant, the activity on most substrates was
too low to determine eitherkcat or Km. The hydrolysis of
3,4-dinitrophenyl â-D-xylopyranoside (pKa ) 5.36) and
pNPX (pKa ) 7.18) have resulted in similarkcat/Km values
of 1 × 10-5 and 2× 10-5, respectively, suggesting that the
pKa of the leaving group has no considerable effect on the
activity of D15G, as would be expected from a mutant in
the general-base residue.

As described above, Asp128 is the third carboxylic residue
that is conserved in all of the glycosidases belonging to clans
GH-F and GH-J. The catalytic activity of the XynB3 D128G
mutant was lower than that of the E187G and D15G mutants
(Table 3), and on most substrates, the activity of D128G
was too low to be accurately measured. This result is quite
surprising because, in the Arb43A structure, the homologous
residue Asp158 is located in such a position that does not
allow it to directly participate in catalysis (7). However, this
residue is only 4 Å from the putative acidic residue Glu221
and about 6.5 Å from the putative basic residue Asp38 and
could therefore be involved in pKa modulation of these two
catalytic residues. In addition, Asp158 could potentially make
a hydrogen bond with the 3-OH of the sugar in the-1

subsite. Consequently, the removal of this residue could
influence the ionization state of both catalytic residues, as
well as substrate binding, resulting in major decreases in the
activity observed for the Arb43A D158A (7) and the XynB3
D128G mutants.

Interestingly, unlike XynB3, where the E187G mutant had
higher activity than the D15G mutant, the activity of the
mutant in the putative base of theC. japonicusArb43A
(D38A) was higher than the activity of the mutant in its
putative acid (E221A). While D38A exhibited 3.5× 10-6

of the wild-type enzyme activity toward linear arabinan, the
activity of the E221A mutant was even lower,<10-7 of the
wild-type activity (7). The difference of this activity pattern
compared to the activities of the XynB3 mutants results
probably from the different substrates used: Arb43A mutants
were tested against the natural substrate arabinan, whereas
the activities of the XynB3 mutants were tested against
synthetic substrates with substituted phenols as the leaving
groups. In the natural substrate, the leaving group is an
arabinose unit, which is a very poor leaving group with a
pKa of around 14-16. Because the activity of a mutant in
the acidic residue is influenced considerably by the reactivity
of the leaving group, it is reasonable that with natural
substrates the activity of the acid mutant will be very low.
For XynB3, if we extrapolate the Brønsted plots of the wild
type and the E187G mutant to substrates with pKa values of
14 (Figure 5), then indeed thekcat and kcat/Km values of
E187G will be 13 orders of magnitude lower than the wild-
type values.

pH-Dependence ActiVity Profiles.pH-dependence activity
profiles of glycosidases are typically bell-shaped, reflecting
the ionization state of the two carboxylic catalytic residues
in the active site. Elimination of one of the catalytic residues
should result in the removal of the corresponding limb from
the profile. That is, in a general-acid mutant, the profile
should reflect the ionization of only the general-base residue
and vice versa (53). The kinetic constants of XynB3 and its
mutants were determined at different pH values (Figure 6).
The pH-dependence profiles of the wild type are typical bell-
shaped curve, with optimal activity at pH 6.5 and almost no
activity at pH 8.5 and 3.5. The pKa values of the general-
base and general-acid ionizable groups in the free enzyme,
derived from the plot ofkcat/Km versus pH, are 5.3 and 7.1,
respectively. Likewise, the pKa values in the enzyme-
substrate complex, derived from the plot ofkcat versus pH,
are 4.5 and 7.2.

The pH-dependence profiles of the E187G mutant were
completely different: at pH values of 5.5-9.0, thekcat values
changed only slightly and thekcat/Km values were constant.
Unfortunately, determination of the activity of this mutant
at pH values lower than 5.5 was not feasible, because the
protein precipitated rapidly. Regardless, the absence of the

FIGURE 5: Brønsted plots relating turnover numbers and catalytic
efficiencies of wild-type XynB3 (O) and its E187G mutant (b),
with the leaving-group ability of the substituted phenols. (A) Plot
of log(kcat) versus pKa of the aglycon phenol. (B) Plot of log(kcat/
Km) versus pKa of the aglycon phenol. The reactions were performed
at 40°C and pH 7.0, in the presence of 10% DMSO.

Table 3: Activity of XynB3 and Its Mutants with 3,4-Dinitrophenol
Xylopyranoside (pKa ) 5.36) as the Substrate

enzyme
activity at 10 mM substrate

[units (mg-1 of protein)]
kcat/Km

(s-1 mM-1)

wild type 37 22
E187G 0.8 3.2
D15G 0.001 1× 10-5 a

D128G 0.0002 4× 10-5 a

a These values were estimated at low substrate concentrations.
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basic limb of the curve for this mutant suggests that the
protonated catalytic residue had been removed, in agreement
with Glu187 being the general-acid residue. Similar behavior
was observed also for the general-acid mutant of the inverting
GH6 endoglucanase A fromC. fimi (58) and for many acid-
base mutants of retaining glycosidases from various families
(21, 48, 59-61).

The catalytic activity of the D15G mutant was too low
for measuring its pH dependency. However, because the
exogenous nucleophile azide has rescued the activity of this
mutant (as described below), the addition of 1 M sodium
azide to the reaction has made it possible to determine the
activity at pH values between 5.5 and 8.0. It was not possible
to reach lower pH values at this azide concentration, even
with very acidic buffers. TheKm of this mutant in the
presence of azide seemed to be very high, and even at 40
mM pNPX, the activity was still in the linear part of the
Michaelis-Menten plot (first-order kinetics). Therefore, only
kcat/Km values were estimated. The resulting pH-dependence
profile shows that the D15G activity in the presence of
sodium azide decreased considerably as the pH was raised.
Although the ionization curve was incomplete and included
only the basic limb, the pKa corresponding to an ionization
state of a protonated group could be estimated to be around
5.5 and is probably attributed to the general-acid catalyst
(Figure 6B). This pH-dependency profile, together with the
very low activity of this mutant, is in agreement with Asp15
being the general-base catalytic residue. In addition, it
appears that the removal of the general-base Asp15 affects
the pKa of the general-acid residue and shifts it from 7.1 in

the wild-type enzyme to around 5.5 in the D15G mutant in
the presence of sodium azide. Thus, the high pKa of the
general acid in the wild-type enzyme, which is necessary to
its function as a proton donor, is maintained by the presence
of the nearby general-base residue. It should be noted
however, that because the pH-dependence profile of the
D15G mutant was determined in the presence of azide, the
real pKa of the general-acid residue (in the general-base
mutant) could be different.

In retaining glycosidases, the distance between the two
catalytic residues is around only 5 Å, leading to electrostatic
repulsion between these two carboxylic groups. This elec-
trostatic repulsion is essential for the correct ionization state
of the catalytic residues during the catalytic cycle (62). In
inverting glycosidases, the distances between the two cata-
lytic residues can vary between 7 and 11 Å (63-66). In the
C. japonicusArb43A structure, the average distance between
the two putative catalytic residues Glu221 and Asp38 is 7.1
Å and the shortest distance between two carboxylic oxygens
is 5.9 Å. Assuming similar active-site architecture in XynB3,
it seems that electrostatic repulsion between the two catalytic
residues could also take place.

Azide Rescue.Activity rescue of catalytic mutants with
exogenous nucleophiles, like azide ion, is one of the most
definitive tools for the identification of the catalytic residues
of retaining glycosidases and was used with many retaining
GH families (53). In retaining glycosidases, an exogenous
nucleophile like azide ion could rescue the activity of
enzymes with mutations in either the acid-base residue or
in the nucleophilic residue, yielding each time a glycosyl-
azide product with different anomeric configuration (67). In
inverting glycosidases, where the hydrolysis proceeds via a
single-displacement mechanism, the addition of exogenous
nucleophile could potentially reactivate a mutant in the
general-base residue but should not reactivate a mutant in
the general-acid residue.

The catalytic activities of XynB3 and its mutants were
tested after the addition of different concentrations of sodium
azide. For the wild type and the two mutants E187G and
D128G, no rate enhancement was observed with pNPX after
the addition of 1 M sodium azide. However, the hydrolysis
rates of pNPX by the putative basic residue mutant (D15G)
were significantly accelerated when increasing concentrations
of sodium azide were added (Figure 7A). The presence of
1.4 M sodium azide increasedkcat by 35-fold, compared to
the activity without azide. No rate enhancement was observed
with formate as the exogenous nucleophile.

There are two possible mechanisms by which the azide
ion could rescue the activity of general-base mutants of
inverting glycosidases (Figure 8). The azide ion could replace
the nucleophilic water molecule itself and perform direct
attack on the anomeric carbon, forming a glycosyl-azide
product. Alternatively, the azide ion could replace the
general-base residue by activating the nucleophilic water
molecule that will attack the anomeric carbon, forming free
sugar with inverted anomeric configuration. The latter
mechanism was previously proposed for the general-base
mutant of the inverting GH14â-amylase fromB. cereus(68).
To determine in which of these two mechanisms the azide
ion accelerated the activity of XynB3 D15G, the pNPX
hydrolysis by D15G in the presence of 0.375 M sodium azide
was monitored by TLC (Figure 7B). The only reaction

FIGURE 6: pH dependence of the kinetic parameters for the
hydrolysis of pNPX by XynB3 (O), XynB3 E187G mutant (b),
and XynB3 D15G mutant in the presence of 1 M sodium azide
(0). At pH values lower than 5.5, the activity of the mutant proteins
could not have been determined because of protein precipitation.
The numbers next to the curves are the pKa values of the ionizable
groups, as determined by fitting the data to pKa equations, using
GraFit 5.0. (A) Plot ofkcat versus pH. (B) Plot ofkcat/Km versus
pH.
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products observed were pNP and X1, and no X1-azide product
was detected. To further characterize the hydrolysis products
and to try to determine the anomeric configuration of the
X1 moiety formed by the D15G mutant with azide, the

reaction was monitored by1H NMR. Because of the high
pNPX concentration used (above 45 mM) and the slow rate
of the reaction, the reaction did not reach completion even
after 7 days at room temperature. During the reaction, the
resonance at 5.10 ppm, which corresponds to the anomeric
proton of the substrate, got smaller. Concomitantly, new
peaks appeared at 4.45 ppm (J ) 8 Hz) and at 5.06 ppm
(J ) 3.5 Hz), corresponding to the anomeric protons of free
R- and â-X1. At all times measured, the only products
observed were theR- and â-X1 rings and pNP. The ratio
between theâ andR anomers of the formed X1 was 1:0.4,
which is typical to free X1 at equilibrium (24, 31). Thus, it
seems that enzymatic formation of X1 by the mutant was
slower than the rate of its spontaneous mutarotation, and
therefore the initial anomeric configuration of the liberated
X1 could not be determined. Nevertheless, the fact that no
X1-azide intermediate was observed by both TLC and1H
NMR suggests that the azide rescue reaction proceeds
through the second mechanism proposed, where the azide
ion activates a water molecule to perform the hydrolysis,
and not through the formation of a X1-azide product (Figure
8A).

Interestingly, as suggested from the pH-dependence activ-
ity profiles described above (Figure 6), the presence of the
negative azide ion did not alter the pKa of the general-acid
residue Glu187 as the general-base residue Asp15 did in the
wild-type enzyme. Thus, although the azide ion can replace
the general base in the activation of the nucleophilic water
molecule, it does not fully imitate the role of Asp15, in
agreement with the fact that the azide ion accelerated the
D15G mutant only 35-fold, and it did not fully restore the
activity to the wild-type level.

In conclusion, the results obtained here indicate that
Glu187 and Asp15 are the catalytic acid and base residues
of XynB3, respectively. The kinetic activities of the E187G
mutant on substrates bearing different leaving groups and
the pH-activity dependence profiles of this mutant are
characteristic to an inverting glycosidase in which the
general-acid residue has been removed. The fact that the
addition of the exogenous nucleophile azide ion has rescued
the activity of the D15G mutant (but not those of the E187G
and D128G mutants) is a clear indication that this residue is
the general-base catalytic residue of the enzyme. The result
of the D15G pH-activity dependence assay is also in
agreement with the suggested role of this residue. Together,
the results allow for the first time direct biochemical
identification of the catalytic residues of a GH43 glycosidase.
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