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Abstract A B-xylosidase from Bacillus stearothermophilus T-6
assigned to the uncharacterized glycosyl hydrolase family 52 was
cloned, overexpressed in Escherichia coli and purified. The
enzyme showed maximum activity at 65°C and pH 5.6-6.3. The
stereochemistry of the hydrolysis of p-nitrophenyl B-p-xylopyr-
anoside was followed by 'H-nuclear magnetic resonance. Time
dependent spectrum analysis showed that the configuration of the
anomeric carbon was retained, indicating that a retaining
mechanism prevails in family 52 glycosyl hydrolases. Sequence
alignment and site-directed mutagenesis enabled the identifica-
tion of functionally important amino acid residues of which
Glu337 and Glu413 are likely to be the two key catalytic residues
involved in enzyme catalysis. © 2001 Published by Elsevier
Science B.V. on behalf of the Federation of European Biochem-
ical Societies.

Key words: B-Xylosidase; Nuclear magnetic resonance;
Retaining mechanism; Glycosyl hydrolase family 52;
Catalytic residue; Bacillus stearothermophilus

1. Introduction

B-p-Xylosidases (1,4-B-p-xylan xylohydrolase, EC 3.2.1.37)
are hemicellulases that hydrolyze xylooligosaccharides (mainly
xylobiose) to xylose and are essential for the complete utiliza-
tion of xylan. This heteropolysaccharide is composed of B-1,4-
linked xylopyranosyl units carrying side chain moieties such
as arabinofuranose, methyl glucuronic acid and acetyl. The
branching and variability of the xylan structure requires the
concerted action of several hemicellulolytic enzymes [1,2] in-
cluding endo-1,4-B-xylanases (EC 3.2.1.8) that hydrolyze the
xylan backbone, and B-xylosidases that cleave the resulting
xylooligomers into xylose monomers. Hemicellulases in gen-
eral, and xylan-degrading enzymes in particular, have at-
tracted much attention owing to their industrial potential in
paper pulp biobleaching [3,4]. Hemicellulases are also used for
the bioconversion of lignocellulose material to fermentative
products, for the improvement of animal feedstock digestibil-
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ity, and have recently been suggested as glycosynthases for
oligosaccharide synthesis [5].

B-Xylosidases are currently classified into families 39, 43
and 52 of glycosyl hydrolases, based on their amino acid se-
quence similarities [6,7]. B-Xylosidases, as do all glycosidases,
hydrolyze the glycosidic bond by one of two major mecha-
nisms, giving rise to either an overall retention or an overall
inversion of the configuration of the anomeric substrate car-
bon [8]. Inverting glycosidases use a direct displacement mech-
anism in which a water molecule directly displaces the agly-
cone trough the direct involvement of two carboxylic amino
acids of the enzyme. In this general mechanism, one of these
carboxylic side chain acts as a general base while the other
carboxylic side chain acts as a general acid [9]. In a similar
way, catalysis by retaining glycosidases proceeds via a two-
step double-displacement mechanism involving a glycosyl-en-
zyme intermediate [9]. During the first step of this reaction
(glycosylation), the acid-base catalyst protonates the glycosi-
dic oxygen concomitantly with bond cleavage and the nucle-
ophile attacks at the anomeric center of the substrate sugar to
form a covalent glycosyl-enzyme intermediate. In the second
step (deglycosylation), the acid-base catalytic group deproto-
nates the incoming water molecule, which then attacks at the
anomeric center of the substrate while displacing the sugar [9].

Within a specific glycosyl hydrolase family these catalytic
residues and the stereochemical course of reaction have shown
to be completely conserved [10,11]. The B-xylosidase from
Butyrivibrio fibrisolvens, a member of family 43, was shown
to cleave the glycosidic bond with an inversion of the ano-
meric configuration [12], whereas the Thermoanaerobacterium
saccharolyticum B-xylosidase of family 39 was shown to pro-
ceed via retention of the anomeric configuration [13].

We have recently cloned and sequenced a 23.5 kb chromo-
somal segment from Bacillus stearothermophilus T-6 contain-
ing a cluster of xylan utilization genes. This region includes a
partial open reading frame of a B-xylosidase (xynB2) gene
showing homology to family 52 glycosyl hydrolases [14]. To
date, no information is available on the mechanism by which
this family cleaves its target substrate, and the two corre-
sponding catalytic residues have not been identified. In this
paper, we described the cloning, expression, purification and
biochemical characterization of the B-xylosidase (XynB2)
from B. stearothermophilus T-6. We investigated its stereo-
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chemical course of hydrolysis and identified its key catalytic
amino acids.

2. Materials and methods

2.1. Cloning of the xynB2 gene

The gene encoding XynB2 from B. stearothermophilus T-6 was
cloned via PCR. The N-terminal primer (5'-GAGGAATTCA-
CCATGGCAACCAATCTATTTTTCAACGCCCACC-3") was de-
signed based on the xy/4A DNA sequence from B. stearothermophilus
21 [15], and contained an ATG translational start codon inside a Ncol
restriction site (CCATGG). The C-terminal primer (5'-CGATCTA-
GATCTTCATTCCCCCTCCTCCAACC-3") was designed based on
the partial sequence available for the carboxy-terminal segment of
xynB2 from B. stearothermophilus T-6 [14]. This primer also contained
a stop codon (TAG) and a Bg/II restriction site (AGATCT) at the end
of the gene. Following amplification, the PCR product was purified,
digested with Ncol and Bg/II, and then cloned into the Ncol and
BamHI sites of the T7 polymerase expression vector pET9d (Nova-
gen), resulting in a plasmid pET9d-xynB2.

2.2. Protein production and purification

Cultures (Escherichia coli BL21(DE3) (pET9d-xynB2)) were grown
overnight on Terrific Broth [16] with kanamycin (25 g ml~!) without
induction (500 ml in a 2 | shake flasks shaken at 230 rpm and 310 K).
The overnight cultures (2 1) were harvested, resuspended in 60 ml of
50 mM Tris-HCI and 100 mM NaCl pH 7.0, and disrupted by two
passages through a French press at room temperature. The cell extract
was centrifuged, and the soluble fraction was then heat-treated (333
K, 30 min) and centrifuged again at room temperature. The enzyme
was further purified by gel filtration at room temperature on a Super-
dex 200 26/10 column (Pharmacia), running at 2.5 ml min~!' with 50
mM Tris-HCI buffer pH 7.0, 100 mM NaCl and 0.02% NaNj;. En-
zyme purity was estimated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) [17] and by gel filtration.

2.3. Kinetic studies

The substrate used for the kinetic studies was p-nitrophenyl B-p-
xylopyranoside (PNPX) (Sigma). Steady state kinetic studies were
performed by following the spectroscopic absorbance changes in the
visible range, using a Biochrom 4060 spectrophotometer (Pharmacia)
equipped with a temperature-stabilized water circulating bath. Initial
hydrolysis rates were determined by incubating solutions with differ-
ent substrate concentrations in 100 mM phosphate buffer (pH 7.0) at
40°C within the spectrophotometer until thermal equilibration was
achieved. Reactions were initiated by the addition of appropriately
diluted enzyme, and the release of the phenol product was monitored
at 420 nm. The extinction coefficient of p-nitrophenyl was AE=7.61
mM™!' cm™!. Values of K, and ke, were determined by non-linear
regression analysis using the program GraFit 3.0 [18]. In some cases,
reactions were carried out under stopped assay conditions at 50°C,
and terminated by the addition of Na,COj to a final concentration of
0.3 M. Under these conditions, the extinction coefficient of p-nitro-
phenyl was AE=18 mM~! cm™!. For pH dependence studies, the
buffers were citric acid-Na,HPO4 (pH 4.0-6.5) and phosphate buffer
(pH 6.0-8.0). The effect of temperature on the reaction rate was de-
termined by performing the standard reaction in phosphate buffer (pH
7.0) for 10 min at different temperatures ranging from 45 to 75°C.
Thermoinactivation experiments were performed by incubating the
enzyme (1.86 pug ml™' in phosphate buffer, pH 7.0) at 65, 70 and
75°C, and removing samples at various times. The residual enzymatic
activity in each tube was determined by the standard assay.

2.4. ' H-nuclear magnetic resonance (NMR) experiment

The enzyme (3.5 mg) was dialyzed against a 5 mM triethanolamine
hydrochloride buffer, pH 6.0 and 30 mM NaCl, lyophilized and re-
suspended in 1 ml D,O. PNPX was dissolved in a deuterated buffer
(5 mM triethanolamine hydrochloride and 30 mM NaCl, pH 6.0). 'H-
NMR spectra were recorded at an ambient temperature in a Bruker
AM-400 spectrometer operated at 400 MHz and equipped with a
5 mm 'H/3C probe. After recording the spectrum of the substrate
(0.56 ml of 2.8 mM), 40 ul of enzyme solution were added to the test
tube and spectra were recorded at different time intervals. The 'H-
NMR spectrum of xylose was recorded under similar conditions at the
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mutarotation equilibrium. The assignment of important resonance
peaks was done on the basis of published data [13].

2.5. Mutagenesis

Mutagenesis was performed following the method of Meza et al.
[19] with slight modifications. This modified strategy employs two
flanking primers (N-terminal and C-terminal primers that were used
for cloning the xynB2 gene) and an internal mutagenic primer. The
mutagenic and C-terminal primers were used to amplify a fragment of
0.55-1.1 kb (depending on the mutation) that overlapped with a lin-
earized pET9d-xynB2 (digested with Paul downstream to the locus of
the target mutation). These overlapping fragments were then annealed
and extended to produce the desired full-length xynB2 gene. The
flanking primers were then added to the reaction mixture, and the
DNA was amplified by conventional PCR. Each mutagenic primer
was designed to include the mutation and a restriction site that was
then used for screening the appropriate mutant. The mutagenic prim-
ers were as follows (the mutated nucleotides are shown in bold and
the restriction site is underlined): E335A (Hpal), 5'-CCGATTTG-
GGTCGTTAACGCAGGCGAGTACCG-3'; E337A (Hpal), 5'-GG-
AAAGCCGATTTGGGTCGTTAACGAAGGCGCGTACCGG-3';
E413A (Mlul), 5'-ACGTTCTCACGCCCGCATTACTCGTCATA-
CGCGTTATACGGGATCAGCGGCTGCTTTTCACAT-3"; E427A
(Spel), 5'-GGCTGCTTTTCACATATGACGCACGCACAACTAG-
TCAACTGGGTGCTTTGCGCAGCG-3'; E522A (Nhel), 5'-CCT-
ATGTGGCGCTAGCAAAGTTGTTC-3'. All the mutations were
confirmed by DNA sequencing.

3. Results and discussion

3.1. Cloning and sequence analysis of XynB2

In the framework of studying the hemicellulolytic system in
B. stearothermophilus T-6, we have recently cloned and se-
quenced a 23.5 kb chromosomal segment containing xylan
degrading enzymes [14]. The segment contained a partial
open reading frame of xynB2 having a significantly high se-
quence homology to the xy/4 gene, which encodes a B-xylo-
sidase from B. stearothermophilus 21[15]. This information
was used to design PCR primers to amplify the entire
xynB2 gene from B. stearothermophilus T-6 chromosomal
DNA and to clone it into the T7 polymerase expression vec-
tor, pET9d. The gene (AJ305327) was sequenced on both
strands, and the confirmed full sequence indicated a protein
consisting of 705 amino acids having a calculated molecular
weight of 79894 and a p/ of 4.91. The amino acid sequence
was scanned with the BLAST?2 [20] program, and showed 94,
74, 60 and 51% identity to family 52 B-xylosidases from B.
stearothermophilus 21, Bacillus halodurans, Aeromonas caviae
and B. stearothermophilus 236, respectively (Fig. 1).

3.2. Overexpression and purification of XynB2

Expression of the xynB2 gene was highly efficient even with-
out induction [21] (Fig. 2). The overall purification procedure
included two steps, heat treatment and gel filtration, and re-
sulted in about 0.5 g of purified enzyme (>95% purity by
inspection) from a 1 1 culture with an overall yield of 60%
(Table 1, Fig. 2). The simplicity and high yield of this purifi-
cation procedure makes XynB2 an excellent representative
target of family 52 glycosyl hydrolases for both structural
and functional studies.

3.3. Biochemical characterization of XynB2

The molecular weight of the native enzyme was estimated
by gel filtration using a Superdex 200 26/10 column (Pharma-
cia) with known M, protein markers. The retention coeffi-
cients were: 0.230, 0.305, 0.361, 0.596, and 0.600 for o-arabi-
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swlskiylcq
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Fig. 1. Sequence alignment of the known enzymes comprising family 52 glycosyl hydrolases. The consensus sequence is shown at the bottom of
the alignment. The abbreviations used and the GenPept accession numbers are as follows: {BsteT-6}-B-xylosidase from B. stearothermophilus
T-6 (AAC98122); {Bste2l}-B-xylosidase from B. stearothermophilus 21 (BAA05667); {Bste236}-B-xylosidase from B. stearothermophilus 236
(AAAS50863); {Acav}-B-xylosidase from A. caviae (BAA74507); {Bhalo}-B-xylosidase from B. halodurans (BAB05833). Conserved residues are
in capital bold letters. The asterisks indicate the conserved residues that were subjected to site-directed mutagenesis.
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kDa
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43
39

e
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1 2 3 4

Fig. 2. SDS-PAGE of the different purification steps of XynB2.
Lane (1): Crude extract. Lane (2): The soluble fraction after heat
treatment (60°C for 30 min). Lane (3): After gel filtration. Lane
(4): Molecular weight standards.

nofuranosidase T-6 [22] (M, 228 864), XynBl T-6 [23] (M;
232004), XynB2, XynA T-6 [24] (M, 43808) and XynA2 T-
6 [25] (M; 39357), respectively, suggesting a M, of about
157000 for XynB2. Considering these results and the calcu-
lated M, of a monomer of the enzyme (79 894), XynB2 is a
dimer consisting of two identical subunits. The homologous B-
xylosidase from B. stearothermophilus 21 is also a dimer [26].
XynB2 was shown to be most active at pH 5.6-6.3, and
retained less than 40% of its activity at pH 5.0 and 7.3. The
pH optima for the activity of other bacterial B-xylosidases are
usually closer to pH 7.0, whereas fungal enzymes are active in
more acidic conditions (< pH 5.0) [27,28]. The optimal tem-
perature for XynB2 activity in a 10 min reaction was 65°C
and is similar to the optimal temperature observed for the B-
xylosidases from B. stearothermophilus 21 [26], Trichoderma
harzianum [29], Phanerochaete chrysosporium [30], Clostridium
stercorarium [31] and Trichoderma reesei RUT c-30 [32]. A
much higher temperature optimum, 98°C, was observed for
the B-xylosidase from Thermotoga sp. strain FjSS3-B.1 [33].
Thermoinactivation experiments for XynB2 revealed half-lives
of 2.05, 0.83 and 0.036 h at 65, 70 and 75°C, respectively.

3.4. Stereochemistry of the enzymatic hydrolysis

The stereochemical course of the hydrolysis reaction of
PNPX as catalyzed by XynB2 was followed by 'H-NMR
spectroscopy. Fig. 3 shows the partial "H-NMR spectrum of
the substrate, and several spectra recorded at several time
intervals following the addition of the XynB2 enzyme.

In the spectrum of the PNPX substrate, the resonance at
5.09 ppm is assigned as the anomeric proton at the nitrophe-
nylated carbon. 8 min after adding the enzyme, the reaction
reached a completion as judged by the complete disappear-
ance of this peak. Concomitantly, a new peak appeared at
4.43 ppm corresponding to the anomeric proton of B-xylose.
After 45 min of the reaction, a new peak appears at 5.05 ppm,
reflecting the anomeric proton of o-xylose that is formed due
to mutarotation of the free sugar. The observed coupling con-
stants, 3J=7.69 Hz and 3J=4.64 Hz, for the B-and o-anom-

Table 1
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Fig. 3. "H-NMR spectra during the hydrolysis of PNPX by XynB2
after incubation for the times indicated. The assignments of the sig-
nificant signals are indicated.

ers, respectively, provide further support for the assignment of
these anomers. At this time, the ratio between the B-and the
oa-anomers was 1/0.17. After 22 h the reaction reached the
equilibrium of free xylose with the anomeric ratio of 1/0.5.
Since XynB2 initially produces B-xylose as the predominant
anomer, this enzyme appears to operate with an overall re-
tention of the anomeric configuration. Analysis of the stereo-
chemical course of reactions catalyzed by a range of glycosyl
hydrolases has shown that the mechanism of bond cleavage is
conserved in enzymes belonging to the same glycosyl hydro-
lase family [11]. Thus, enzymes of family 52 act with retention
of anomeric configuration.

3.5. Identification of the key catalytic residues in glycosyl
hydrolases family 52

The two key catalytic carboxylates in retaining glycosidases
were previously shown to be invariant in enzymes from the
same glycosyl hydrolase family [10]. To identify the corre-
sponding catalytic pair for XynB2 (and hence for glycosyl
hydrolases family 52), five conserved acidic residues (E335,
E337, E413, E427, E522) were mutated to alanine and their
kinetic constants were determined (Table 2).

Purification of XynB2 from crude extract of recombinant E. coli BL21(DE3) pET9d-xynB2

Purification step Volume (ml)  Total activity (U)  Total protein (mg) Specific activity (U mg™!)  Yield (%)  Purification (fold)
Cell free extract 80 8840 5700 1.6 100 1.0
Heat treatment 80 6955 3250 2.1 79 1.3
Gel filtration 125 5114 958 5.3 58 33
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Table 2
Kinetic parameters for the hydrolysis of PNPX by wild-type and
mutant forms of XynB2

Enzyme kear (571 Ky (mM) kea/Ki (s7' mM ™)
Wild-type 14.6 0.20 72.8

E335A 0.0047 0.86 0.0055

E337A <1x107° ND? ND

E413A <1x107° ND ND

E427A 0.79 11.9 0.07

E522A 14.1 0.18 78.3

AND: not determined.

Of all of these mutations, only E522A retained significant
activity, therefore it is unlikely that this residue is involved in
catalysis and/or substrate binding. Elimination of E427 caused
a relatively small reduction (18-fold) in kg, but increased the
K, value, suggesting that this residue may be involved in
substrate binding. The E335 residue was first suggested by
us as the acid—base catalyst since it resides within a highly
conserved region following an invariant asparagine [10].
Although the E335A mutation caused a large decrease in
keat (over three orders of magnitude), surprisingly the K,
value increased (from 0.2 to 0.86 mM). In most reported
studies, an acid—-base mutation caused a decrease in K, since
the elimination of the acid-base should reduce the deglycosy-
lation step [34]. In addition, the pH-activity profile of the
E335A mutant was bell-shaped (results not shown), similar
to that of the wild-type, suggesting that the two ionizable
carboxylic acids remained intact. Thus, E335 does not appear
to be the acid-base catalyst but is obviously important for
activity. The E337A and E413A mutants caused the largest
decrease in activity and were essentially inactive (< 1X1073).
This magnitude of decrease in activity was also found in other
catalytic mutants of retaining glycosyl hydrolases [34].

Several approaches may be employed to identify the cata-
lytic residues in glycosyl hydrolases including: kinetic analysis
of the catalytic mutants using substrates bearing different
leaving groups, azide rescue of activity for these mutants
and their pH dependence compared with that of the wild-
type enzyme [34]. In addition, a definite identification of the
catalytic nucleophile is possible by using fluorinated substrates
functioning as mechanism-based inactivators [35]. Although it
is likely that both E337 and E413 are the catalytic pair of
XynB2, it should be noted that the E337A and E413A mu-
tants did not exhibit significant rate enhancement in the pres-
ence of 1.8 M azide (results not shown), as should be the case
with such catalytic mutants [34]. This puzzling experimental
result should be further clarified and additional supporting
experiments should be performed in order to fully determine
the catalytic residues of this enzyme and their exact role in
catalysis. A number of these experiments are now in progress.
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