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Abstract A xylosidase gene, gsxyn, was cloned from the
deep-sea thermophilic Geobacillus stearothermophilus,
which consisted of 2,118 bp and encoded a protein of 705
amino acids with a calculated molecular mass of 79.8 kDa.
The GSxyn of glycoside hydrolase family 52 (GH52) dis-
played its maximum activity at 70 °C and pH 5.5. The K|,
and k., values of GSxyn for pNPX were 0.48 mM and
36.64 s~!, respectively. Interestingly, a new exo-xylanase
activity was introduced into GSxyn by mutating the tyros-
ine509 into glutamic acid, whereas the resultant enzyme
variant, Y509E, retained the xylosidase activity. The opti-
mum Xxylanase activity of theY5S09E mutant displayed at
pH 6.5 and 50 °C, and retained approximately 45 % of
its maximal activity at 55 °C, pH 6.5 for 60 min. The K
and k., values of the xylanase activity of Y509E mutant
for beechwood xylan were 5.10 mg/ml and 22.53 s~
respectively. The optimum xylosidase activity of theYS09E
mutant displayed at pH 5.5 and 60 °C. The K., and k., val-
ues of the xylosidase activity of YS09E mutant for pNPX
were 0.51 mM and 22.53 s~!, respectively. This report
demonstrated that GH52 xylosidase has provided a plat-
form for generating bifunctional enzymes for industrially
significant and complex substrates, such as plant cell wall.
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Introduction

Enzyme degradation of plant cell walls by glycoside hydro-
lase (GH) is of increasing industrial significance, especially
in environmentally relevant bioenergy and bioprocess-
ing sectors. The plant cell wall contains a large number of
chemically complex polysaccharides. For instance, xylan,
the major hemicellulose component of plant biomasses,
is often present in a specific form substituted with L-ara-
binofuranose or acetic acid in addition to 4-o-methyl-
D-glucuronic acid. Therefore, different hemicellulases,
such as endo-1,4-B-xylanase, a-L-arabinofuranosidase,
1,4-B-xylosidase, a-D-glucuronidase, ferulic acid esterase,
and acetyl-xylan esterase are required for the complete
degradation of these carbohydrate polymers[18]. Among
all the hemicellulases, extracellular xylanases are the major
enzymes responsible for degradation in xylan ecosystems
and most of these enzymes are categorized into glycoside
hydrolase (GH) families 10 and 11, based on their amino
acid sequence similarities [21].

Based on their primary sequences, xylosidases
have been grouped into ten types, known as the glyco-
side hydrolase families (GH), 1, 3, 30, 39, 43, 51, 52,
54, 116, and 120 available on the carbohydrate-active
enzymes server (the CAZy database: http://www.cazy.
org/). 1,4-p-p-xylosidase catalyzes hydrolysis of single
xylosyl residues from the non-reducing end of 1,4-B-D-
xylooligosaccharides, including 1,4-B-D-xylobiose by the
definition of the Nomenclature Committee of the Inter-
national Union of Biochemistry and Molecular Biology
(http://www.chem.qmul.ac.uk/iubmb/). Compared to GH39
and GH43 xylosidase, whose three-dimensional structures
have been reported [4, 29], only a few GH52 enzymes have
been discovered, purified, and biochemically characterized.
A GHS52 B-xylosidase from Bacillus stearothermophilus
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T-6 (99.3 % identity with GSxyn) had a retaining mecha-
nism as revealed by NMR spectroscopy [3], and its cata-
lytic residues were E335 and D495 [1]. In 2003, Bravman
et al. [2] studied the catalytic mechanism of GH52 xylosi-
dase. A GH52 B-xylosidase from Geobacillus stearother-
mophilus (93.9 % identity with GSxyn) is a highly hydrated
dimer, whose active site is formed by the two protomers,
and it probably involves aromatic residues, and the pro-
tein at physiological pH is formed by a-helix (30 %) and
B-sheet (30 %) [6]. The study of Denny Quintero et al. [20]
indicates that the GH52 xylosidase contains a high percent-
age of a-helix (44 %) and B-sheet (40 %).

Furthermore, the action mode of these enzymes is
reflected in the topology of the active site and substrate
binding region. Therefore, the endo-acting glycoside
hydrolase displays a substrate binding cleft open at both
ends, which cleave internal linkages, whereas the active
site of exo-acting enzymes targeting at the termini of poly-
saccharide backbones displays the block of substrate bind-
ing groove at one end of the extended loops. In nature,
short loop extensions have led to the conversion of exo-gly-
canases into endo-glycanases, which target the polysaccha-
ride backbone [5, 14, 19, 30]. More recently, McKee et al.
[14] engineered a GH43 xylosidase acting on arabinose
side-chains to include endo-xylanase activity.

This report shows the kinetic and enzymatic proper-
ties of wild-type and site-directed mutants of xylosidase
from a thermophilic deep-sea G. stearothermophilus with
an extensive hemicellulolytic system. Due to the mutation
of tyrosine 509 into glutamic acid, the enzyme displays
not only xylosidase activity but also xylanase activity.
By introducing a new catalytic function into the active
site of GSxyn, we demonstrated that the GH52 fold pro-
vides a valuable platform for generating multifunctional
enzymes.

Materials and methods
Materials

Beechwood xylan from Sigma (X4252) and 4-nitrophenyl-
B-p-xylopyranoside (pNPX) were purchased from Beijing
Chemsynlab Pharmaceutical Science & Technology Co.
Ltd (Beijing, China). Xylose was purchased from Dalian
Glycobio Co. Ltd (Dalian, China); xylobiose, xylotriose,
xylotetraose, xylopentaose, and xylohexaose were pur-
chased from Megazyme (Wicklow, Ireland). Restriction
enzymes, T, DNA ligase, Taq polymerase, and fast pfu
polymerase were purchased from Takara (Dalian, China).
DNA purification kits were purchased from Axygen
(USA). Bradford protein assay kits and GST bind purifica-
tion kits were obtained from Shanghai Sangon Biotech Co.

@ Springer

(Shanghai, China) and Novagen Co. (Germany), respec-
tively. All other chemicals used were analytical-grade rea-
gents unless otherwise stated.

Strains, vectors, and cultivation conditions

Geobacillus stearothermophilus (NO. 1A05585) was pur-
chased from Marine Culture Collection of China (MCCC
http://www.mccc.org.cn/). The strain was grown in a
Luria—Bertani (LB) medium with 2 % (w/v) NaCl at 55 °C.
The E. coli DH5a strain and pMD19T vector were used for
gene cloning, and the E. coli BL21 (DE3) strain and pGEX-
6P-1 vector were used to express the xylosidase gene. All
the transformants were cultivated in the LB medium or LB
agar plated at 37 °C with ampicillin (100 pg/ml).

Cloning the xylosidase gene in E. coli

The xylosidase gene was amplified by a PCR using
the following primers: forward primer (ATGCCAAC-
CAATCTATTTTTCAACG), and reverse primer (TTA-
GATATTCACCACCCGCCAAA), which referred to the
genomic sequence of G. stearothermophilus strain (Gen-
Bank no. D28121.1). The oligonucleotide primers were
designed on the basis of the sequences supplied by the
Genscript (Nanjing, China). Preparation of the bacterial
genome referenced to the protocols [27]. The PCR was
performed using G. stearothermophilus genomic sequence
was used as the template as follows: 95 °C for 5 min, then
20 cycles at 94 °C for 30 s, 48 °C for 30 s, 72 °C for 3 min
30 s, followed by a final extension step at 72 °C for 10 min.
After the PCR products were ligated into the pMDI19T
vector, the ligation products were transformed into E.
coli DH5a competent cells, and the positive clones were
selected using the blue—white selection. The recombinant
plasmid pMD19T-gsxyn was sequenced by the Genscript
(Nanjing, China), and the xylosidase gene coding region
was amplified by PCR using pMD19T-gsxyn as the tem-
plate and the following primers including EcoR I and Not
I sites (underlined), respectively, forward primer (CCG
GAATTCATGCCAACCAATCTATTTTTCAACGC), and
reverse primer (ATAAGAATGCGGCCGCTTATTCTCCC
TCCTCAAGCCACAAAA). The PCR was performed
as follows: 94 °C for 4 min, then 20 cycles at 94 °C for
30 s, 60 °C for 30 s, 72 °C for 2 min, followed by a final
extension step at 72 °C for 10 min. Afterwards, the PCR
products were purified with the gel, digested with EcoR
I and Not 1, and then ligated into the corresponding sites
of pGEX-6P-1. Finally, the ligation products were trans-
formed into E. coli DH5a-competent cells, and the recom-
binant plasmid pGEX-6P-gsxyn was transformed into E.
coli BL21 (DE3) competent cells for protein expression
and purification.
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Expression and purification

E. coli BL21 (DE3), harboring pGEX-6P-gsxyn vector, was
grown overnight at 37 °C in an LB medium supplemented
with 100 pg/ml ampicillin. Afterwards, the culture was
inoculated into a fresh LB medium containing 100 pg/ml
ampicillin by 1 % dilution, and grown at 37 °C about 2-3 h
until cell density (Agy,) reached 0.6-0.8 and then IPTG
was added to a final concentration of 0.1 mM and he cul-
ture continued to be incubated at 22 °C for 12 h. The cells
were then harvested by centrifugation, washed, and resus-
pended with PBS buffer (pH 7.0, 140.0 mM NaCl, 2.7 mM
KCl, 10.0 mM Na,HPO,, 1.8 mM KH,PO,). Supernatant
was collected after the cells were disrupted by sonica-
tion and centrifugation at 15,000 rpm for 30 min at 4 °C.
Subsequently, the glutathione-S-transferase (GST) tagged
xylosidase was purified by the manufacturer instructions
(Amersham Biosciences). The GST tag was removed by
digestion with a 3C protease solution (10 U/pl, PreScis-
sion; Pharmacia) and the purified protein was eluted with
1 ml of PBS buffer. Finally, the molecular mass of the puri-
fied xylosidase was determined by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and the
concentration of the enzyme was determined by a Bradford
Protein assay Kkit.

Enzyme assay and kinetic analysis

The xylanase activity was determined by measuring the
release of reducing sugar from beechwood xylan using
3,5-dinitrosalicylic acid (DNS) [16]. The reaction mixture,
consisting of 10 pl of the appropriately diluted enzyme and
90 ul of xylan at different concentrations in 0.1 M citric
acid-0.2 M Na,HPO, buffer (pH 6.5), was incubated at
50 °C for 10 min. The reaction was terminated by the addi-
tion of 100 1l DNS and the mixture was boiled for 10 min,
and the absorption at 540 nm was measured using a Mul-
tiskan Spectrum spectrophotometer (Thermo Scientific,
Vantaa, Finland). One unit of xylanase activity was defined
as the amount of enzyme that released 1 pmol of reducing
sugar from xylan per minute under the above conditions
(with xylose as the standard).

Xylosidase activity was determined by assaying the
amount of p-nitrophenol (pNP) released from the sub-
strate  p-nitrophenyl-f-D-xylopyranoside (pNPX) [22].
The reaction mixture in a total volume of 200 w1, consist-
ing of 10 w1 of the appropriately diluted enzyme and 10 .l
of pNPX at different concentrations in 0.1 M citric acid-
0.2 M Na,HPO, buffer (pH 5.5), was incubated at 60 °C for
5 min. The reaction was stopped by addition of 100 nl of
2 M Na,COs;, and the absorption at 410 nm was measured
using a Multiskan Spectrum spectrophotometer (Thermo

Scientific, Vantaa, Finland). One unit of xyosidase activ-
ity was defined as 1 pmol of pNP produced by enzyme per
minute.

Effects of pH and temperature on enzyme activity

The buffers used were 0.1 M citric acid-0.2 M Na,HPO,.
The optimum pH of the purified xylanase and xylosidase
was determined within a pH range from 5 to 8 and 4 to
8, respectively. To determine the pH stability, xylanase
and xylosidase were incubated in buffers at pH 5-8 and
pH 4-8 for 1 h at 50 and 60 °C, respectively. The residual
activity was measured using a standard assay. The opti-
mum reaction temperature of the xylanase and xylosidase
was determined at temperatures from 30 to 80 °C in pH
6.5 and pH 5.5 buffers, respectively. To determine the
thermostability, xylanase, and xylosidase were incubated
at 40, 45, 50, 55, 60 °C and 50, 55, 60, 65, 70 °C, respec-
tively, for a different period of time without a substrate
and the remaining activity was measured under standard
assay conditions.

Site-directed mutagenesis of the gsxyn gene

Based on the comparison of amino-acid sequence
alignment of GSxyn and xylanases (GenBank no.
BAAO05669.1, ABI49951.1), we tried a number of amino
acid mutations by sited-directed mutagenesis. The muta-
tions were generated by the double-stranded DNA PCR
method [26]. The mutagenic primers for the mutations
were as follows (the mutated nucleotides are in under-
lined bold type):

Y509E 5-GCGCGCAACAATTTAGAGTTGGCAGGA
A-3
5'-CTCTAAATTGTTGCGCGCCTGGCCA
AG-3'
5'-CAGGCGCGCAACAATTTAGGTTTGGC
AGGAA-3'
5'-CCAACATTTTCCTGCCAAACCTAAATTG
TTGC-3’
5’-CAGGCGCGCAACAATTTAGCGTTGGC
AGGAA-3'
5’-CCAACATTTTCCTGCCAACGCTAAATT
GTTGC-3’
5'-TTTGGGTCGTCAATGCGGGCGAGTA
CC-3’
5'-CGCATTGACGACCCAAATCGGCTTT
CC-3/
5'-AAATCACAACGTATGCGAGTTTGGA
TG-3/
5-CGCATACGTTGTGATTTCCGCTCCACC-3’

Y509G

Y509A

E335A

D495A

@ Springer



68

J Ind Microbiol Biotechnol (2014) 41:65-74

Assay of xylan enzymatic hydrolysis

The hydrolysis of beechwood xylan (10 mg/ml) was car-
ried out in 0.1 M citric acid-0.2 M Na,HPO, buffer (pH 6.5)
with the appropriately diluted purified wild type and YS09E
mutant at 60 and 50 °C for 12 h, respectively. The prod-
ucts of the enzymatic hydrolyses were analyzed by thin-
layer chromatography (TLC) on silica gel G-60 plates with
a butyl alcohol/acetic acid/water (2:1:1, v/v) mobile phase
system. Sugars were detected with 0.2 % (w/v) orcinol in
sulfuric acid/methanol (1:9) followed by heating for a few
minutes at 100 °C in an oven for a few minutes [13].

Before assay, beechwood xylan (BX) at 2 mg/ml was
incubated at 40 °C with 0.3 nM of the Y509E mutant. After
the mixture was filtered with a 0.22-pm organic membrane
filter, standards (X1, xylose; X2, xylobiose; X3, xylotriose;
X4, xylotetraose; X5, xylopentaose; X6, xylohexaose) and
xylan hydrolysis were assayed using high-performance
anion exchange chromatography (HPAEC, LC-20AT sys-
tem and RID-10A detector, SHIMADZU) on a column
of amine by eluting the column with moving phase A
(acetonitrile/ddH,0, 60/40, v/v) at flow rate of 0.3 ml/min
in 33 °C and injecting a 10-p.1 sample into the column.

Nucleotide sequence accession numbers

The nucleotide sequence coding for gsxyn was depos-
ited in the National Center of Biotechnology Information
(NCBI) GenBank database with the accession number of
KC412009.

Results
Sequence analysis of the xylosidase gene

The xylosidase ORF consisted of 2,118 bp and encoded
705-residue polypeptide. The mature peptide was pre-
dicted by DNASTAR to have a mass of 79,819 Daltons.
Comparison of amino-acid sequence based on GenBank
indicated that GSxyn belonged to glycosyl hydrolases 52
family. The amino acid sequence of xylosidase was used to
search for homologous sequences with the Blast program,
and results showed that GSxyn shared the highest identity
(99.3 %) with G. stearothermophilus T-6 (GenBank no.
ABI49956.1). Further alignment indicated that the con-
served catalytic residues of GSxyn were Glu-335 and Asp-
495, the same as glycosyl hydrolases 52 family [1].

Enzyme expression and purification

The gsxyn was cloned into the vector pGEX-6p-1 and
expressed in E. coli BL21 (DE3). Then the xylosidase was
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Fig.1 SDS-PAGE of purified xylosidase. Lanes / protein marker, 2
control cell (harboring empty pGEX-6p-1 vector) non-induced with
IPTG, 3 control cell (harboring empty pGEX-6p-1 vector) induced
with IPTG, 4 recombinant cell (harboring pGEX-6p-gsxyn) non-
induced with IPTG, 5 recombinant cell (harboring pGEX-6p-gsxyn)
induced with IPTG, 6 purified xylosidase without GST (GSxyn)

harvested and purified from cell lysate. After induction
with IPTG at 22 °C, the induced and non-induced recombi-
nant cells (harboring pGEX-6p-gsxyn) and the induced and
non-induced control cells (harboring empty pGXE-6p-1
vector) were analyzed by SDS-PAGE. The results showed
that the cell extracts from the induced recombinant bac-
terium exhibited a clear band (100 kDa) corresponding to
the GST-GSxyn fusion protein (Fig. 1, lane 5), but no band
was observed in the same position in the extract from the
non-induced recombinant cell, and the induced, the non-
induced control bacteria (empty vector only), which dem-
onstrated the expression of GSxyn. After purification by
affinity chromatography and digestion with 3C protease,
the recombinant xylosidase was harvested and resolved as
a single band of about 80 kDa (Lane 6, Fig. 1), which was
approximate mass (79.8 kDa) of the GH52 xylosidase from
Bacillus stearothermophilus T-6 [3]. The final yield of the
purified xylosidase was 3.10 mg from the 2-1 culture; the
concentration of the purified enzyme was 2.58 mg/ml.

Effects of pH and temperature on enzyme activity

Analysis of GSxyn activity using artificial substrate pNPX
demonstrated that the recombinant protein exhibited high
levels of thermostable activity as well as temperature and pH
optima. The enzyme displayed the optimum activity at pH
5.5 and retained over 60 % of its maximal activity between
pH 5.0 and pH 6.5. The xylosidase activity was unstable at a
low or high pH and displayed <20 % of its maximal activity
below pH 4.5 or above pH 7.5 (Fig. 2a). On the other hand,
it was stable over a broad pH range, maintaining more than
80 % of its maximal activity after 1 h incubation at 60 °C
within a pH range of 5.0-8.0 (Fig. 2b).
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Fig. 2 Effect of pH on the xylosidase activity (a) and stability (b),
which used 0.1 M citric acid-0.2 M Na,HPO, buffers. a The activity
was assayed at 60 °C for 5 min in buffers over a pH range from 4.0
to 8.0. The activity at the optimum pH was defined as 100 %. b After
preincubating at 60 °C for 1 h in buffers, the activity was measured in
pH 5.5 buffers at 60 °C for 5 min. The highest activity was defined as
100 %

The xylosidase exhibited its maximal activity at 70 °C
(Fig. 3a). The xylosidase retained approximately 40 % of
its maximal activity after incubating at 70 °C for 15 min,
but it exhibited about 70 % of its maximum activity after
incubating at 65 °C for 60 min, and still close to 90 % of
its maximum activity at 50, 55 and 60 °C, respectively, for
60 min (Fig. 3bl).

Kinetic analysis

The K, k., and k.,/K,, values with pNPX as the substrate
were 0.48 mM, 36.64 s~! and 76.99 I/s mmol, respectively.
The K, value was similar to that of the GH52 xylosidase
(0.34 mM) from Aeromonas caviae ME-1 [24], and the k_,
value was higher than that of the GH52 xylosidase (18 s™1)
from Bacillus stearothermophilus T-6, but the k_, /K, value
was lower than that of the xylosidase (140 I/s mmol) [2].

Site-directed mutagenesis of Tyr residues

As can be seen from the amino-acid sequence alignment of
GSxyn, xylA (GenBank no. BAA05669.1) and xylB (Gen-
Bank no. ABI49951.1) (Fig. 4), the Y509 site of GSxyn
overlapped with the E506 site of xylA and the E298 site
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Fig. 3 Effect of temperature on activity (a) and stability (b) of
xylosidase. a The xylosidase activity was measured in 0.1 M citric
acid-0.2 M Na,HPO, buffer (pH 5.5) at different temperatures. The
activity at the optimum temperature was defined as 100 %. b1 The
thermostability of wild type was determined by measuring the activ-
ity after incubating at 50, 55, 60, 65 and 70 °C for various times.
The initial activity was defined as 100 %. b2 The thermostability of
Y509E mutant was determined by measuring the activity after incu-
bating at 45, 50, 55, 60, and 65 °C for various times. The initial activ-
ity was defined as 100 %

of xyIB. XylA was from the G. stearothermophilus, which
consisted of a part of xylosidase (GenBank no. P45702)
and a part of xylanase (GenBank no. ABI49951.1). Since
the E298 site of xylB was the catalytic amino acid, we
showed interest in the Y509 site of GSxyn and mutated the
tyrosine509 into glutamic acid. Interestingly, the mutant
Y509E showed both xylosidase and xylanase activity.

The xylosidase activity of YS09E mutant did not alter the
optimum pH (pH 5.5) (Fig. 2a), but its pH stability showed
more than 80 % of its maximal activity after 1 h incubation at
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Fig. 4 Amino-acid sequence
alignment of GSxyn with other
xylanases was computed using
Sequence Alignment Tools
AlignX (Invitrogen Vector NTI
Advance 11.5). The alignment
included GSxyn (AGE34479),
xylB (ABI49951.1), and xylA
(BAA05669.1). The mutant site
Y509 was marked above with a
symbol (star symbol)
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60 °C within a pH range of 6.0-7.5 (Fig. 2b). Compared with
the wild type in optimum temperature and temperature stabil-
ity, the xylosidase of YSO9E mutant had about 60 °C as the
optimum temperature, 10 °C lower than that of the wild type
(Fig. 3a). Besides, it just retained approximately 90 and 20 %
of its maximum activity after incubating at 50 and 55 °C for
60 min, respectively (Fig. 3b2). The K|, and k,, values of the
xylosidase of YS09E mutant for pNPX were 0.51 mM and
20.64 s, respectively, while the K, and k., values of the

cat

wild type were 0.48 mM and 36.64 s_1 (Table 1).
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On the other hand, the xylanase of YS09E mutant dis-
played the optimum activity at pH 6.5 (Fig. 5a), and
retained more than 60 % of its maximal activity after 1 h
incubation at 50 °C within a pH range of 5.0-8.0 (Fig. 5b).
Besides, the xylanase of YS09E mutant exhibited its maxi-
mal activity at 50 °C (Fig. 6a), but only retained approxi-
mately 15 % of its maximal activity after incubating at
60 °C for 15 min, about 45 % of its maximum activity
after incubating at 50 and 55 °C for 60 min, and approxi-
mately 70 % of its maximum activity after incubating at 40
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Table 1 The catalytic activity of wild-type GSxyn, Y509E mutant, and other variants
Enzyme Xylanase (beechwood xylan) Xylosidase (pNPX)

Km (mg/ml) kcat (S_l) kcat/Km Km (mM) kcat (s—l) kcal/Km
Wild type Inactive 0.48 36.64 76.99
Y509E 5.10 22.53 4.42 0.51 20.64 40.75
Y509A 10.68 32.48 3.04 1.10 35.57 32.30
Y509G ND ND ND 0.68 23.34 34.19
E335A, Y5S09E Inactive Inactive
D495A, Y509E Inactive Inactive

ND not determined

The final concentration range of xylan (mg/ml) is listed: 0.9, 1.8, 2.7, 3.6, 4.5, 5.4, 6.3, 7.2, 8.1, 9, 9.9, 10.8, 11.7, 13.5, and 18. The final con-
centration range of pNPX (mM) is listed: 0.1, 0.125, 0.15, 0.175, 0.2, 0.3, 0.4, 0.5, 0.6, 0.75, 1, 1.25, 1.5, and 2
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Fig. 5 Effect of pH on the xylanase (Y509E mutant) activity (a) and
stability (b), which used 0.1 M citric acid-0.2 M Na,HPO, buffers. a
The activity was assayed at 50 °C for 10 min in a pH range of 5.0-
8.0 buffers. The activity at the optimum pH was defined as 100 %. b
After preincubating at 50 °C for 1 h in buffers ranging of pH 5.0-8.0,
the activity was measured in pH 6.5 buffers at 50 °C for 10 min. The
highest activity was defined as 100 %

and 45 °C for 60 min (Fig. 6b). The K, and k_, values of
the xylanase of YS09E mutant for beechwood xylan were
0.50 mg/ml and 22.53 s~!, respectively, but no activity was
detected in the wild-type enzyme (Table 1).

Altering the specificity of GSxyn

To test the substrate specificity of the YS09E mutant, thin-
layer chromatography (TLC) and high-performance anion
exchange chromatography (HPAEC) were used to ana-
lyze beechwood xylan hydrolyzed by YS09E mutant. The
results showed that xylose was present as the final product
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Fig. 6 Effect of temperature on activity (a) and stability (b) of xyla-
nase (Y509E mutant). a The xylanase activity was measured in 0.1 M
citric acid-0.2 M Na,HPO, buffer (pH 6.5) at different temperatures.
The activity at the optimum temperature was defined as 100 %. b The
thermostability was determined by measuring the activity after incu-
bating at 40, 45, 50, 55, and 60 °C for various times. The initial activ-
ity was defined as 100 %

(Figs. 7, 8). In contrast, the wild-type xylosidase could not
hydrolyze beechwood xylan. These results demonstrated
that YS09E mutant not only displayed xylosidase activity
but also exhibited detectable exo-xylanase activity.

Discussion

In this study, we cloned a xylosidase gene (gsxyn) from
the thermophilic deep-sea G. stearothermophilus and
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Fig.7 TLC analysis of hydrolysis products from beechwood xylan.
1 Hydrolysis products of Y509E mutant. 2 Hydrolysis products of
wild type. 3 The standard of xylo-oligosaccharides (X1, xylose; X2,
xylobiose; X3, xylotriose; X4, xylotetraose; X5, xylopentaose; X6,
xylohexaose)

expressed it in E. coli BL21 (DE3). The pH-dependent pro-
file of the enzyme presented in Fig. 2a was a typical bell-
shaped curve as observed in many other glycoside hydro-
lases [2, 8, 25]. The enzyme displayed the optimum activity
at pH 5.5 and it was similar to the xylosidase observed in
Bacillus stearothermophilus T-6, Aeromonas caviae ME-1,
and Caulobacter crescentus, which had an optimum pH of
6.0 [3, 9, 24]. On the other hand, the GSxyn was stable over
a broad pH range, retaining more than 80 % of its maximal
activity after 1 h incubation at 60 °C within a pH range of
5-8 (Fig. 2b). The xylosidase pH stability ranges reported
for Aspergillus ochraceus, Aspergillus nudulans, and Cau-
lobacter crescentus, were 3—6, 4-8, and 3-10, respectively
[7, 9, 15], indicating that the xylosidase of eucaryon was
probably more acid resistant due to its methylation and gly-
cosylation [11].

The xylosidase exhibited its maximal activity at 70 °C
(Fig. 3a), similar to the xylosidase from Bacillus stearo-
thermophilus T-6 (65 °C) [3]. The xylosidase retained
approximately 70 % of its maximum activity after incubat-
ing at 65 °C for 60 min (Fig. 3b1). Several xylosidases have
been found to show their optimal activity at or near meso-
philic temperatures. XylC from Thermoanaerobacterium
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saccharolyticum JW/SL-YS485 exhibited the maximum
activity at 65 °C, pH 6.0 [23]. RuXyn2 from rumen bac-
terial metagenome was stable at 50 °C, and its half-life
was at 50 °C for 87.7 min, but it lost activity drastically
over 60 °C [31]. Xylosidase from Geobacillus pallidus,
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Geobacillus thermantarcticus, and G. stearothermophilus
exhibited maximum activity at 70 °C [12, 17, 20]. A ther-
mostable xylosidase from Thermotoga maritime exhib-
ited the maximum activity at 90 °C, pH 6.1, which had a
half-life of over 33 min at 95 °C, and retained over 57 %
of its activity at a pH value from 5.4 to 8.5 at 80 °C for
1 h [28]. GSxyn exhibited a similar thermal stability to its
aforementioned counterparts except for the xylosidase from
Thermotoga maritime. Thermal stability of enzyme is a key
factor restricting its application value in industry, and thus
the GSxyn reported here still needs to be further improved
in this respect by genetic engineering technology before its
application in industry.

The activity of introduced xylanase was explored by
determining the capacity of the Y509E variant to hydro-
lyze beechwood xylan, which was not a substrate for the
wild-type enzyme (Table 1). The kinetic parameters of
the xylosidase and xylanase activities by Y509E mutant
are displayed in Table 1. These data demonstrate that the
Y509E mutant conferred xylanase activity on GSxyn, while
the enzyme variant retained its xylosidase function, albeit
at a reduced level. The K, of xylanase activity of Y509E
mutant was lower than the xylanase from bacillus stearo-
thermophilus T-6 (1.63 mg/ml) [10].

In order to study how the substitution of a single amino
acid residue could change the activity of an enzyme, we
compared the amino-acid sequence alignment of GSxyn
and xylanases, and introduced the xylanase activity into
GSxyn by mutating the tyrosine509 into glutamic acid,
resulting in the YS09E mutant showing both xylosidase and
xylanase activity. Tyr509, a nonconservative amino acid
residue in GH52 B-xylosidases, was probably located at the
periphery of the active site, orienting the xylan chain over
the active site. Thus, substituting this tyrosine with glu-
tamic acid might introduce some flexibility into the orienta-
tion of the xylan chain in the substrate binding cleft, but the
mutation might also widen the active site pocket to allow
the backbone component of the polysaccharide to enter the
active site. This hypothesis can only be verified by crystal
structure analysis in the future.

In order to determine whether the xylanase and xylosi-
dase activity of YS09E mutant utilized the same active site,
the effect of the GSxyn variant on the catalytic function
was assessed by removing two catalytic residues (E-335,
D-495). The mutants Y509E/E335A and Y509E/D495A
displayed no xylosidase or xylanase activity (Table 1),
indicating that the original active site of GSxyn was now
uniquely capable of catalyzing the hydrolysis of the xylan
backbone chains in the Y509E mutant, which confirmed
that the xylanase and xylosidase activities shared the
same active site. The conversion of xylosidase into gly-
coside hydrolase displaying both xylosidase and xylanase

activities from the same active site have not been reported
before among glycoside hydrolases, either engineered or
natural. Besides, to investigate why the xylanase activity
was introduced after tyrosine509 was mutated into glutamic
acid, we mutated tyrosine509 into alanine and glycine and
found that when compared with Y509E, the k_,/K,, of the
Y509A mutant decreased by approximately 30 and 20 %
for the xylanase and xylosidase than the YS09E, respec-
tively. The Y509G mutant, because its activity was so low
that could not be determined its values of the K, k., and
k../K,- The reduced activity of Y509G mutant might par-
tially explain the changes of protein folding, which might
be located in the secondary structure. The YS09E mutant
might directly disrupt the lip of the active site pocket, ena-
bling a modeled xylan chain to fit a deeper enzyme position
and enter the active site. At the YS09E mutant site, glutamic
acid residue might form hydrogen bonds with the substrate
and affect the combination of enzyme and substrate. In
contrast, at the YS09A mutant site, as alanine residue is
smaller than glutamic acid residue, resulting in the enlarge-
ment of the site for alanine residue so that the xylan chain
could enter the active site. However, alanine residue lacked
a negative charge to affect the combination of enzyme and
substrate and thus the k_, /K, value of xylanase decreased.
This might partially explain how the Y509E mutant has
introduced the xylanase activity into GSxyn, which also
requires the confirmation by crystal structure analysis in
the future.

In conclusion, this study demonstrates the kinetic, enzy-
matic properties and Y5S09E mutant characterization of the
GHS52 xylosidase from a deep-sea thermophilic G. stearo-
thermophilus. An exo-xylanase function could be intro-
duced into a GSxyn variant that retained its exo-acting
xylosidase activity. The successful introduction of broad-
ened substrate acceptance that includes xylanase activity
into the xylosidase GSxyn, through a single amino acid
substitution suggests that GH52 enzymes can serve as a
structural scaffold that can be harnessed to bind a range of
different sugars and to catalyze the hydrolysis of glycosidic
bonds through distinct modes of action. The introduction
of xylanase activity into GSxyn has verified the possibility
for engineering additional catalytic functions into the active
site of the glycoside hydrolases, without losing the original
enzymatic activity.
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