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The nucleotide sequence of the Paenibacillus curdlanolyticus
B-6 xyn10A gene, encoding a xylanase Xyn10A, consists of
3,828 nucleotides encoding a protein of 1,276 amino acids
with a predicted molecular mass of 142,726 Da. Sequence
analysis indicated that Xyn10A is a multidomain enzyme
comprising nine domains in the following order: three family
22 carbohydrate-binding modules (CBMs), a family 10 catalytic
domain of glycosyl hydrolases (xylanase), a family 9 CBM,
a glycine-rich region, and three surface layer homology
(SLH) domains. Xyn10A was purified from a recombinant
Escherichia coli by a single step of affinity purification on
cellulose. It could effectively hydrolyze agricultural wastes
and pure insoluble xylans, especially low substituted insoluble
xylan. The hydrolysis products were a series of short-chain
xylooligosaccharides, indicating that the purified enzyme was
an endo-β-1,4-xylanase. Xyn10A bound to various insoluble
polysaccharides including Avicel, α-cellulose, insoluble
birchwood and oat spelt xylans, chitin, and starches, and
the cell wall fragments of P. curdlanolyticus B-6, indicating that
both the CBM and the SLH domains are fully functioning
in the Xyn10A. Removal of the CBMs from Xyn10A
strongly reduced the ability of plant cell wall hydrolysis.
These results suggested that the CBMs of Xyn10A play an
important role in the hydrolysis of plant cell walls.
Keywords: Paenibacillus curdlanolyticus, multidomain xylanase,
gene cloning, carbohydrate-binding module, surface layer
homology

The plant cell wall consists mainly of a complex mixture
of polysaccharides: cellulose, hemicellulose, and pectin. Xylan,
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the major components of hemicellulose, are heterogeneous
polysaccharides consisting of a homopolymeric backbone
of β-1,4-linked D-xylopyranose units and short side chains,
including O-acetyl, α-L-arabinofuranosyl, and α-D-glucuronyl
residues [46]. It has been shown that many kinds of
bacteria and fungi hydrolyze β-1,4-xylan by the use of
xylanolytic enzymes, such as β-1,4-xylanases, β-xylosidases,
β-glucuronidases, β-arabinofuranosidases, and esterases [11,
43]. Endo-β-1,4-xylanases (E.C. 3.2.1.8) are the key enzymes
that hydrolyze the backbone structure of β-1,4-xylans to
initiate degradation of the complex polysaccharides by
microorganisms. A number of β-1,4-xylanases have been
purified from fungi and bacteria, and the genes encoding
1,4-xylanases have been cloned and characterized. However,
only a few reports on xylanases from Paenibacillus sp. have
been published [15, 17, 23, 41]. Several microorganisms
produce multiple xylanases, implying a strategy for effective
hydrolysis of β-1,4-xylan. Each enzyme may have a specialized
function in the degradation of the complex polysaccharides,
and specialized functions of individual xylanase are widely
utilized for pulp biobleaching, livestock feed supplementation,
fruit beverage clarification, and bakery production [24].
On the basis of amino acid sequence similarity, xylanases
have been grouped into families 10 and 11 of glycosyl
hydrolases [13, 14]. Most of the xylanases in family 10 are
large and modular in structure and usually comprise two or
more functional domains such as a catalytic domain,
carbohydrate-binding modules (CBMs), and surface layer
homology (SLH) modules, connected by short linkers [36].
A CBM is defined as a contiguous amino acid sequence
within a carbohydrate-active enzyme with a discrete fold
having carbohydrate-binding activity. To date, more than 300
putative sequences in more than 50 different species have been
identified, and the binding domains have been classified into
50 different families based on amino acid sequence, binding
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specificity, and structure. Extensive data and classification
can be found in the Carbohydrate-binding Module Family
Server (http://afmb.cnrs-mrs.fr/_pedro/CAZY/index.html). SLH
modules are segments of about 50-60 amino acids conserved
in several surface layer proteins and are known to bind
noncovalently to peptidoglycan-associated polymers or
peptidoglycan [3, 18, 31].
Recent work in our laboratory found that P. curdlanolyticus
B-6 grown on xylan produced xylanolytic-cellulolytic
multienzyme complexes under aerobic conditions [39].
To understand the entire function of the multienzyme
complexes of P. curdlanolyticus B-6, therefore, investigations
of multienzyme components and their gene are necessary.
In this paper, we report the cloning and sequencing of
the xyn10A gene encoding a multidomain xylanase from
P. curdlanolyticus B-6. We also deal with characterization
of the purified xylanase from a recombinant E. coli strain.

MATERIALS AND METHODS
Bacterial Strains and Plasmids
P. curdlanolyticus B-6, which was isolated from an anaerobic
fermentor fed with pineapple waste and identified by 16S rRNA
gene analysis [38], was used as the source of chromosomal DNA.
Plasmid pUC19 (Toyobo, Tokyo, Japan) and pBluescript KS(+)
(Stratagene, Tokyo, Japan) were used as the cloning vectors. E. coli
DH5α was used as a host for cloning vectors. E. coli BL21(DE3)
was used as the host for derivative of pET-28a (Novagen, Wisconsin,
U.S.A.), which provides a protein containing a six-His tag at its Nterminus.
Preparation of Chromosomal DNA and Cloning of XylanaseEncoding Gene
Chromosomal DNA of P. curdlanolyticus B-6 was prepared by
phenol/chloroform extraction. The DNA was partially digested with
HindIII, and DNA fragments of 4 to 10 kb were isolated by agarose
gel electrophoresis and ligated to the HindIII site of pUC19. The
ligated mixture was transformed in E. coli DH5α. Transformants
were incubated and selected on LB plates supplemented with 50 µg
ampicillin/ml and 0.15% birchwood xylan (Sigma, Saint Louis, MO,
U.S.A.), for 24-48 h at 37 C. Xylanase-producing recombinants were
selected by the halos around the colonies by Congo red staining.
Recombinant plasmid DNA was isolated by using a QIAprep Spin
Miniprep Kit (Qiagen, Chatsworth, U.S.A.).
o

Subcloning of xyn10A and DNA Sequencing
A pUC19 plasmid, carrying the 10-kb HindIII fragment containing a
xylanase gene, was designated as pX5/80. A restriction enzyme map
of pX5/80 is shown in Fig. 1. The pX5/80 was digested with HindIII,
HincII, or SacI, and the resultant DNA fragments were subcloned and
sequenced. DNA sequencing was done using ABI and Licor sequencers.
Sequence data were analyzed with GENETYX-MAC computer
software (Software Development Co., Ltd., Tokyo, Japan). Sequence
similarity searches in DDBJ were done with a BLAST program.
Purification of the Recombinant Xyn10A
E. coli DH5α (pX5/80) cells were harvested from an overnight
culture of 1.0 l grown in LB medium containing ampicillin (100 µg/ml)
and suspended in 0.1 M phosphate buffer (pH 7.0) containing a
protease inhibitor cocktail (Sigma, Saint Louis, MO, U.S.A.), and
disrupted by sonication. After removal of cell debris by centrifugation
at 8,000 ×g for 10 min, the recombinant xylanase was purified from
the crude extract using affinity purification on microcrystalline
cellulose, Avicel (Fluka, Buchs, Switzerland). The crude extract
(500 mg protein) was mixed with 50 g of Avicel in phosphate-buffered
saline (PBS) (250 mM phosphate buffer containing 200 mM NaCl)
with occasional stirring at 4 C. After washing four times with a large
amount of PBS, the cellulose-binding protein was eluted with 0.5%
sucrose (Merck, Darmstadt, Germany), dialyzed, and lyophilized for
further experiments.
o

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE) and Zymogram Analysis
SDS-PAGE was performed in a 10% polyacrylamide gel by the
method of Laemmli [20]. After electrophoresis, the proteins were
stained with Coomassie brilliant blue R-250. The molecular weight
standards used were from a high-molecular-weight calibration kit
(Promega, U.S.A.). Xylanase zymogram was prepared from a 10%
SDS polyacrylamide gel containing 0.1% soluble birchwood xylan,
as described previously [39].
Enzyme Assay
The xylanase activity was measured by determining the amount of
reducing sugar released from birchwood xylan. The reaction mixture
consisted of 0.5 ml of 1.0% xylan in 100 mM Tris-HCl buffer (pH 7.0)
and 0.1 ml of enzyme (2-20 µg protein). After incubation for 10 min
at 50 C, the increase in the amount of reducing sugars was
determined by the Somogyi-Nelson method [35]. One unit (U) of
enzyme activity was defined as the amount of enzyme that liberated
1 µmole of reducing sugars per minute under the above conditions.
The optimum pH of recombinant xylanase was measured at various
pHs under the standard assay conditions as described above. The reaction
pHs were adjusted with 100 mM of various buffers such as acetate
buffer (pH 4.0 to 5.5), phosphate buffer (pH 5.5 to 7.0), Tris-HCl
buffer (pH 7.0 to 9.0), and Na CO -NaHCO buffer (pH 9.0 to 10.0).
The stability of the xylanase was determined by incubating at 50 C
for 30 min in buffer solutions of different pH values (25 mM) as
mentioned, without the substrate, and the residual activity was
measured by the standard assay method.
The optimum temperature of xylanase was determined by varying the
reaction temperature at pH 7.0. The thermal stability of the xylanase
was measured by incubation of the enzyme at pH 7.0 for 30 min at
different temperatures ranging from 40 to 80 C. The residual activity was
determined by the standard assay method.
o
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o

Fig. 1. Restriction maps of pX5/80.
The open bars represent cloned DNA fragments in the pUC19 vector,
and the solid parts correspond to the xyn10A gene in pX5/80. The
transcriptional direction of xyn10A is shown beneath the restriction maps.

o
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Analysis of Xylan Hydrolysis Products
The hydrolysis products of insoluble birchwood xylan by the
purified enzyme were determined by thin-layer chromatography on
silica gel 60 F254 plate (Merck 1.05554; 20 by 20 cm) with a
mixture of n-butanol acetic acid water (2:1:1) as a solvent system
[19]. The sugar spots were detected by heating the plates to 100 C
after spraying them with a reagent of 4 g of α-diphenylamine, 4 ml
aniline, 200 ml of acetone, and 30 ml of 80% phosphoric acid.
Xylose (Merck, Darmstadt, Germany) and xylooligosaccharides
(X2-X6), the hydrolysis products of insoluble birchwood xylan by
the purified xylan-binding xylanase from Bacillus sp. strain K-1
[41], were used as standards.
o

Preparation of Cell Walls of P. curdlanolyticus B-6
Cell walls were fundamentally prepared from the P. curdlanolyticus
B-6 cells according to the method of Ali et al. [3]. Briefly, the P.
curdlanolyticus B-6 cells were disrupted by sonication and the crude
cell wall fragments collected were extracted twice with 0.5% Triton
X-100 (Panreac Quimica SA, Barcelona, Spain). After centrifugation,
the pellet was washed eight times with 50 mM Tris-HCl buffer
(pH 7.2) and four times with 50 mM sodium phosphate-12 mM
sodium citrate, pH 6.3. The cell walls thus obtained were used for
binding experiment.
Binding of Xyn10A to Cell Walls of P. curdlanolyticus B-6
Purified rXyn10A was incubated with the cell wall fragments of P.
curdlanolyticus B-6 at room temperature for 2 h with occasional stirring.
After incubation, the mixture was centrifuged and the amount of enzyme
remaining in the supernatant was determined by measuring the
protein content in the supernatant. The amount of enzyme bound to
the cell walls was estimated from the difference between the amounts
of protein before and after incubation.
Construction of Plasmid pCM10
To construct pCM10, which encodes the family 10 catalytic
modules devoid of the CBM, the coding region was amplified
from pX5/80 as a template with a combination of two synthetic
oligonucleotide primers: primer 1 containing an artificial BamHI
recognition sequence, 5'-GGATCCATTGATAAAAAATTGATTCC3', and primer 2 containing an artificial SalI recognition sequence,
5'-GGGGTCGACCTATGAATC-CGGCACATAAGGCAC-3'. The
amplified DNA fragment was digested with BamHI and SalI, and
cloned between the BamHI and SalI sites of pET-28a, yielding
pCM10.
Purification of the Recombinant CM10
E. coli BL21(DE3) haboring pCM10 was grown at 37 C in 1-l of
LB medium supplemented with kanamycin (50 µg/ml). When the
absorbance at 600 nm of the cultures reached 0.7, isopropyl-β-Dthiogalactopyranoside (IPTG) was added to the cultures to give a
final concentration of 1 mM for induction of gene expression. After
an additional incubation of 5 h, the cells were harvested, suspended
in 10 mM sodium phosphate buffer (pH 7.4), and disrupted by
sonication. Cell debris was removed by centrifugation, and the
cell-free extract thus obtained was used for purification of the
recombinant protein. rCM10 was purified by HiTrap Chelating HP
column chromatography (Amersham Bioscience, Little Chafont,
Buckinghamshire, U.K.). The purity of rCM10 was analyzed by
SDS-PAGE.
o
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Protein Determination
Protein concentration was measured as described by the method of
Lowry et al. [27] using bovine serum albumin (Sigma, Saint Louis, MO,
U.S.A.) as a standard.
Polysaccharide Binding Assay
The binding assay was conducted by adding the purified enzyme
(0.2 mg protein) to 2% insoluble polysaccharides in 100 mM phosphate
buffer saline (100 mM NaCl), pH 6.0, with occasional stirring for
30 min at 4 C. Then, the mixture was centrifuged and the amount of
enzyme in the supernatant was determined by measuring the protein
content in the supernatant. The amount of enzyme bound to the
insoluble polysaccharides was estimated from the difference between
the amounts of protein before and after incubation. The ratio (%) of
the protein bound to insoluble polysaccharide to the total protein
added into the assay mixture was defined as relative binding. The
polysaccharides tested were Avicel, α-cellulose (Sigma, Saint Louis,
MO, U.S.A.), insoluble birchwood xylan, insoluble oat spelt xylan,
chitin (Sigma, Saint Louis, MO, U.S.A.), and starches from potato
and wheat (Sigma, Saint Louis, MO, U.S.A.). Insoluble xylans were
prepared by the method of Irwin et al. [16].
o

Hydrolysis of Insoluble Polysaccharides
Agricultural wastes such as corn cob, corn hull, rice husk, rice straw, and
sugarcane bagasse were ground to about 40 mesh and the remaining free
sugars in these substances were removed by washing several times with
warm distilled water. Insoluble xylans from birchwood and oat spelt, and
agricultural wastes (1% dry weight) were hydrolyzed with the enzyme
(1 U xylanase) in 0.1 M phosphate buffer, pH 7.0, at 50 C for 30 min.
The hydrolysis products were taken and the amounts of reducing
sugars released were determined by the Somogyi-Nelson method [35].
o

Nucleotide Sequence Accession Number
The nucleotide sequence reported in this paper has been deposited in
the GenBank nucleotide sequence database under Accession No.
EU418764.

RESULTS AND DISCUSSION
Cloning and Nucleotide Sequence of the xyn10A Gene
from P. curdlanolyticus B-6
The recombinant clone pX5/80, which showed the highest
xylanase activity on E. coli, was isolated from 7,000 clones
chosen for this study. The restriction maps of the insert
DNA fragment pX5/80 is shown in Fig. 1. The nucleotide
sequence of the xyn10A structural gene along with its flanking
regions is shown in Fig. 2. The open reading frame of xyn10A
consists of 3,828 nucleotides encoding a protein of 1,276
amino acids with a predicted molecular mass of 142,726 Da.
The putative initiation codon ATG at nucleotide position
546 was preceded at a spacing of 12 bp by a potential ShineDalgarno sequence (GGAGG). The reading frame is ended
by the ochre stop codon TAA at position 4374. Upstream
of the coding region, we found a possible promoter sequence,
TTGCTT for the -35 region and TACAAT for the -10
region, with 20-bp spacing.
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Fig. 2. Nucleotide sequence of the xyn10A gene and deduced amino acid sequence of the gene product.

The -35 and -10 regions of a possible promoter sequence and the possible Shine-Dalgarno (SD) sequence are underlined.
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Fig. 3. Modular structure of P. curdlanolyticus B6 Xyn10A and
related enzymes.
Boxes representing domains with significant amino acid sequence similarity
are filled in with the same pattern.

Amino Acid Sequence of Xyn10A
Comparison of the amino acid sequence of Xyn10A with
entries in the SWISS-PROT and PIR sequence databases
showed that the mature Xyn10A is a multidomain enzyme
composed of nine discrete domains of three family 22 CBMs,
a family 10 catalytic domain of glycosyl hydrolases (xylanase),
a family 9 CBM, an uncharacterized domain in which there
was a glycine-rich region, and three SLH domains, in order
from N-terminus. Fig. 3 shows schematically the modular
architecture of Xyn10A along with those of several family
10 xylanases.
The N-terminal region of Xyn10A from P. curdlanolyticus
B-6 containing three family 22 CBMs (CBM22-1, CBM22-2,
and CBM22-3, extending from positions 37 to 187, 191 to
345, and 351 to 506, respectively) showed 59%, 58%, and
70% sequence identity with the family 22 CBMs CBM22-1,
CBM22-2, and CBM22-3 of Paenibacillus sp. strain JDR-2
XynA1, respectively [41], and have about 60% to 20% sequence
identity with the family 22 CBMs of Paenibacillus sp.
strain W-61 Xyn5 [17], Clostridium josui Xyn10A [10],
C. stercorarium CelX [1], C. stercorarium XynC [3],
C. thermocellum XynX [14], Thermoanaerobacterium
saccharolyticum XynA [21], T. thermosulfurigenes XynA
[29], Thermoanaerobacterium sp. strain JW/SL-YS 485 XynA
[26], and Caldicellulosiruptor sp. Rt69B.1 XynB [33]. It has
been reported that several family 22 CBMs have affinities
for different types of substrates (e.g., soluble and insoluble
xylans, barley β-glucan, or insoluble cellulose) [5, 8, 9, 30]
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and that the family contributes to the heat stability of these
enzymes [22, 30, 44].
The family 10 catalytic domain of P. curdlanolyticus
B-6 Xyn10A, extending from positions 513 to 842, had
extensive sequence similarity with the catalytic domains
of the other xylanases in family 10; for example, 75%
sequence identity with Paenibacillus sp. strain JDR-2
XynA1 [41], 65% with Paenibacillus sp. strain W-61 Xyn5
[17], 68% with C. josui Xyn10A [10], 66% with C.
stercorarium CelX [1] and XynC [2], 46% with C.
thermocellum XynX [14], T. saccharolyticum XynA
[21], and T. thermosulfurigenes XynA [29], 41% with
Thermoanaerobacterium sp. strain JW/SL-YS 485 XynA
[26], and 35% with Caldicellulosiruptor sp. Rt69B.1
XynB [33]. The Glu residues (Glu641 and Glu765), which are
considered to be involved in general acid-base catalysis,
are conserved in P. curdlanolyticus B-6 Xyn10A.
The family 9 CBM of P. curdlanolyticus B-6 Xyn10A,
extending from positions 862 to 1042, has high sequence
similarity with family 9 CBMs of other family 10 xylanases;
for example, 73% sequence identity with C. josui Xyn10A
[10], 71% with Paenibacillus sp. strain JDR-2 XynA1 [11],
67% with C. stercorarium CelX [1], 64% with Paenibacillus
sp. strain W-61 Xyn5 [17], 63% with C. stercorarium
XynC [2], 55% with T. thermosulfurigenes XynA [29], 54%
with C. thermocellum XynX [14], T. saccharolyticum XynA
[21], and Thermoanaerobacterium sp. strain JW/SL-YS 485
XynA [26], and 38% with Caldicellulosiruptor sp. Rt69B.1
XynB [33]. The family 9 CBMs of Clostridium stercorarium
Xyn10B [4] and Thermotaga maritime Xyn10A [7] bind to
amorphous cellulose, crystalline cellulose, and insoluble
oat spelt xylan; in particular, family 9 CBM of T. maritime
Xyn10A binds to a range of soluble mono-, di-, and
polysaccharides and specifically to the reducing ends of
cellulose and soluble polysaccharides, a property that is
currently unique to this CBM. Moreover, family 9 CBMs
contributed to enhancement of hydrolysis of plant cell
walls [4].
The glycine-rich region, which ranges from positions
1043 to 1084 of P. curdlanolyticus B-6 Xyn10A, is located
between CBM9 and the SLH domains, and is very similar to
some linker regions of β-1,4-xylanase XylD from Cellulomonas
fimi [32], β-1,4-xylanases STX-I and STX-II from Streptomyces
thermoviolaceus OPC-520 [45], and β-1,3-xylanase from
Alcaligenes sp. strain XY-234 [37].
The C-terminal region of P. curdlanolyticus B-6 Xyn10A
includes a triplicate set of SLH domains: SLH1, SLH2, and
SLH3, which are predicted to function in surface anchoring
[18, 31], ranging from positions 1085 to 1259, have about
50% to 20% sequence indentity with those of Paenibacillus
sp. strain JDR-2 XynA1 [41], Paenibacillus sp. strain W-61
Xyn5 [17], Clostridium josui Xyn10A [10], C. stercorarium
CelX [1], C. stercorarium XynC [2], C. thermocellum XynX
[14], Thermoanaerobacterium saccharolyticum XynA [21],
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Table 1. Summary of purification of the recombinant Xyn10A from E. coli.
Purification step
Crude extract
Avicel affinity purification

Total protein (mg)

Total activity (U)

Specific activity (U/mg protein)

Yield (%)

Purification (fold)

511.6
001.4

358.5
136.6

00.7
97.6

100.0
038.1

001.0
139.4

The data represent the mean of five independent experiments.
One unit (U) of xylanase activity was defined as the amount of enzyme that liberated 1 µmole of reducing sugars per minute under the assay conditions.

T. thermosulfurigenes XynA [29], Thermoanaerobacterium
sp. strain JW/SL-YS 485 XynA [26], and Caldicellulosiruptor
sp. Rt69B.1 XynB [33].
Purification and Characterization of the Recombinant
Xyn10A
The results of purification of recombinant Xyn10A are
summarized in Table 1. This single-step purification of the
rXyn10A using Avicel as an affinity matrix resulted in a
139.4-fold increase in the specific activity of rXyn10A,
with a 38.1% yield of the protein from the crude extract of
E. coli. The purified rXyn10A was analyzed by SDS-PAGE
and a zymogram. The molecular mass of rXyn10A was
estimated to be around 150 kDa (Fig. 4B), which is in good
agreement with the value (142,726 Da) estimated from the
deduced amino acid sequence of rXyn10A. This result
indicated that the CBMs contained in rXyn10A could be
used for affinity purification in combination with Avicel as
an affinity matrix and a sucrose solution as an eluent. The
purified rXyn10A could be achieved as a result of the
different affinities of CBMs for Avicel and sucrose, because
sucrose was able to compete effectively with the binding
of Avicel to CBMs.
The purified enzyme had high specific activity (97.6 U/mg)
toward birchwood xylan. The action of the enzyme on
insoluble birchwood xylan was analyzed. The hydrolysis
products of insoluble birchwood xylan were a series of
short-chain xylooligosaccharides (X2-X5) (Fig. 5), indicating

that the purified enzyme was an endo type (endo-β1,4-xylanase). Xylooligosaccharides have been used as
thickeners, fat substitutes, and antifreeze food additives in
the food industry. Moreover, they are suitable as an agent for
direct tableting in combination with other components
used in the pharmaceutical industry [34]. Therefore, the
purified rXyn10A is a useful candidate for producing
xylooligosaccharides.
The effects of pH and temperature on the activity and
stability of the purified rXyn10A were determined. The
optimum pH of the enzyme was 7.0. The enzyme showed
the pH stability of 5.0 to 8.0 and still 80% at pH 9.0. The
enzyme had an optimum temperature of 60oC and it was
stable at temperatures up to 50oC.
Binding of rXyn10A to Cell Wall Fragments of P.
curdlanolyticus B-6
Xyn10A of P. curdlanolyticus B-6 containing three SLH
domains at its C-terminus could bind to the cell wall
fragments of P. curdlanolyticus B-6 significantly (32%).
This result indicates that the SLH domains functioned in
Xyn10A by anchoring this enzyme to the cell surfaces.
SLH domains from various bacterial cell surface proteins,
which are segments of about 60 amino acids conserved in
several surface layer proteins and extracellular enzymes
acting on carbohydrate polymers [28], such as xylanases
(Fig. 3), were found to bind to their bacterial cell walls
[3, 10, 17].

Fig. 4. A. Schematic diagram of P. curdlanolyticus B-6 Xyn10A and truncated catalytic domain of Xyn10A, rCM10. B. SDS-PAGE
and zymogram of the rXyn10A purified from recombinant E. coli. Lane M: molecular weight standard; Lane 1: crude extract of E. coli
DH5α carrying pX5/80; Lane 2: purified rXyn10A; Lane 3: zymogram for xylanase activity of purified rXyn10A. C. SDS-PAGE and
zymogram of purified rCM10. Lane M: molecular weight standard; Lane 1: purified rCM10; Lane 2: zymogram for xylanase activity of
purified rCM10.
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Table 3. Hydrolysis ability of rXyn10A and rCM10 on various
insoluble polysaccharides.
Subtrates
Insoluble birchwood xylan
Insoluble oat spelt xylan
Rice husk
Corn cob
Corn hull
Bagasse
Rice straw

Reducing sugar (mg/l)
rXyn10A

rCM10

12,972.97
3,140.54
3,636.49
3,256.76
3,114.19
3,065.68
3,056.62

12,459.46
3,024.32
3,002.29
3,007.57
3,003.92
3,003.68
3,004.00

The data represent the mean of five independent experiments.

to insoluble xylans was nearly the same, indicating that the
CBMs of Xyn10A do not much improve the xylan binding
property, probably because of the binding site of the
catalytic domain is highly specific to xylan.

Fig. 5. Thin-layer chromatography.
Lane 1: Xylooligosaccharides (X1-X6) were used as standards; Lane 2:
hydrolysis products of insoluble birchwood xylan with purified rXyn10A.

Binding of rXyn10A and rCM10 to Insoluble
Polysaccharides
The effect of CBMs in modular xylanase Xyn10A on the
binding properties of catalytic modules was examined. rCM10,
which consists of only the family 10 catalytic module (Fig. 4A),
was purified from the whole-cell lysates of E. coli recombinants
using a HiTrap Chelating HP column. The purified rCM10
showed a single band on SDS-PAGE and zymogram with
a molecular mass of 44 kDa (Fig. 4C). The purified rXyn10A
and rCM10 were examined for their binding ability to
insoluble polysaccharides (Table 2). rXyn10A showed high
affinity for Avicel, α-cellulose, birchwood xylan, oat spelt xylan,
and chitin. The affinity is slightly greater for celluloses than
for insoluble xylans and chitin. Moreover, rXyn10A showed
some affinity for polysaccharides that do not contain β-1,4
linkages; that is, starches from potato and wheat. On the
other hand, although rCM10 could bind strongly to insoluble
xylans, it lost most of its binding activity to cellulose, chitin,
and starches. The binding ability of rXyn10A and rCM10
Table 2. Binding of rXyn10A and rCM10 to various insoluble
polysaccharides.
Polysaccharides
Avicel
α-Cellulose
Insoluble birchwood xylan
Insoluble oat spelt xylan
Chitin
Potato starch
Wheat starch

Binding (%)
rXyn10A

rCM

99.15
99.15
83.09
75.96
69.80
39.50
25.53

12.22
15.05
80.72
72.75
11.50
09.57
07.10

The data represent the mean of five independent experiments.

Hydrolysis of Insoluble Polysaccharides
We investigated the hydrolysis ability of rXyn10A and
rCM10 on various substrates such as insoluble xylans from
birchwood and oat spelt, and different agricultural wastes,
such as corn cob, corn hull, rice husk, rice straw, and
bagasse. As shown in Table 3, rXyn10A and rCM10 were
extremely effective on hydrolysis of the insoluble xylans
and they hydrolyzed birchwood xylan more effectively than oat
spelt xylan. Oat spelt xylan (soft wood) is more chemically
substituted, compared with birchwood xylan (hard wood).
Therefore, Xyn10A seems to prefer less branched xylan. Their
abilities to hydrolyze these insoluble xylans were similar to
each other. As CBMs of Xyn10A did not affect the xylan
binding property, these CBMs did not enhance the hydrolysis
of insoluble xylans. However, rXyn10A could hydrolyze all
agricultural wastes more efficiently than rCM10. Therefore,
CBMs of Xyn10A were essential for hydrolysis of plant cell
walls. They showed an affinity binding not only to xylan
but also to cellulose. The presence of these CBMs in
Xyn10A places the enzyme on cellulose in plant cell walls,
resulting in the increase of substrate concentrations around
the enzymes, since plant cell walls consist of cellulose, and
hemicellulose including xylan and lignin. Similarly, CBMs
of the Pseudomonas fluorescens subsp. cellulosa xylanase
XynA and arabinofuranoside XylC potentiated catalytic
activity toward complex substrates [6, 13], and family 6
CBMs in XynA and family 9 CBM in Xyn10B of C.
stercorarium are important for hydrolysis of native plant
cell walls [4, 42]. In addition, we should note that rXyn10A
efficiently hydrolyzed rice husk, which has a strong structure
and is normally not easy to hydrolyze. Rice husk is a
renewable vegetable raw material for chemical products
such as amorphous high-purity silica and xylitol [47].
Thus, this xylanase can be applied for enzyme pretreatment
and hydrolysis of rice husk.
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In conclusion, xyn10A is the first xylanase cloned gene
from P. curdlanolyticus B-6. Xyn10A is a modular xylanase
comprising nine domains. The presence of the functional
CBM and SLH domains in Xyn10A suggest that this enzyme
allows the cells to attach to substrate. Xyn10A can hydrolyze
xylan in plant cell walls effectively. The CBMs of Xyn10A
play an important role in the hydrolysis of plant cell walls.
The essential roles of each domain of Xyn10A should be
investigated for more understanding of the modular xylanase
in catalytic activity. In particular, the study on the function of
CBMs will be advantageous for many applications.
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