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Abstract A cDNA gene (Auxyn10A), which encodes a
mesophilic family 10 xylanase from Aspergillus usamii
E001 (abbreviated to AuXyn10A), was ampliWed and
inserted into the XhoI and NotI sites of pPIC9KM vector
constructed from a parent pPIC9K. The recombinant
expression vector, designated pPIC9KM-Auxyn10A, was
transformed into Pichia pastoris GS115. All P. pastoris
transformants were spread on a MD plate, and then inocu-
lated on geneticin G418-containing YPD plates for screen-
ing multiple copies of integration of the Auxyn10A. One
transformant expressing the highest recombinant AuX-
yn10A (reAuXyn10A) activity of 368.6 U/ml, numbered as
P. pastoris GSX10A4-14, was selected by Xask expression
test. SDS-PAGE assay demonstrated that the reAuXyn10A
was extracellularly expressed with an apparent M.W. of

39.8 kDa. The puriWed reAuXyn10A displayed the maxi-
mum activity at pH 5.5 and 50 °C. It was highly stable at a
broad pH range of 4.5–8.5, and at a temperature of 45 °C.
Its activity was not signiWcantly aVected by EDTA and sev-
eral metal ions except Mn2+, which caused a strong inhibi-
tion. The Km and Vmax, towards birchwood xylan at pH 5.5
and 50 °C, were 2.25 mg/ml and 6,267 U/mg, respectively.
TLC analysis veriWed that the AuXyn10A is an endo-�-1,4-
D-xylanase, which yielded a major product of xylotriose
and a small amount of xylose, xylotetraose, and xylopen-
tose from birchwood xylan, but no xylobiose.
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Introduction

Xylan, one of the major structural constituents of plant cell
walls, is both covalently and non-covalently attached to cel-
lulose, lignin, pectin, and other polysaccharides to maintain
cell wall integrity [8, 22]. Endo-�-1,4-D-xylanase (EC
3.2.1.8), commonly abbreviated to xylanase, randomly cat-
alyzes the internal �-1,4-D-xylosidic bonds of xylan or het-
eroxylan backbone to produce xylooligosaccharides [1].
Based on their remarkable diVerences in amino acid
sequences and hydrophobic clusters, almost all xylanases
reported hitherto have been classiWed into glycoside hydro-
lase (GH) families 5, 7, 8, 10, 11, 16, 43, and 62 (http://
www.cazy.org/fam/acc_GH.html), whereas most xylanases
belong to GH families 10 and 11 [7]. More recently, xylan-
ases from GH family 30 have also been reported [19].
Compared with GH family 11 counterparts, GH family 10
xylanases present higher molecular weights (> 30 kDa),
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lower substrate speciWcities, and acidic isoelectric points
(pIs). Family 10 xylanases also have catalytic activities
towards certain cellulosic substrates, such as aryl cellobio-
side [2]. In addition, the three-dimensional (3D) structures
of GH family 10 xylanases are very similar to those of GH
family 5 enzymes, all consisting principally of the (�/�)8

barrel fold, which has been likened to a “salad bowl” [12].
Up to now, various xylanases have been isolated and

characterized from saprophytic microorganisms, plants and
rumen microbiota, among which the Wlamentous fungi were
considered to have great potentials for the production of
xylanases [6, 23]. Unfortunately, the commercialization of
xylanases was still limited by their low catalytic activities
and expensive production costs. Due to those reasons,
many xylanase genes from organisms, especially from
fungi, such as Aspergillus niger [24], A. usamii [29], A. ter-
reus [4], and Fusarium oxysporum [21], have been cloned,
characterized, modiWed, and expressed in heterologous
cells. Some expressed recombinant xylanases have higher
catalytic activities and superior properties [24, 31]. The
Pichia pastoris eukaryotic expression system was a favorite
one for expression of heterologous proteins owing to its
many advantages, such as protein processing, folding, and
post-translational modiWcation and secretion. In addition,
P. pastoris could be cultured and induced in inexpensive
media, and the expression levels and purities of recombi-
nant proteins were high [13].

In our previous studies, four genes encoding GH family
11 xylanases, i.e., AuXyn11A, B (named as XynI, II in
previous references), C and D were cloned from A. usamii
E001. The AuXyn11B gene (Auxyn11B) has also been
expressed in E. coli [30] and P. pastoris [31]. More
recently, a novel GH family 10 xylanase (AuXyn10A) was
puriWed from the same strain. Then, the full-length cDNA
and complete DNA sequences of the AuXyn10A gene
were obtained and characterized [26]. In this work, we
reported the expression of the Auxyn10A in P. pastoris, the
puriWcation of the reAuXyn10A, and its characterization.
Most importantly, by means of a pPIC9KM vector initially
constructed in our lab, the expressed reAuXyn10A
retained a native N-terminus of the AuXyn10A. The puri-
Wed reAuXyn10A displayed the high speciWc activity,
broad pH stability, and strong resistance to most metal
ions tested and EDTA, making it a potential candidate for
applications in industrial processes, especially in the pro-
duction of xylooligosaccharides. TLC analysis veriWed
that the AuXyn10A is an endoxylanase, which produced a
major product of xylotriose and a small amount of xylose,
xylotetraose, and xylopentose from xylan, but no xylobi-
ose. To our knowledge, this is the Wrst report on the
expression of the Auxyn10A in P. pastoris by means of a
pPIC9KM vector and subsequent characterization of the
recombinant enzyme.

Materials and methods

Strains, vectors, and culture media

Aspergillus usamii E001, isolated from the soil in China [9]
and deposited in the Center of Industrial Culture Collection
of China (accession number: CICC2239), was used for
total RNA extraction. E. coli JM109 and pUCm-T vector
(Sangon, Shanghai, China) were used for gene cloning and
DNA sequencing. E. coli DH5� and pPIC9KM vector con-
structed from a parent pPIC9K (Invitrogen, Carlsbad, CA,
USA) were used for construction of the recombinant
expression vector. The Auxyn10A encoding the A. usamii
family 10 xylanase was expressed in P. pastoris GS115
(Invitrogen). E. coli JM109 and DH5� were cultured at
37 °C in a LB medium containing 1.0 % tryptone, 0.5 %
yeast extract and 1.0 % NaCl, pH 7.2. P. pastoris was cul-
tured at 30 °C in following media that were prepared
according to the manual of Multi-Copy Pichia Expression
Kit (Invitrogen, Carlsbad, CA, USA): minimal dextrose
(MD), yeast extract peptone dextrose (YPD), buVered glyc-
erol-complex (BMGY), and buVered methanol-complex
(BMMY).

Total RNA extraction

Aspergillus usamii E001 was cultured in a xylan-containing
medium, containing 1.0 % tryptone, 0.5 % yeast extract,
1.0 % glucose, and 0.5 % birchwood xylan, pH 6.0, at
30 °C on a rotary incubator with 220 rpm. After 36-h culti-
vation, the mycelia were collected by Wltration and thor-
oughly washed with sterile SE buVer (150 mM NaCl,
100 mM EDTA, pH 8.0). The total RNA was extracted
using the RNA Extraction Kit (Sangon, China) according to
the method as reported previously [29].

Construction of the pPIC9KM vector

An oligonucleotide, 5�-CTCGAGAAAAGA-3� with an
XhoI site (underlined), was added to the 5�-end of the Aux-
yn10A, and inserted into the XhoI and NotI sites of pPIC9K
vector. The modiWed Auxyn10A encoded a preAuXyn10A
with a single protease Kex2 signal cleavage site between
Leu-Glu-Lys-Arg and mature peptide, where it can be
exclusively cleaved, retaining the native N-terminus of
AuXyn10A. Liu et al. [17] also reported that a salivary
plasminogen activator from vampire bat was expressed in
P. pastoris with native N-terminus by means of the above-
mentioned design. Unfortunately, there are two XhoI sites
(in the kanamycin-resistant gene kanr and nearby the multi-
ple cloning sites, respectively) on pPIC9K vector, making
construction of the recombinant vector very diYcult and
haphazard. In this study, an XhoI site (CTCGAG) in the
123
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kanr was mutated to CTCGAC by Wve steps (Fig. 1). The
detailed manipulation procedures were as follows:

Using pPIC9K as the template, a DNA fragment (kanXS)
in the kanr between XhoI and SphI sites was ampliWed, where
an XhoI site was replaced by a SalI site, using primers KanF
(5�-GTCGACCAAGACGTTTCCC-3� with a SalI site,
underlined) and KanR (5�-GCATGCGCAAGGAGATGGC-
3� with a SphI site, underlined), and cloned into pUCm-T vec-
tor (pUCm-T-kanXS). Meanwhile, the pPIC9K vector was
Wrst partially digested with XhoI. The longest linearized DNA
fragment (9.3 kb) was agarose gel-puriWed, and subjected to
complete digestion with SphI. A longer digested DNA frag-
ment (9.0 kb) was puriWed, and ligated with a kanXS excised
from pUCm-T-kanXS with SalI and SphI owing to XhoI and
SalI being isoschizomers, followed by transforming it into E.
coli DH5�. The modiWed pPIC9K vector with only one XhoI
site nearby the multiple cloning sites, named pPIC9KM vector,

was conWrmed by restriction enzyme analysis with XhoI, and
its kanamycin- and geneticin G418-resistant activities were
tested in E. coli and P. pastoris, respectively.

Cloning of the cDNA gene encoding the AuXyn10A

A pair of speciWc PCR primers was designed based on the
complete DNA sequence of the Auxyn10A (GenBank acces-
sion: HQ709245) and determined N-terminal sequence of
15 residues (QASVSIDTKFKAHGK) of the native AuX-
yn10A puriWed from cultivated koji of A. usamii E001 [26].
Both forward and reverse primers, synthesized by Sangon
(China), were XynCF: 5�-CTCGAGAAAAGACAGGCTT
CAGTGAGTATTGA-3� containing an oligonucleotide 5�-CT
CGAGAAAAGA-3� with an XhoI site (underlined) and
XynCR: 5�-GCGGCCGCCTAGAGAGCATTTGCGATA
G-3� with a NotI site (underlined).

Fig. 1 A constructing Xowchart of the pPIC9KM from a parent pPIC9K vector
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An Oligo dT-Adaptor Primer, 5�-GTTTTCCCAGT-
CACGAC(dT18)-3� provided by RNA PCR Kit (TaKaRa,
Dalian, China), was used for reverse transcription of the
Wrst-strand cDNA from the total RNA. Using the resulting
Wrst-strand cDNA as the template, the Wrst-round PCR was
carried out using primers XynCF and M13 Primer M4
(identical to Oligo dT-Adaptor Primer except Oligo dT)
with the following conditions: a denaturation at 94 °C for
2 min; 30 cycles of ampliWcation at 94 °C for 30 s, 53 °C
for 30 s, 72 °C for 75 s; and an elongation at 72 °C for
10 min. Then, the Wrst-round PCR product was subjected to
the second-round PCR using primers XynCF and XynCR
(nested PCR) under the same conditions except with an
annealing temperature of 55 °C. The ampliWed target band
was puriWed using the EZ-10 Spin Column DNA Gel
Extraction Kit (BBI, Markham, Canada), inserted into
pUCm-T (pUCm-T-Auxyn10A), and conWrmed by restric-
tion enzyme analysis and DNA sequencing.

Construction and transformation of the recombinant vector

The Auxyn10A was excised from pUCm-T-Auxyn10A
with XhoI and NotI, agarose gel-puriWed, and then
inserted into the XhoI and NotI sites of pPIC9KM vector,
followed by transforming it into E. coli DH5�. The proper
recombinant expression vector containing the Auxyn10A,
designated pPIC9KM-Auxyn10A, was conWrmed by DNA
sequencing. Then, the resulting pPIC9KM-Auxyn10A was
linearized with SalI, and transformed into P. pastoris
GS115 by electroporation on a Gene Pulser Apparatus
(Bio-Rad, USA) according to the manufacturer’s instruc-
tion.

Screening and expression of P. pastoris transformants

All P. pastoris transformants were Wrst spread on an MD
plate and then successively inoculated on G418-containing
YPD plates at increasing concentrations of 1.0, 2.0, and
4.0 mg/ml for screening multiple Auxyn10A copies. Expres-
sion of the Auxyn10A in P. pastoris GS115 was performed
according to the instruction of Multi-Copy Pichia Expres-
sion Kit (Invitrogen) with slight modiWcation [14]. Each
single colony of the transformants was inoculated into
30 ml of BMGY medium and cultured at 30 °C with
220 rpm until the OD600 reached 2–4. The cells were then
collected by centrifugation, resuspended in 30 ml of
BMMY medium, and induced for expression of the Aux-
yn10A by adding methanol to a Wnal concentration of 2.0 %
(v/v) at 24-h intervals at 30 °C for 96 h. One transformant
expressing the highest reAuXyn10A activity, numbered as
P. pastoris GSX10A4-14, was selected and used for further
studies.

PuriWcation of the expressed reAuXyn10A

After the GSX10A4-14 was induced by methanol for 96 h, a
total of 30 ml of cultured supernatant was brought to 75 % sat-
uration by adding solid ammonium sulfate and left overnight.
The resulting precipitate was harvested by centrifugation, dis-
solved in 3.0 ml of 50 mM sodium phosphate buVer (pH 7.0),
and dialyzed against the same buVer. The dialyzed solution
was concentrated to 1.0 ml by ultraWltration at 8,000 rpm
using a 10-kDa cut-oV membrane (Millipore, Billerica, MA,
USA), then loaded onto a Sephadex G-75 column
(1.6 £ 80 cm), followed by elution with the same buVer (pH
7.0) at a Xow rate of 0.3 ml/min. Aliquots of 3.0 ml eluent
only containing the reAuXyn10A were pooled and concen-
trated. All puriWcation procedures were performed at 4 °C.

Enzyme activity and protein assays

Xylanase activity was assayed using the previously
described method [28] with appropriate modiWcation. In
brief, 100 �l of suitably diluted enzyme solution with
2.4 ml of 0.5 % (w/v) birchwood xylan (Sigma, St. Louis,
MO, USA) in 50 mM Na2HPO4–citric acid buVer (pH 5.5)
was incubated at 50 °C for 15 min. The released reducing
sugars were measured with the 3,5-dinitrosalicylic acid
(DNS) method [20], using D-xylose as the standard. One
unit of xylanase activity was deWned as the amount of
enzyme liberating 1 �mol of reducing sugar equivalent per
minute under the assay conditions.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out on a 12.5 % gel using the
method of Laemmli [11], and the isolated proteins were visu-
alized by staining with Coomassie brilliant blue R-250
(Sigma, USA). Protein concentration was determined by the
Bradford method [3] using bovine serum albumin as the stan-
dard. The prediction of N- and O-linked glycosylation sites
were performed using the NetNGlyc program 1.0 (http://
www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc program
3.1 (http://www.cbs.dtu.dk/services/NetOGlyc/), respectively.

pH optimum and stability

The pH optimum of the puriWed reAuXyn10A was assayed
under the standard xylanase activity assay conditions, except
at a pH range of 3.5–7.5. To estimate its pH stability, aliquots
of reAuXyn10A were preincubated at 30 °C for 1.0 h at var-
ied pH values (Na2HPO4–citric acid buVer: pH 3.5–7.5; Tris–
HCl buVer: pH 8.0–9.0). The residual enzyme activities were
measured under the standard assay conditions (at pH 5.5 and
50 °C for 15 min). Here, the pH stability was deWned as a pH
range, at which the residual reAuXyn10A activities were
more than 90 % of its original activity.
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Temperature optimum and stability

The optimal temperature for the reAuXyn10A activity was
determined, at pH optimum, at various temperatures ranging
from 30 to 60 °C. To evaluate its thermostability, aliquots of
reAuXyn10A were preincubated at 45, 50, and 55 °C, respec-
tively, for 10, 20, 40, 60, 80, and 100 min. The residual
enzyme activities were measured under the standard assay
conditions. The thermostability in this work was deWned as a
temperature at which the residual reAuXyn10A activities
retained over 90 % of its original activity within 1.0 h.

EVects of metal ions and EDTA

To estimate the eVects of metal ions and EDTA on the
reAuXyn11A activity, an array of metal ions and EDTA
were added to the enzyme reaction system, respectively, at
a Wnal concentration of 5.0 mM in 20 mM Na2HPO4–citric
acid buVer (pH 5.5) at 30 °C for 1.0 h. The residual reAuX-
yn11A activities were measured under the standard assay
conditions. The reaction system without adding any addi-
tive was used as the control.

Kinetic parameter assay

Hydrolyzing reaction rates (U/mg) of the reAuXyn10A
were measured under the standard assay conditions (at pH
5.5 and 50 °C for 15 min), except birchwood xylan concen-
trations ranging from 1.0 to 10 mg/ml. The reaction rate
versus the substrate concentration was plotted to conWrm
whether the hydrolyzing mode of the reAuXyn10A con-
forms to the Michaelis–Menten equation. The Km and Vmax

values of the reAuXyn10A were graphically determined
from the Lineweaver–Burk plotting.

Thin-layer chromatography (TLC) assay

The puriWed reAuXyn10A (5.0 U/ml reaction solution) was
mixed with 1.0 % (w/v) of birchwood xylan in 50 mM
Na2HPO4–citric acid buVer (pH 5.5), and incubated at
37 °C for 4, 6, 8, 10, and 12 h, respectively. Hydrolytic
products were separated on the high silica gel plate GF254
(Haiyang, Qingdao, China) developed in a solvent system
consisting of n-butyl alcohol, glacial acetic acid, and water
(2:1:1, by vol). The isolated products were visualized by
spraying with coloration solution comprising aniline,
diphenylamine, 85 % phosphoric acid, and acetone
(1:1:5:50, by vol), followed by heating at 105 °C for 5 min.
Xylose and xylooligosaccharides (xylobiose, xylotriose,
xylotetraose, and xylopentose) purchased from Megazyme
(Bray, Ireland) were used as standards.

Results and discussion

Construction of the pPIC9KM vector

An about 320-bp DNA fragment, kanXS, was ampliWed
using primers KanF and KanR. The DNA sequencing result
veriWed that an XhoI site was replaced with a SalI site
(Fig. 1, step 1). An about 9.0-kb DNA fragment was
obtained from pPIC9K vector by a partial digestion with
XhoI, then a complete digestion with SphI (steps 2 and 3).
The pPIC9KM vector with only one XhoI site was con-
structed by ligating the 9.0-kb fragment with the kanXS
excised from pUCm-T-kanXS with SalI and SphI (steps 4
and 5), and conWrmed by restriction enzyme analysis with
XhoI. The kanamycin- and geneticin G418-resistant activi-
ties of pPIC9KM in E. coli and P. pastoris, respectively,
were not aVected by site-directed mutagenesis (G ! C) in
the kanr of pPIC9K vector.

Cloning of the cDNA gene encoding the AuXyn10A

Analytical results of the total RNA extracted from A.
usamii E001 demonstrated that the ratio of OD260 to OD280

was 1.97, and that the 18S and 28S rRNA bands, character-
ized as eukaryotes, were speciWc on formaldehyde dena-
tured agarose gel electrophoresis (data not shown),
indicating that the isolated total RNA has high purity and is
not decomposed [27].

Using the reversely transcribed Wrst-strand cDNA as
the template, an about 1.1-kb band and several faint bands
were ampliWed by the Wrst-round PCR using primers
XynCF and M13 Primer M4. Each band was agarose gel-
puriWed and subjected to the second-round PCR using
primers XynCF and XynCR. As a result, an about 900-bp
speciWc band was ampliWed only using the 1.1-kb band as
the template. The sequencing results were adopted as the
inserted cDNA gene sequences of three picked clones
were identical to one another, or else the experiment was
redone. The homology alignment veriWed that the
sequence of the cDNA gene (Auxyn10A) is entirely identi-
cal to that of the complete DNA (GenBank accession:
HQ709245), except a 5�-Xanking regulatory region,
5�- and 3�-untranslated regions, a signal peptide sequence,
and nine short introns [26]. The Auxyn10A is exactly
929 bp in length (containing an XhoI site followed by
AAAAGA and a NotI site), encoding a 302-aa AuXyn10A
with native N-terminus by means of a single protease
Kex2 signal cleavage site. Its theoretical M.W. of
32,731 Da is in good agreement with the determined one
(33.0 kDa) of the native AuXyn10A puriWed from
A. usamii E001 as reported previously [26].
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Screening and expression of P. pastoris transformants

Pichia pastoris transformants that could resist higher con-
centrations of G418 might have multiple copies of integra-
tion of heterologous genes into the P. pastoris genome,
which could potentially lead to higher expression levels of
heterologous proteins [25]. However, the expression level
was not directly proportional to the concentration of G418
as elucidated in the manual of Multi-Copy Pichia Expres-
sion Kit (Invitrogen). For those reasons, we respectively
picked out 20 transformants resistant to 1.0, 2.0 and
4.0 mg/ml of geneticin G418, numbered as P. pastoris
GSX10A1-1 to GSX10A1-20, GSX10A2-1 to GSX10A2-
20 and GSX10A4-1 to GSX10A4-20, for Xask expression
tests. P. pastoris transformed with pPIC9KM vector, num-
bered as P. pastoris GSC, was used as the negative control.
After 96-h induction by adding 2.0 % (v/v) methanol at 24-
h intervals, the cultured supernatants of 60 transformants
were harvested for xylanase activity and recombinant pro-
tein assays, respectively. Among all transformants tested,
one strain expressing the maximum xylanase activity of
368.6 U/ml, numbered as P. pastoris GSX10A4-14, was
selected and used for subsequent studies. No xylanase
activity was detected in the cultured supernatant of P. pas-
toris GSC under the same expression conditions.

PuriWcation of the expressed reAuXyn10A

The reAuXyn10A expressed by GSX10A4-14 was puriWed
to homogeneity by ammonium sulfate precipitation, ultra-
Wltration, and Sephadex G-75 gel Wltration. The speciWc
activity of the reAuXyn10A, towards birchwood xylan at
pH 5.5 and 50 °C, was 5,448 U/mg, which was higher than
those (2,540, 2,279 and 1,047 U/mg, respectively) of the
native AuXyn11A, 11B, and 10A puriWed from the culti-
vated koji of A. usamii E001 [26, 28]. SDS-PAGE analysis
of the puriWed reAuXyn10A displayed a single protein
band with an apparent M.W. of 39.8 kDa (Fig. 2, lane 3),
which is larger than the theoretical one of the AuXyn10A.
P. pastoris enables some post-translational modiWcations,
such as assembly of disulWde bond, exclusion of signal pep-
tide, and N- and/or O-glycosylation of mature peptide. Ana-
lytical results demonstrated that there is no N-linked
glycosylation site, but there are O-linked glycosylation sites
in the AuXyn10A sequence. Simultaneously, the carbohy-
drate content of the puriWed reAuXyn10A was determined
to be 3.12 %. Those results veriWed that the increased M.W.
of the reAuXyn10A expressed in P. pastoris GS115 may be
resulted from O-linked glycosylation.

The yeast P. pastoris expression system has many advan-
tages, one of which is that the purities of the expressed
recombinant proteins are very high according to the descrip-
tion of Multi-Copy Pichia Expression Kit (Invitrogen),

which can greatly facilitate or simplify the puriWcation pro-
cedures, and decrease the industrial production and applica-
tion costs. PuriWcation of the xylanase from Thermomyces
lanuginosus 195 was performed by a combination of ultraWl-
tration, anion exchange chromatography and gel Wltration,
resulting in a 9.3-fold puriWcation with a speciWc activity of
6,182 U/mg and a recovery yield of 7.6 % [10]. Ammonium
sulfate fraction and gel Wltration chromatography were
applied for puriWcation of the recombinant A. niger xylanase
expressed in P. pastoris, resulting in a 4.1-fold increase in
speciWc activity (717.5 U/mg) [16]. Chen et al. [5] reported
that the purity of the recombinant A. sulphureus �-mannan-
ase expressed in P. pastoris X-33 was 97 %. In our work, the
purity of the reAuXyn10A expressed by GSX10A4-14 was
more than 85 % (Fig. 2, lane 2).

N-terminus sequencing of the reAuXyn10A

The N-terminal sequence of the reAuXyn10A was assayed
on a 470A automatic sequencer obtained from Applied Bio-
systems (Foster City, CA, USA). The sequence of N-termi-
nal 10 amino acid residues was QASVSIDTKF, which is
entirely identical to that of the native AuXyn10A puriWed
from A. usamii E001 [26], demonstrating that there was no
any additional peptide segment, such as EAEAYVEF,
EAYVEF or YVEF, at the N-terminus of the reAuXyn10A
expressed in P. pastoris by means of the pPIC9KM vector.

Characterization of the puriWed reAuXyn10A

The puriWed reAuXyn10A exhibited higher catalytic activi-
ties over a pH range of 5.0–6.0, among which the maxi-
mum enzyme activity was at pH 5.5 (measured at 50 °C for
15 min). Preincubated at 30 °C for 1.0 h at varied pH

Fig. 2 SDS-PAGE analysis of the cultured supernatants of P. pastoris
transformants (GSC and GSX10A4-14) and the puriWed reAuXyn10A.
Lanes: M protein marker, 1 the cultured supernatant of the GSC, 2 the
cultured supernatant of the GSX10A4-14, 3 the reAuXyn10A puriWed
by a combination of ammonium sulfate precipitation, ultraWltration
and Sephadex G-75 gel Wltration
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values (3.5–9.0), the reAuXyn10A was highly stable over a
broad pH range of 4.5–8.5, retaining more than 90 % of its
original activity (Fig. 3). The optimal temperature for the
reAuXyn10A activity (measured at pH 5.5 for 15 min) was
50 °C (Fig. 4a). The reAuXyn10A was highly stable (more
than 90 % of its original activity) when preincubated at
45 °C for 100 min, and retained 83.2 % of its activity at
50 °C for 20 min, but entirely lost its activity at 55 °C for
40 min (Fig. 4b).

The reAuXyn10A activity was not aVected (100 § 5 %)
by Mg2+ (103.8 %), Fe2+ (104.3 %), Al3+ (96.5 %) or Ba2+

(101.9 %), and slightly aVected (100 § 20 %) by Fe3+

(91.4 %), Zn2+ (109.2 %), Ca2+ (91.4 %), Sn2+ (89.2 %),
Co2+ (83.7 %), Li+ (87.1 %), Cu2+ (82.4 %) or EDTA
(84.8 %), but strongly inhibited by Mn2+ (23.2 %). The
kinetic parameters, Km and Vmax values, of the puriWed
reAuXyn10A towards birchwood xylan at pH 5.5 and
50 °C were 2.25 mg/ml and 6,267 U/mg, respectively.

All enzymatic properties of the reAuXyn10A character-
ized above are similar to those of the native AuXyn10A
puriWed from the cultivated koji of the same strain (A.
usamii E001), and partially in agreement with those of the
xylanases from A. usamii E001 (AuXyn11A and 11B) [28]
and A. Wcuum AF-98, respectively [18].

TLC analysis of the xylooligosaccharides

TLC analysis of the hydrolytic products (xylose and xylool-
igosaccharides) from birchwood xylan revealed that the
puriWed reAuXyn10A produced xylotriose (X3) as the
major product, and a small amount of xylose (X1), xylotet-

raose (X4), and xylopentose (X5) (Fig. 5). Surprisingly, no
trace of xylobiose (X2) could be detected in the hydrolytic
products, on which, to our knowledge, this was a Wrst
report. The hydrolytic products from birchwood xylan
hydrolyzed by the recombinant family 11 xylanase from
Bacillus licheniformis (reBlxA) were xylose (X1) to xyl-
opentose (X5), among which xylotriose (X3) was the major
product [15].

Conclusions

The AuXyn10A-encoding cDNA gene (Auxyn10A) from
A. usamii E001 was expressed in P. pastoris by means of
the pPIC9KM vector initially constructed in our lab, retain-
ing the native N-terminus of AuXyn10A. The reAuXyn10A
displayed the high speciWc activity, broad pH stability and
strong resistance to metal ions and EDTA. TLC analysis

Fig. 3 EVect of pH value on the catalytic activity and stability of the
reAuXyn10A. The pH optimum of the puriWed reAuXyn10A was
assayed under the standard xylanase activity assay conditions, except
0.5 % (w/v) birchwood xylan in 50 mM Na2HPO4–citric acid buVer
(pH 3.5–7.5), respectively. The pH stability of the reAuXyn10A was
estimated by preincubating it at 30 °C for 1.0 h at varied pH values (pH
3.5–9.0), respectively, and the residual enzyme activities were mea-
sured under the standard assay conditions

Fig. 4 EVect of temperature on the catalytic activity and stability of
the reAuXyn10A. a The optimal temperature for the reAuXyn10A
activity was determined, at pH 5.5, at various temperatures ranging
from 30 to 60 °C. b To evaluate its thermostability, aliquots of
reAuXyn10A were preincubated at 45, 50, and 55 °C, respectively, for
10–100 min, and the residual enzyme activities were measured under
the standard assay conditions
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veriWed that the AuXyn10A is an endo-�-1,4-D-xylanase,
which produced a major product of xylotriose but no xylo-
biose. The superior enzymatic properties made the reAuX-
yn10A a good candidate in various industrial processes,
especially in the production of functional xylooligosaccha-
rides. Considering the low thermostability of the AuX-
yn10A and the availability of the primary and 3D structures
of many thermostable xylanases, we will next focus our
interests on improving the AuXyn10A thermostability by
genetic engineering, such as by increasing the number of
salt bridges, the addition of thermostabilizing domains,
and the introduction of disulWde bridges, particularly at the
N- or C-terminus or in the �-helix region.
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