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Abstract A putative endo-1,4-b-D-xylanohydrolase

gene xyl10 from Aspergillus niger, encoding a 308-res-

idue mature xylanase belonging to glycosyl hydrolase

family 10, was constitutively expressed in Pichia

pastoris. The recombinant Xyl10 exhibited optimal

activity at pH 5.0 and 60 �C with more than 50 % of the

maximum activity from 40 to 70 �C. It retained more

than 90 % of the original activity after incubation at

60 �C (pH 5.0) for 30 min and more than 74 % after

incubation at pH 3.0–13.0 for 2 h (25 �C). The specific

activity, Km and Vmax values for purified Xyl10 were,

respectively, 3.2 9 103 U mg-1, 3.6 mg ml-1 and 5.4 9

103 lmol min-1 mg-1 towards beechwood xylan. The

enzyme degraded xylan to a series of xylooligosaccha-

rides and xylose. The recombinant enzyme with

these properties has the potential for various industrial

applications.

Keywords Aspergillus niger � Constitutive

expression � De novo gene synthesis � Endo-1 � 4-b-D-
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Introduction

Xylan, widely distributed in cell walls of plants, is the

second most abundant renewable polysaccharide in

nature (Giridhar and Chandra 2010). Endo-1,4-b-D-

xylanohydrolase (EC 3.2.1.8, xylanase) degrades

xylan to produce xylooligomers by randomly hydro-

lyzing 1,4-b-D-xylosidic linkages. Thus, xylanases

have the great potential for various industrial applica-

tions in food production, animal feed, paper and pulp,

textiles and the production of bioethanol fuel (Paës

et al. 2012). Many researchers focused on the discov-

ery of novel xylanases with excellent properties for

industrial applications (Ahmed et al. 2009). A variety

of xylanases occur in fungi, algae, bacteria, protozoa,

gastropods and anthropods (Collins et al. 2005;

Ahmed et al. 2009). Some from fungi and bacteria

have broad working temperature or pH ranges, high

thermotolerance, high pH stability or high catalytic

efficiency. They have great advantages in industrial

applications (Bai et al. 2010; Giridhar and Chandra

2010; Luo et al. 2009).

Jia Zheng and Ning Guo contributed equally to this work.

Electronic supplementary material The online version of
this article (doi:10.1007/s10529-013-1220-8) contains
supplementary material, which is available to authorized users.

J. Zheng � N. Guo � L. Wu � J. Tian � H. Zhou (&)

School of Minerals Processing and Bioengineering,

Central South University, Changsha 410083, China

e-mail: zhouhb@mail.csu.edu.cn

J. Zheng

e-mail: zhengjia@csu.edu.cn

H. Zhou

Key Laboratory of Biometallurgy of Ministry of

Education, Central South University, Changsha 410083,

China

123

Biotechnol Lett (2013) 35:1433–1440

DOI 10.1007/s10529-013-1220-8

http://dx.doi.org/10.1007/s10529-013-1220-8


Aspergillus spp. produce many carbohydrate-active

enzymes which displayed excellent properties and

could be applied in various industries (Ahmed et al.

2009). Aspergillus niger produces 15 extracellular

xylanases and is a good source of xylanase (Collins

et al. 2005). A. niger CBS 513.88, as a mutant of A.

niger NRRL 3122, produced a high activity glucoam-

ylase, and its genome has been sequenced (Pel et al.

2007). We predicted that a putative xylanase gene

(accession no. XM_001388485) from this strain might

produce a protein with excellent catalytic properties.

Therefore, in this research, the putative xylanase gene

was optimized and synthesized by dual asymmetrical

PCR and expressed in Pichia pastoris using a

glyceraldehyde-3-phosphate dehydrogenase (GAP)

promoter. The recombinant xylanase displaying

extremely high stability over a broad pH range could

have the potential to be applied in industries and

provide clues to the rational protein design to improve

the pH stability of xylanases.

Materials and methods

Sequence and structure analysis

The xly10 gene has been sequenced (Pel et al. 2007).

The BLAST server in GenBank was used for homol-

ogy searches. SignalP 4.0 was used for predicting the

signal peptide sequence of the xylanase (http://www.

cbs.dtu.dk/services/SignalP/). Homology analysis was

performed by ClustalX and Mega 4.1. Homology

modeling was implemented by MODELER 9.9 (http://

salilab.org/modeller/). ProQ-Protein Quality Predictor

was used for the evaluation of modeling structure

(http://www.sbc.su.se/*bjornw/ProQ/ProQ.html). It

was analyzed using PyMol 0.99rc6 (http://www.

pymol.org/).

Gene optimization and vector construction

The cDNA of xyl10 gene was optimized using

GenScript Rare Codon Analysis Tool. The optimized

xyl10 gene was dissected into 40 overlapping oligo-

nucleotides by Gene2Oligo (http://berry.engin.umich.

edu/gene2oligo/). These oligonucleotide fragments

were synthesized by GenScript Corporation (Nanjing,

China) and assembled into full-length gene by dual

asymmetrical PCR (Sandhu et al. 1992). The primers

were shown in Supplementary Table 1. The full-

length product was cloned into pUM-T vector and

transformed into Escherichia coli TOP 10F’. Correct

construction of clone plasmid (pUM-xyl10) was con-

firmed by PCR and sequencing (GenScript Corpora-

tion, China). After pUM-xyl10 was digested with Xba

I and Xho I (ER0682 and ER0693, Thermo Fisher

Scientific Inc., USA), the target product was purified

and inserted into the pGAPZaA vector (V205-20,

Invitrogen, USA). Correct construction of expression

plasmid (pGAPZa-xyl10) was confirmed by restric-

tion enzyme digestion and sequencing (GenScript

Corporation, China).

Screening of high-level expression strains

The recombinant plasmid pGAPZa-xyl10 was linear-

ized with BglII (Thermo Fisher Scientific Inc., USA)

and then transformed into P. pastoris X33 by electro-

poration according to the described method in Pichia

Expression Kit (Invitrogen, USA). The empty pGAP-

ZaA vector was also transformed into P. pastoris X33

and it was used as a control. Screening of high-level

expression and inheritance stability strains was imple-

mented according to the method as previously

described (Zhao et al. 2011).

Expression and purification of recombinant endo-

1,4-b-D-xylanohydrolase

The colony was picked into 10 ml YPD medium (10 g

yeast extract l-1, 20 g peptone l-1 and 20 g glu-

cose l-1) and cultivated at 30 �C (250 rpm) for 24 h in

100 ml shake-flasks. One ml culture was transferred

into 100 ml YPD and cultivated for 108 h at 30 �C

(250 rpm) in 500 ml shake-flasks. Dry cell weight,

enzyme activity, crude protein and glucose concen-

trations were determined by sampling 1 ml culture

every 12 h. The recombinant xylanase was purified by

size exclusion chromatography on a Superdex G-75

column (see Zhao et al. 2011).

Protein determination and SDS-PAGE analyses

Protein concentration was determined using a kit.

Molecular mass of the recombinant enzyme was

estimated by SDS-PAGE with an unstained protein

molecular weight marker as the standard (Schägger

2006).
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Enzymatic activity assay

The 3,5-dinitrosalicylic acid (DNS) method was used

for determining xylanase activity (Bailey et al. 1992).

The reaction was started by incubating 0.5 ml appro-

priately diluted enzyme sample with 0.5 ml 10 g oat

spelt xylan l-1 in 0.1 M citric acid/Na2HPO4 buffer

(pH 5.0) for 5 min at 60 �C. One ml DNS was added to

stop the reaction. The mixture was boiled for 5 min

and cooled to room temperature. The absorbance was

measured at 540 nm. One unit of xylanase activity was

defined as the amount of enzyme releasing 1 lmol

xylose equivalents per minute. All experiments were

done in triplicate.

Hydrolysis products analysis by thin-layer

chromatography (TLC)

After incubation with 10 g substrate l-1 (10 ml) with

10 U of the recombinant enzyme at 60 �C in 0.1 M

citric acid/Na2HPO4 buffer (pH 5.0), hydrolysis

products were detected TLC using silica gel 60F254

plates (Zhang et al. 2010). Xylose, xylobiose, xylotri-

ose, xylotetraose and xylopentaose were used as

standards.

Nucleotide sequence accession number

The cDNA sequence of xyl10 gene deposited in the

GenBank database was under accession no. AM270045

and amino acid sequence of Xyl10 was under accession

no. A2QFV7 (Pel et al. 2007).

Results and discussion

Sequence analysis

The putative xylanase gene xyl10 consisted of

984 nucleotides, encoded a 327-residue polypeptide,

Fig. 1 a Phylogenetic trees of some xylanase from GH family 10

and GH family 11. Xyl10 marked with a black uptriangle was the

object of this study. The numbers at the nodes represent bootstrap

values based on 1,000 replications. The lengths of the branches

show the relative divergence among the reference xylanase amino

acid sequences and scale bar indicates the amino acid substitutions

per position. GenBank accession numbers of the xylanases were

given after each species name. b Multiple amino acid sequence

alignment between Xyl10 and other GH family 10 xylanases. The

multiple sequence alignment between Xyl10 and other reported

GH family 10 xylanases from Penicillium simplicissimum (PDB

No. 1B30_A), Streptomyces sp. S27 (accession no. ACF57946.1),

Streptomyces sp. SWU10 (accession no. BAK19338.1), Strepto-

myces megasporus DSM41476 (accession no. ADE37527.1),

Saccharopolyspora sp. S582 (accession no. ADL60499.1), Strep-

tomyces sp. S9 (accession no. ABX71815.1) and Bispora sp. MEY-

1 (accession no. ACS96449.1) was done by ClastalX and Genedoc.

The signal peptide was boxed and active sites were marked with

black circle. c Homology modeling of Xyl10 was performed by

MODELER 9.9 based on a known crystal structure of xylanase

from Triticum aestivum (PDB ID:1TE1). The modeling structure

was evaluated by ProQ-Protein Quality Predictor and analyzed

using PyMol 0.99rc6. Two active sites Glu132 and Glu238, were

indicated
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Fig. 1 continued
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including a signal peptide of 19-residue and a catalytic

domain of endo-1,4-b-D-xylanase belonging to glycosyl

hydrolase family 10. The xylanase Xyl10 displayed

94–99 % primary sequence identity to six putative

xylanases (accession nos. C5J411.2, P33559.2, JT0608,

ACR83565.1, XP_001389996.2 and GAA92552.1)

(Fig. 1a). However, up to date, their properties have

not been reported in detail. Amino acid sequence

homology and hydrophobic cluster analysis revealed

that xylanases could be classified into two main

glycosyl hydrolyase (GH) family 10 and 11 (Chantas-

ingh et al. 2006), and some xylanases belonging to

family 5, 7, 8, 16, 26, 43, 52 and 62 also were identified

(http://www.cazy.org/Glycoside-Hydrolases.html).

The amino acid sequence of the mature Xyl10 shared

86 % identity with xylanase PsXyl belonging to GH10

from Penicillium simplicissimum (PDB No. 1B30_A),

whose three-dimensional structure has been reported

(Schmidt et al. 1999). Homology modeling using

PsXyl as the template revealed that the mature xy-

lanase Xyl10 had the classical (a/b)8-fold. Two puta-

tive catalytic residues in Xyl10, Glu132 and Glu238

were identified based on the amino acid sequence

alignment and homology modeling (Fig. 1b, c).

Construction of recombinant strain library

The xyl10 gene was optimized by upgrading the codon

adaptation index from 0.68 to 0.95 to increase the

probability of high-level expression in P. pastoris. The

Stem-Loop structures which impacted ribosomal

binding and stability of mRNA were removed and

the GC content was changed from 53 to 39.1 % to

prolong the half-life of mRNA in P. pastoris (Sup-

plementary data Optimized xyl10 gene). The full-

length of optimized xyl10 gene was obtained by dual

asymmetrical PCR (Fig. 2). The optimized xyl10 gene

was inserted into pGAPZaA vector downstream of

a-factor signal peptide from Saccharomyces cerevisi-

ae which enabled the secretion of the recombinant

xylanase into culture broth.

After being linearized by Bgl II, the correct

construction of pGAPZa-xyl10 plasmid was trans-

formed into P. pastoris X33 by electrotransformation.

A total of 338 positive transformants was chosen from

YPDS plates containing 100–500 lg Zeocin ml-1 for

screening high-level expression of xylanase in shaken

flask cultures. A stable-inheritance strain named A 9

10-4 selected from 338 positive transformants with

high levels of xylanase activity and inheritance

stability was used for further studies.

Expression and purification of the recombinant

enzyme

The maximum activity of strain A 9 10-4 was

362 U ml-1. Crude protein in supernatant reached

145 lg ml-1 after cultivation of the transformed yeast

for 108 h (Fig. 3).The recombinant Xyl10 was

secreted into culture and purified using gel filtration

chromatography, resulting in a purification yield of

32 % (Fig. 4a). The specific activity of recombinant

Xyl10 was 2.5 9 103 U mg-1 for oat spelt xylan after

1.2-fold purification. SDS-PAGE analysis showed a

protein with a size of*33 kDa, which was identical to

the predicted size (Fig. 4b).

Effects of pH, temperature and chemical reagents

on the recombinant enzyme activity

The recombinant enzyme displayed the maximal

activity at pH 5.0 (Fig. 5a). Its activity declined

drastically below pH 3.0 and above pH 7.0. From pH

of 3 to 13 more than 74 % of its original activity was

retained after incubation for 2 h at room temperature

(Fig. 5b). A comprehensive literature review revealed

that few GH10 xylanases with the similar pH optima

possess a similar property. GH10 xylanases from

Streptomyces sp. displayed high stability over a

broad pH range, especially under alkaline conditions

Fig. 2 Identification of full-length xyl10 gene by agarose gel

electrophoresis. Lanes 1, 2 products of fragments I and II by dual

asymmetrical PCR; lane 3 products of full-length xyl10 gene by

one-step dual asymmetrical PCR; lane 4 products of full-length

xyl10 gene assembled from fragments I and II by overlap

extention PCR; lane 5 DNA marker; lane 6 negative control for

one-step dual asymmetrical PCR; lane 7 negative control for

assembling full-length xyl10 gene by overlap extention PCR
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(Supplementary Table 2). Two GH10 xylanases from

Bispora sp. MEY-1 and Penicillium pinophilum C1

displayed high stability under acidic conditions (Luo

et al. 2009; Cai et al. 2011). Compared with these

xylanases, the recombinant Xyl10 was highly stable

over a broad pH range. A GH10 xylanase from

Streptomyces sp. S27, similar to Xyl10, also showed

excellent pH stability with about 80 % residual

activity at pH 2.2–12 after incubation at 37 �C for

1 h (Li et al. 2009).

The optimal temperature for the recombinant enzyme

was 60 �C. It displayed more than 50 % of its maximal

activity over the temperature range from 40 to 70 �C

(Fig. 5c). Almost no activity was detected above 85 �C.

The recombinant Xyl10 retained more than 90 %

relative activity after incubation at 60 �C for 30 min

and its half-life time at 70 �C was less than 5 min

(Fig. 5d). The optimal temperature for most GH 10

xylanases varies from 50 �C to 70 �C (Supplementary

Table 2). A cold-active xylanase from Glaciecola

Fig. 3 Time course of xylanase produced by recombinant Pichia

pastoris strain A 9 10-4 in 500 ml Erlenmeyer flasks with

100 ml YPD medium. Dry cell weight (open uptriangle); protein

concentration of Xyl10 (open square); xylanase activity (black

circle); residual glucose concentration (black downtriangle)

Fig. 4 Purification of the recombinant Xyl10. a Elution profile

of recombinant Xyl10 on SephadexTM G-75 chromatography.

Relative xylanase activity in fractions (black circle); relative

protein concentration in fractions (open square). b SDS-PAGE

analysis of proteins present in the crude supernatant. Lane 1

purified protein by size exclusion chromatography on Sephadex

G-75 chromatography; lane 2 molecular mass standard protein;

lane 3 the proteins in crude supernatant of Pichia pastoris X33.

233 lg Xyl10 ml-1 and 582 U ml-1 of xylanase activity were

taken as 100 % of protein concentration and xylanase activity,

respectively
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mesophila KMM241 displayed the maximal activity

at 30 �C (pH 7.0) and the most thermostable xylanase

belonging to GH 10 from Acidothermus cellulolyticus

11B showed the maximal activity at 90 �C (pH 6.0)

(Guo et al. 2009; Barabote et al. 2010).

Some metal ions and chemicals significantly inhibit

the activity of most xylanases in industrial applica-

tions. However, among metal ions and chemicals

tested in this study, only SDS greatly inhibited the

recombinant enzyme (Supplementary Table 3).

Fig. 5 Effects of pH and temperature on the recombinant

Xyl10 activity. a Effect of pH on the activity of recombinant

Xyl10. The activity was determined at 60 �C in 0.1 M citric

acid/Na2HPO4 buffer (pH 2.2–8.0). b pH stability of

recombinant Xyl10. This was determined by measuring the

residual activity after incubation at various pH values at room

temperature for 2 h without substrate. pH 2.2–8.0: 0.1 M citric

acid/Na2HPO4 buffer; pH 9.0–11.0: 0.05 M glycine/NaOH

buffer; pH 12.0–13.0: 0.05 M KCl/NaOH buffer. c Effect of

temperature on the activity of recombinant Xyl10. The activity

was determined in 0.1 M citric acid/Na2HPO4 buffer (pH 5.0) at

temperatures between 20 and 80 �C. d Thermostability of

recombinant Xyl10. It was determined by measuring the

residual activity under the optimal condition after the enzyme

had been incubated at the indicated temperature 60 �C (black

square), 70 �C (open circle) and 80 �C (black uptriangle) for

0–30 min. The error bars represent mean ± SD (n = 3) and

2.5 9 103 U mg-1 was taken as 100 % of xylanase activity

Table 1 Substrate specificity and kinetic parameters of the recombinant Xyl10

Substrate The specific activity

(9103 U mg-1)

Km

(mg ml-1)

Vmax (9103 lmol

min-1 mg-1)

kcat

(9103 s-1)

kcat/Km (9103 ml

mg-1 s-1)

Oat spelt xylan 2.5 3.5 4.4 2.4 0.70

Birchwood xylan 2.3 2.1 2.9 1.6 0.75

Beechwood xylan 3.2 3.6 5.4 3.0 0.83

CMC-Na 0.0023 ND ND ND ND

The substrate specificity of the recombinant enzyme was determined at 60 �C in 0.1 M citric acid/Na2HPO4 buffer (pH 5.0) using

10 mg substrates ml-1 (oat spelt xylan, Sigma; birchwood xylan, Sigma; beechwood xylan, Sigma; CMC-Na, Sigma)

Kinetic parameters (Km and Vmax) were calculated from the experimentally obtained data by determining the activity in 0.1 M citric

acid/Na2HPO4 buffer (pH 5.0) containing 1–10 mg substrates ml-1 at 60 �C. The non-linear regression analysis was implemented

using the OriginPro 7.5 software (OriginLab Corporation, USA)

ND not determined
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Detection of the recombinant enzyme substrate

specificity, kinetic parameters and hydrolysis

products

The recombinant enzyme displayed the highest specific

activity towards beechwood xylan and it had a negli-

gible specific activity towards CMC-Na (Table 1).

Xyl10 had the maximum kcat/Km toward beechwood

xylan but the lowest Km against birchwood xylan,

showing that it had the highest catalytic efficiency

towards beechwood xylan but the highest affinity

towards birchwood xylan. The specific activity and

Vmax for purified Xyl10 were higher than most reported

xylanases belonging to GH10 except the recombinant

xylanase from Bispora sp. MEY-1, whose specific

activity and Vmax towards oat spelt xylan were

1.9 9 104 U mg-1 and 2.4 9 104 lmol min-1 mg-1

(Luo et al. 2009). The main hydrolysis products of oat

spelt xylan by Xyl10 were xylotriose and xylobiose

(Supplementary Fig. 1). Xylose and xylotetraose were

also detected. Xylobiose promoted the growth of

intestinal Bifidobacteria, inhibited proliferation of

pathogenic bacteria, increased nutrients absorption and

also used in antiobesity diets because it was low in

calories (Vazquez et al. 2000; Moure et al. 2006). The

recombinant Xyl10 hydrolyzed xylan to produce xylo-

biose as the major products and thus could be used in

food and health care products.

In conclusion, A GH10 xylanase Xyl10, was

expressed in P. pastoris with functional activity. The

recombinant Xyl10 had high stability from pH 3 to 13

and, because of its good thermotolerance and high

catalytic efficiency, it has a great potential to be used

in industries.
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