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Abstract

The aim of this study was to overexpress the xylanase II gene of Tricho-
derma reesei in Escherichia coli and determine the characteristics of the recom-
binant enzyme. Recombinant xylanase II gene was constructed by ligating
the cDNA of xylanase, obtained from reverse transcriptase-polymerase chain
reaction, and fused with NusA protein of pET-431b plasmid. An Ni2+-NTA
affinity column was used to further purify the recombinant xylanase II. The
molecular mass of the recombinant enzyme measured by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis was approx 76 kDa (including
55 kDa of NusA and 21 kDa of xylanase II), and the isoelectric point and
specific activity were 7.5 and 225 U/mg, respectively. The optimal reaction
temperature and pH for the recombinant enzyme were 50°C and 4.0, respec-
tively. The recombinant enzyme was stable at a pH range of 5.0–10.0 and
maintained 95% residual activity after incubating at 30–35°C for 30 min.
The kinetic parameters KM and Vmax of the recombinant xylanase II were
13.8 mg/mL and 336 µmol/(mg·min), respectively, using birchwood xylan
as the substrate.

Index Entries: Trichoderma reesei; xylanase; overexpression; cloning;
Escherichia coli.

Introduction

Recently there has been increasing interest in the prebiotic effects of
nondigestible oligosaccharides, such as xylooligomers, stachyose, galacto-
oligosaccharide, transgalatosyl-oligosaccharide and fructooligosaccharide.
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The benefits of oligosaccharide ingestion include induction of the growth
of indigenous bifidobacteria in the colon and suppression of some patho-
genic bacteria (1–7).

Xylooligomers are composed of β-1,4-linked D-xylopyranose residues
and are nondigestible by humans. It has been demonstrated that xylooligo-
saccharides can be extensively utilized by several species of bifidobacteria
and can stimulate the growth of bifidobacteria (8–10). Our previous studies
showed that oral administration of xylooligosaccharides could increase
significantly the moisture content of feces, the total cecum weight, and the
population of bifidobacteria and decrease the pH level of feces in ICR mice
(11). Similar prebiotic effects were also found in Sprague-Dawley rats (12).
Hsu et al. (13) reported that xylooligosaccharides significantly inhibited
precancerous lesions of the colon induced by DMH (a carcinogen) in
Sprague-Dawley rats, and that supplementation of xylooligosaccharides
was more effective in increasing bifidobacteria population than fructo-
oligosaccharide.

The production of xylooligosaccharides, such as xylobiose and
xylotriose, can be accomplished by digesting hemicellulose (xylanes) with
high-pressure steam, acid or alkali, or enzymes (14). Chemical digestion of
xylan is considered a simple and time-saving process, but it is less appli-
cable because it may produce undesirable byproducts. To produce
xylooligosaccharides with high purity, enzymatic digestion of xylan has
the advantage of high-specific reaction, which makes it more desirable.

Xylanases, the enzymes that degrade xylan specifically, are found in
living organisms, especially in bacteria (such as the genus of Clostridium,
Streptomyces, and Bacillus), fungi (such as Aspergillus, Penicillium, and Tri-
choderma), and yeast (15). The major difficulty in applying xylanases in food
processes is the economic consideration. The low production rate of
xylanase makes the cost of xylanase extremely high. Microbes with com-
mercial genetically constructed vector having strong promotors capable of
producing a high level of encoded protein. To construct a desired gene with
strong promotor in a microbial system not only increases the yield and
production rate of the target protein, but also simplifies the purification
processes with the aid of an Ni2+-NTA affinity column when the target
protein is fused with a 6-His tag.

Xylanase II, which degrades xylan in the form of endo cleaving and
belongs to endo-β-1,4-xylanases (EC 3.2.1.8), is commonly found in plants,
bacteria, and filamentous fungi. Xylanase II attacks xylan on its backbone
without substituted group or side chain and, thus, different lengths of
xylooligosaccharides can be produced after enzymatic digestion (16,17).
High xylanase activity was found in Trichoderma reesei when its xylanase II
gene was induced by xylan (18–20). In the present study, we overexpressed
the T. reesei xylanase II gene in Escherichia coli and determined the charac-
teristics of the recombinant xylanase II.



Properties of Genetic Recombinant Xylanase II 3

Applied Biochemistry and Biotechnology Vol. 136, 2007

Materials and Methods

Fungus and Chemicals

T. reesei (ATCC 32924) was purchased from Bioresource Collection
and Research Center, Food Industry Research and Development Institu-
tion, Shinchu, Taiwan. E. coli AD494(DE3), pET-43.1b vector, and E. coli
TOP10 were purchased from Novagen (Madison, WI). Total RNA isolation
reagent (TriZol reagent), ELONGASE enzyme mix (proofreading DNA
polymerase), T4 DNA ligase, reverse transcriptase (SuperScript II RT), Luria
Bertani (LB) media, X-Gal, and protein ladder (protein marker, 10 kDa)
were from Life Technologies (Gaithersburg, MD). Taq DNA polymerase
(AmpliTaq Gold) was purchased from Perkin-Elmer (Norwalk, CT).
Restriction enzymes, pGEM-T Easy vector, and DNA purification system
were from Promega (Madison, WI). Isopropyl-D-thiogalactopyranoside
(IPTG), ampicillin, and kanamycin were from Sigma (St. Louis, MO).

Molecular Cloning With pGEM-T Easy Vector

Stock of T. reesei was cultured in xylan-containing YPD broth (1% oat,
1% yeast extract, 1% potato, and 2% glucose) for 3 d, and then total RNA
was isolated with TriZol reagent following the manufacturer’s instructions.
Standard molecular cloning techniques were performed according to the
guidelines of Sambrook et al. (21). Xylanase II cDNA of T. reesei was synthe-
sized by reverse transcription from the total RNA using oligo-dT as primer.
Target gene was cloned with 30 cycles of polymerase chain reaction (PCR),
which was initiated by 30 s of denaturation at 94°C, 30 s of annealing at
50°C, and 30 s of extention at 70°C, and then by 10 min extention at 70°C in
a DNA thermal cycler (GeneAmp PCR system 2400; Perkin-Elmer).
Primers used for the PCR procedure were designed on the basis of the
T. reesei xylanase II nucleotide sequence reported by Törrönen et al. (18):
forward primer with HimIII recognition sequence, 5N-GAGCTCCAG
ACGATCAGCCC; and reverse primer with SacI sequence, 5N-AAGCTT
GCTGACGGTGATGGA. After PCR reaction, the PCR product was ligated
with pGEM-T Easy vector and transformed into cloning host, E. coli Top 10,
according to the methods of Hanahan and Meselson (22). The transformed
host was screened by blue/white selection, HimIII/SacI digestion of plas-
mid, and DNA sequencing using T7 and SP6 as sequencing primers.

Construction of NusA-Xylanase-pET-43.1b Expression Vector

The xylanase II nucleotide fragment released from pGEM-T Easy vec-
tor was ligated into a pET-43.1b expression vector by using T4 DNA ligase
(named xyl-pET-43.1b) and was in frame with NusA gene in the down-
stream of operon-controlled Lac Z promoter. The constructed plasmid was
then transformed into an expression host, E. coli AD494(DE3).
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Overexpression and Purification of Recombinant Xylanase II
E. coli AD494(DE3) with xyl-pET-43.1b was cultivated in 10 mL of LB

broth (10 g of tryptone/L, 5 g of yeast extract/L, and 10 g of NaCl/L)
containing 100 g/mL of ampicillin and 15 g/mL of kanamycin in a 50-mL
flask at 37°C overnight using a shaking incubator (200 rpm). One milliliter
of the activated culture was inoculated into 250 mL of fresh LB broth con-
taining 100 g/mL of ampicillin and 15 g/mL of kanamycin in a 1-L flask.
During incubation, the absorbance at 600 nm (OD600) was measured. When
the OD600 reached 0.6, IPTG was added to a final concentration of 1 mM to
induce the synthesis of recombinant xylanase II. After 8 h of incubation, the
transformed E. coli cells were harvested by centrifuging for 10 min at 4000g
and suspended in 14 mL of binding buffer (pH 8.0; 50 mM NaH2PO4,
10 mM imidazole, and 0.3 M NaCl). The harvested cells were sonicated
under 240 W for 10 s and then immersed in an ice bath for 20 s. Sonication
was performed for 240 cycles using a sonicator VCX400/600 system (Sonics
and Materials Inc., CT, USA).

For further purification, recombinant xylanase II was isolated from
the soluble fraction of the sonicated sample by centrifuging for 20 min at
5000g. After the supernatant was filtered through a 0.45-µm sterilized
membrane (Gelman, Ann Arbor, MI), the filtrate was chromatographed on
an Ni2+-NTA agarose affinity column (2.6 × 2 cm) preequilibrated with
binding buffer. After washing with 6 vol of wash buffer (pH 8.0; 50 mM
NaH2PO4, 20 mM imidazole, and 0.3 M NaCl), recombinant xylanase II was
eluted with 2 to 3 vol of elution buffer (pH 8.0; 50 mM NaH2PO4, 250 mM
imidazole, and 0.3 M NaCl) and then dialyzed against 50 mM citrate buffer
(pH 4.0) in order to measure its enzyme activity and characteristics.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
and Zymogram Analysis
The molecular mass of recombinant xylanase II was determined by

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
with 12.5% polyacrylamide according to the method of Laemmli (23).
Zymogram analysis was performed by native PAGE according to the
method of Wang et al. (24) with modification. A 12.5% native PAGE gel
containing 0.1% birchwood xylan was used for the zymogram analysis as
described by Ali et al. (25).

Determination of Protein Concentration
Protein concentration was determined by bicinchoninic acid method

using bovine serum albumin as the standard (26).

Assay of Enzyme Activity
Xylanase activity was assayed using the method of Royer and Nakas

(27) by mixing 0.5 mL of an appropriately diluted enzyme solution with
0.5 mL of 4.5% birchwood xylan in 50 mM citric-citrate buffer (pH 4.0) at
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50°C for 30 min. Reducing sugar was determined by the dinitrosalycylic
acid (DNS) method with D-xylose as the standard (28). One unit of enzyme
activity was defined as the amount of enzyme that catalyzed the liberation
of 1 µmol of reducing sugar equivalent/min under the assay conditions.

Assay of Isoelectric Point

The isoelectric point (pI) of xylanase II was determined with a PhastGel
IEF 3–9 and an isoelectric focusing calibration kit, suitable for a pI range of
3–10 (Pharmacia, Uppsala, Sweden), using Pharmacia Phast system follow-
ing the manufacturer’s instructions. After isoelectric focusing, the gels were
fixed in 20% trichloroacetic acid for 5 min before visualizing the protein
bands with Coomassie brilliant blue 250. pI marker proteins of values of
3.55–9.30 were purchased from Sigma.

Determination of Kinetic Parameters

Recombinant xylanase II was incubated with various concentrations
of birchwood solution (0.25–3.0%) in 50 mM citric-citrate buffer (pH 4.0) at
50°C, and the kinetic parameters, KM and Vmax, describing the enzyme activ-
ity were calculated by linear regression using Lineweaver-Burk plots (29).
Activation energy of xylanase II was also calculated from the plot of the log
Vmax vs 1/T1/OK) (Arrhenius plot, 25–50°C). All assays were performed in
triplicate.

Optimum pH for Enzyme Reaction and pH Stability

The effect of pH on the activity of recombinant xylanase II was deter-
mined by measuring the enzyme activities in different buffer systems: pH
2.0–6.0 (50 mM sodium citrate buffer), pH 7.0 (50 mM sodium phosphate
buffer), pH 8.0 (50 mM Tris buffer), and pH 9.0–10.0 (50 mM glycine buffer).
For evaluating the pH stability of xylanase II, the enzyme was incubated
with the buffer systems at 25°C for 30 min prior to determining its activity.

Optimum Temperature for Enzyme Reaction and Thermal Stability

The effect of temperature on the activity of recombinant xylanase II
was determined by measuring the enzyme activities at 30, 35, 40, 50, 60, and
80°C. The thermal stability of xylanase II was evaluated by incubating the
enzyme in 50 mM citrate buffer (pH 4.0) at 30, 35, 40, 50, or 60°C for 30 min
prior to determining its activity.

Substrate Specificity

Substrates (2% of birchwood, polyglucuronic acid, starch, pectin,
methyl cellulose, and oat spelt xylan; 0.75% of 4-O-methyl-D-glucuro-D-
xylan, [w/v]) suspended in 50 mM citric-citrate buffer (pH 4.0) were incu-
bated with recombinant xylanase II at 50°C for 30 min, and then the enzyme
activity was determined by the DNS method.
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Effects of Metal Ions and Chemical Reagents on Enzyme Activity

Various metal ion solutions (7.5 mM, 350 µL) mixed with 50 µL of
recombinant xylanase II were incubated at 25°C for 30 min and then assayed
for enzyme activities. For assaying the effects of chemical reagents on
enzyme activity, 50 µL of each chemical reagent (2.5 mM) dissolved in its
appropriate solvent was mixed with 50 µL of its appropriated buffer
(Table 1), and then 60 µL of the enzyme solution was added to the mixture
and incubated at 25°C for 30 min. Enzyme activity was determined after
dialysis of the chemical-treated enzyme with 50 mM citric-citrate buffer
(pH 4.0).

Results and Discussion

Molecular Cloning

Our DNA sequencing data showed that our cloned xylanase II con-
tained 570 bp and had a homology of 99% with xylanase II sequence
reported by Törrönen et al. (18). Compared to the reported xylanase II, the
cloned xylanase II had two different gene bases (Fig. 1). One of the differ-
ences in gene base made no change in the gene codo™(of proline (CCA vs
CCC) whereas the other changed the gene codon of alanine (GCG) to the
gene codon of valine (GTG). Fortunately, the two different gene bases did
not locate at the gene sequences for the catalytic residues of the enzyme
(Glu 86 and Glu 177) (30). After IPTG induction, the lac repressor was
released from the lac operator; thus, a high level of recombinant xylanase
II protein was expressed in the cytoplasm of the transformed E. coli
AD494(DE3).

Purification

Recombinant xylanase II, tagged with an additional six histidine resi-
dues in the C-terminal of the protein, could be purified to electrophoretic
homogeneity by using Ni2+-NTA agarose affinity chromatography. After
purification, its specific enzyme activity was increased from 14.6 to
225 µmol/(min·mg), achieving 15.4-fold purification (Table 2). The amount
of recombinant xylanase II was about 2.0% of the total soluble protein
expressed in the cytoplasmic fraction of the E. coli transformant after IPTG
induction. This high-level expression of the soluble form of NusA-xylanase
in the cytoplasm of E. coli AD494(DE3) and its rapid purification procedure
give the expression system much more potential for use in food processing.

According to SDS-PAGE, recombinant xylanase II had a molecular
mass of 76 kDa, which consisted of 55 kDa of NusA and 21 kDa of xylanase
II (Fig. 2A). Native gel electrophoresis showed a unique band that
corresponded to xylanase activity, as shown by the hydrolysis zone in the
zymogram (Fig. 2B). The pI of recombinant xylanase II determined by
isoelectrofocusing was 7.5 (data not shown), indicating that the enzyme
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was a neutral protein. This pI was different from that of wild type (WT)
(9.0), possibly owing to the fact that recombinant xylanase II was fused with
NusA protein (18–20).

Fig. 1. Comparison of DNA sequence for xylanase II obtained from this study
(top sequence) with that published by Törrönen et al. (18) (bottom sequence).
Two different gene bases were found between these two sequences (shown in
boxes).
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Kinetic Parameters
Apparent KM and Vmax values for recombinant xylanase II were

13.8 mg/mL and 336 µmol/(mg·min), respectively, using birchwood xylan
as the substrate (data not shown). The activation energy of recombinant
xylanase II was 9.0 kcal/mol. The KM value for recombinant xylanase II
using birchwood xylan as the substrate was much higher than that of WT
xylanase II (Table 3), possibly owing to the steric effect of the NusA protein.

pH and Thermal Stability
With respect to pH and temperature, in citric-citrate buffer, recombi-

nant xylanase II showed optimum activity at pH 4.0 and 50°C (Figs. 3A and
4A). The pH stability data showed that recombinant xylanase II remained
at almost constant high activity (remaining more than 90% activity) in a pH
range of 5.0–10.0 (Fig 3B). About 70% of the original activity remained even
after 30 min of incubation at pH 2.0–4.0. The results indicated that recom-
binant xylanase II seemed to be stable at broad pH range.

No significant loss in the activity of recombinant xylanase II was
observed after 30 min of incubation at 30–40°C (Fig. 4B). However, enzyme

Table 2
Purification of Recombinant Xylanase II From Crude Xylanase Preparation

Total Total Specific
activity protein activity Purification Yield

Procedure (U) (mg) (U/mg) (fold) (%)

Crude enzyme 471.8 32.4 14.6 1 100
Ni2+-NTA chromatography 147.4 0.66 225 15.4 31.2

Fig. 2. Polyacrylamide gel electrophoresis of recombinant xylanase II: (A) SDS-
PAGE and Coomassie blue staining; (B) native-PAGE and xylanase activity staining.
Lane M, protein molecular mass markers; lane 1, crude xylanase II; lane 2, Ni2+-NTA
column–purified xylanase II.
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activity decreased sharply and nearly denatured when the temperature
was greater than 50°C. A conflict between the results shown in Fig. 4A and
4B was noted: recombinant xylanase II was very unstable after incubation
for 30 min at 50°C, which was the optimum temperature for the enzyme
toward birchwood xylan. To further clarify this conflict, two additional
experiments were conducted. The first was conducted to determine the
enzyme activity after incubating the enzyme in citric-citrate buffer (pH 4.0)
at various temperatures for different time intervals. The purpose of this
experiment was to evaluate the denaturation rate of recombinant xylanase
II at various temperatures. The second experiment was conducted to deter-
mine the enzyme activity at pH 4.0 and 50°C for different time intervals.
As shown in Fig. 5A, recombinant xylanase II showed no significant dena-
turation at low temperatures (30, 35, and 40°C). However, significant dena-
turation was found at 50°C for time intervals equal or greater than 10 min.
After 20 min or longer of incubation at 50°C, enzyme activity became
extremely low as a result of heat denaturation. Moreover, Fig. 5B shows

Fig. 3. Effect of pH on (A) activity and (B) stability of recombinant xylanase II.
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that recombinant xylanase II could hydrolyze birchwood xylan at a con-
stant rate at 50°C for even 60 min. These results propose that xylan (the
substrate) might enhance the thermal stability of recombinant xylanase II.
Most endo-β-1,4-xylanases produced by filamentous fungi show optimum
reactions at pH 4.0–6.0 and 45–60°C (32). Therefore, recombinant xylanase
II is a somewhat heat-labile protein.

Substrate Specificity

Table 4 shows the substrate specificity of recombinant xylanase II.
The activities of the enzyme toward different xylan substrates followed the
order birchwood xylan > oat spelts xylan > 4-O-methyl-D-glucuro-D-xylan.
Less than 10% of starch could be hydrolyzed by the recombinant xylanase
II, while methyl cellulose was undegradable by the enzyme. Surprisingly,
our data indicated that recombinant xylanase II could hydrolyze 36% of
polyglucuronic acid.

Fig. 4. (A) Effect of temperature on activity of recombinant xylanase II; (B) effect of
temperature on stability of recombinant xylanase II.
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Fig. 5. (A) Thermostability and (B) kinetics of recombinant xylanase II. The plot of
the thermostability is the log of % activity remaining vs incubation tine at various
temperatures for the purified recombinant xylanase II. A0, initial enzyme activity;
At, enzyme activity after preincubating for time t. The plot of kinetics is the sacchari-
fication of birchwood xylan by purified recombinant xylanase II.

Table 4
Substrate Specificity of Recombinant Xylanase II

Relative activity (%)

Substrate Recombinant xylanase II

2.0% Birchwood xylan 100
2.0% Oat spelts xylan 74.3
2.0% Soluble starch 9.16
2.0% Pectin 18
2.0% Polyglucuronic acid 36
0.75% 4-O-Methyl-D-glucuro-D-xylan 57.6
2.0% Methyl cellulose 0.61

13
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Effects of Metal Ions and Chemical Reagents on Enzyme Activity

Metal ions of K+, Na+, Fe3+, Mn2+, Mg2+, and Zn2+ were the activation
agents for recombinant xylanase II, and Ca2+, Fe2+, Cu2+, Hg2+, and Hg2+

showed inhibitory effects on the enzyme (Table 5). The activity of recom-
binant xylanase II was inhibited to a great extent by lysine-modifying
reagent (2,4-dinitro-1-fluorobenzene) and arginine-modifying reagent
(1,2-cyclohexanedione), suggesting that lysine and arginine were impor-
tant to the active site of this enzyme (Table 6). Phenylmethylsulfonyl fluo-
ride had no effect on enzyme activity, indicating that serine was not located
at the active site of recombinant xylanase II. We expected that recombinant
xylanase II would be inhibited by WRK because the catalytic residue of this
enzyme was glutamic acid. Surprisingly, enzyme activity decreased only
20% by WRK, possibly owing to the steric effect of NusA protein.

Table 5
Effects of Various Metal Ions on Activity of Recombinant Xylanase II

Relative activity (%)

Chemical Concentration (mM) Recombinant xylanase II

None 6.6 100
NaCl 6.6 111.9
MgCl2 6.6 113.3
ZnCl2 6.6 121.3
MnSO4 6.6 163.9
CuSO4 6.6 92.1
FeSO4 6.6 73.0
FeCl3 6.6 36.3
CaCl2 6.6 91.0
EDTA·2Na 6.6 103.3
HgCl2 6.6 3.4

Table 6
Effects of Various Chemical Reagents on Activity of Recombinant Xylanase II

Relative activity (%)

Chemicala Concentration (mM) Recombinant xylanase II

None 0.75 100
DNFB 0.75 24.1
WRK 0.75 80.6
EA 0.75 75
PMSF 0.75 101.7
CHD 0.75 27.5
DEPC 0.75 74.9
PHMB 0.75 85.6

aSee Table 1 for definitions of abbreviations.
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Conclusion

Soluble recombinant xylanase II was successfully cloned, over-
expressed in E. coli AD494(DE3), purified with a simple affinity column
chromatography, and characterized. Recombinant xylanase II protein was
found to be a soluble and bioactive form in bacteria. Even the cloned
xylanase II had two gene bases different from those reported by Törrönen
et al. (18), but this did not affect the overexpression of the xylanase II gene
because the two different gene bases did not locate at the gene sequences
for the active site of the enzyme. The genetic recombinant enzyme could be
used for the production of xylooligosaccharides in the future.
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