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Poor thermal stability is the main limiting factor for the industrial application of xylanase. To explore the way to 
improve the thermal stability of xylanase and obtain thermostable xylanase, a mesophilic xylanase gene (xynASP) 
(GenBank accession number: XM_025579666.1) derived from Aspergillus saccharolyticus JOP 1030-1 was mined 
by using the BLAST program and Thermomonospora fusca xylanase gene (TfxA) (GenBank accession number: 
KF927166.1) as the probe. The mined gene without signal peptide was cloned into Escherichia coli BL21 (DE3) cells 
by using the pET-28a expression system. Enzymatic characterization and conformation analysis showed that the 
recombinant XynASP belonged to GH11 family mesophilic xylanase with poor heat resistance, which limits the 
industrial applications of the enzyme at high temperature conditions. To rapidly enhance thermostability, the 
aromatic amino acids tryptophan was introduced at the 41st site of N-terminal of recombinant XynASP to design 
the variant T41W. The results experimentally confirmed that the beneficial variant T41W displayed the optimum 
temperature increased by 10°C comparing to that of the wild type XynASP. The half-life of inactivation of the 
variant T41W increased to 127.7 min at 45°C, which was approximately 6.2-fold longer than that of the wild type 
and exhibited a substantially improved thermostability. In addition, the variant T41W exhibited a high stability 
after incubated with metal ions and different concentrations of various organic solvents (methanol, ethanol, and 
isopropanol), which was similar to that of the wild type XynASP. This study demonstrated that the enzyme could 
be rapidly designed and substantially improved thermostability by site-directed mutagenesis. The resulted variant 
T41W could be a prospective candidate for industrial application. 
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Introduction 
 
Xylan polymerized from xylose and arabinose by 
β-1,4-glycosidic bond is a primary component of 
plant hemicelluloses and one of the most 
abundant biomass energies besides cellulose. 
Because of the complex chemical structure, xylan 
becomes difficult to be applied directly or even 
harmful in many industries [1]. Xylanases (EC 

3.2.1.8) randomly hydrolyze the β-1,4-glycosidic 
bond of xylan to produce reducing xylo-
oligosaccharides with different lengths, which 
are considered to be the key enzyme for the 
degradation of xylan [2]. Xylanases have a wide 
range of sources, and some organisms have been 
reported to produce xylanases such as marine 
algae, bacteria, fungi, yeast, crustaceans, 
terrestrial plants, and invertebrates, etc. [3]. 
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However, xylanases used in biological research 
are mainly derived from microorganisms [4]. 
 
Based on catalytic domain sequence similarity, 
xylanases are classified into glycoside hydrolase 
(GH) families 5, 7, 8, 10, 11, 26, 30, and 43 [5]. In 
recent decades, lots of research had mainly 
focused on only two of the xylanases, GH10 and 
GH11 families, which had exhibited the great 
potential for industrial application. The structure 
of GH10 xylanase is mainly composed of eight 
pairs of (β/α) folded casks, which are complex 
and multi-domain enzymes including cellulose-
binding domain, thermostable domain, catalytic 
domain, and linking sequences. GH11 xylanases 
are composed of two twisted antiparallel β-
sheets and one single α-helix that forms the 
structure resembling the shape of a partially 
closed right hand, which employ the double 
exchange catalytic mechanism using two 
glutamates (Glu) as the catalytic residues [6-8]. 
Because of the simple structure of GH11 
xylanases, excellent substrate specificity, and 
high catalytic activity, GH11 xylanases have 
become crucial industrial enzyme preparations 
and more suited for industrial applications 
including chemical engineering, feed 
manufacture, pulp bleaching, food processing, 
and next generation bio-refinerie [9-11]. 
Meanwhile, improved characteristics of GH11 
family xylanases towards heat resistance, 
catalytic activity, and pH stability had been 
extensively studied [12-14]. Among them, the 
improvement of thermostability for GH11 
xylanases has become a crucial study area owing 
to the heat-resistance requirement in various 
industrial conditions and poor thermal stability of 
natural GH11 xylanases, which also has become 
the bottleneck of their industrial application [15-
16]. Several studies have been carried out to 
enhance the thermostability of xylanases with 
protein engineering, which contained different 
strategies such as directed evolution approaches 
and rational/semi-rational design [10, 17-19]. 
Numerous studies showed that site-directed 
mutagenesis was an available and effective 
design approach of the thermostable variants 
while avoiding laborious high-throughput [20-

23]. A growing number of xylanases have been 
engineered to improve heat resistance via the 
construction of hydrogen bonds, salt bridges, 
hydrophobic and disulfide bonds [9, 24-26]. 
Meanwhile, the interaction of aromatic groups of 
aromatic amino acids at the N-terminal plays an 
important role in maintaining the stability of 
conformation and improving the thermal stability 
of GH11 xylanase that has been confirmed by 
Georis, et al. [27]. 
 
To speed up the industrial application, many 
xylanases’ genes have been isolated from nature 
with traditional biological methods [24]. In the 
post-genome era, the rapid increase of biological 
information has brought unprecedented 
opportunities for the discovery and development 
of biocatalysts. With the development of 
bioinformatics and the rapid accumulation of 
new genomic information, the functional mining 
technology of genetic data has been rapidly 
developed. In recent years, many highly efficient 
enzymes have been mined by using genomic data 
mining technology [28]. This study applied 
genomic data mining technology and gene 
cloning and expression method to explore the 
way to improve the thermal stability of xylanase 
and obtain thermostable xylanase. 
 

 
Materials and methods 

 
The mining and construction of the recombinant 
xylanase 
By using Thermomonospora fusca GH11 family 
xylanase gene TfxA (GenBank accession number: 
KF927166.1) as the probe, the gene xynASP 
(GenBank accession number: XM_025579666.1) 
was analyzed and obtained by sequence 
alignment using the BLAST program (https:// 
blast.ncbi.nlm.nih.gov/Blast.cgi). The signal 
peptide of xynASP was determined and 
eliminated by using SignalP 5.0 server 
(http://www.cbs.dtu.dk/services/SignalP/) and 
DNAMAN program (https://www.lynnon.com/ 
desktop.html). To construct the recombinant 
plasmid pET-28a-xynASP, the whole xynASP gene 
synthesized at Sangon Biotech (Shanghai, China) 

http://www.cbs.dtu.dk/services/SignalP/
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without signal peptide was inserted into multiple 
cloning sites (EcoR I and Hind III) of the pET-28a 
vector (Novagen, Madison, WI, USA), and then, 
was transformed into E. coli BL21 (DE3) 
(Novagen, Madison, WI, USA). 
  
Homology modeling and prediction of 
thermostability 
The amino acid sequence of XynASP without 
signal peptide was submitted to the I-TASSER 
server (https://zhanglab.dcmb.med.umich.edu/ 
I-TASSER/) for homology modeling [31]. The most 
reliable model, basis on the C-score, was selected 
and further optimized and evaluated with 
Discovery Studio 3.0 (https://discover.3ds.com/ 
discovery-studio-visualizer-download). Sequence 
analysis was performed by using the BLAST 
program. XynASP functional sites were predicted 
by using PROSITE (https://prosite.expasy.org/).  
Physiochemical properties of the recombinant 
xylanase were identified by using ProtParam 
(https://web.expasy.org/protparam/). The ther-
mal stability mechanism of the variant toward 
intramolecular interactions was explained by 
using the DynaMut (http://biosig.unimelb.edu. 
au/dynamut/) [32] with the default parameters. 
The structure of xylanases were visualized and 
analyzed with PyMOL (https://pymol.org/2/) and 
Discovery studio 3.0.  
 
Site-directed mutagenesis 
The mutant XynT41W was constructed by 
substituting Thr (T) with Trp (W) at 41st position. 
Using pET-28a-XynASP as the template, the 
mutated plasmid pET-28a-XynT41W was rapidly 
constructed with Quikchange Mutagenesis 
protocol [33]. Briefly, the PCR procedures were 
as follows: 98°C for 3 min followed by 25 cycles 
of 98°C for 30s, 55°C for 45s, 72°C for 2 min; and 
then, 72°C for 10 min. PCR amplification of T41W 
mutation was performed by using forward 
primer T41W-F (5´-TAC TAC TCC TTC TGG TGG 
GAT GGT GCA AGC GGA-3´) and reverse primer 
T41W-R (5´-TCC GCT TGC ACC ATC CCA CCA GAA 
GGA GTA GTA-3´), which were synthesized at 
Sangon Biotech (Shanghai, China). In the forward 
and reverse primers, the underlined sequences 
represent the mutation sites. After digestion with 

Dpn I (New England Biolabs, Beverly, MA, USA) 
for 1 h at 37°C, the PCR products were 
transformed into E. coli DH5α cells (Novagen, 
Madison, WI, USA) by heat-shock transformation 
method, and then, plated to Luria-Bertani (LB) 
(0.5% yeast extract, 1% peptone, and 1% NaCl) 
agar plates supplemented with 50 μg/mL of 
Kanamycin for screening the positive clones. The 
successful introduction of the variant was 
confirmed by sequencing at Sangon Biotech 
(Shanghai, China).   
 
Protein expressions and purification 
pET-28a-XynT41W and pET-28a-XynASP were 
transformed into E. coli BL21 (DE3) for protein 
expression, respectively. A single colony was 
cultivated in 2 mL of LB medium containing 
Kanamycin (50 μg/mL) at 37°C overnight. Then, 
the bacterial suspension (1 mL) was inoculated 
into 100 mL of Terrific Broth (TB) medium (1.2% 
peptone, 2.4% yeast extract, 0.4% glycerin, 17 
mM KH2PO4, and 72 mM K2HPO4) for cultivation 
at 37°C with shaking at 180 rpm. After shaking 
flask culture for 3 h (the concentration of 
recombinant E. coli cells reached OD600 0.5-0.6), 
the expression was induced by the addition of 2 
mM of isopropyl β-D-1-thiogalactopyranoside 
(IPTG) and continuation of incubation at 30°C for 
2 h. Cells were collected by centrifugation at 
6,000 rpm for 10 min at 4°C. The cells were re-
suspended with 10 mL of Na2HPO4-citric acid 
buffer (pH 4.6), and then, treated with ultrasonic 
for cell wall-breaking. To obtain the supernatant 
containing the enzyme, the cell debris was 
removed by centrifugation at 10,000 rpm for 20 
min at 4°C. The enzyme was purified by Ni-NTA 
SefinoseTM Resin Kit (Sangon Biotech, Shanghai, 
China). The purification was carried out following 
manufacturer’s instructions. The homogeneity of 
the purified enzyme was analyzed by sodium 
dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Coomassie brilliant blue (R-
250) methods were used to determine protein 
concentration with bovine serum albumin (BSA) 
as the standard. 
 
Enzyme activity assays 
According  to  the  3,5-dinitrosalicylic  acid  (DNS) 

https://zhanglab.dcmb.med.umich.edu/%20I-TASSER/
https://zhanglab.dcmb.med.umich.edu/%20I-TASSER/
https://discover.3ds.com/%20discovery-studio-visualizer-download
https://discover.3ds.com/%20discovery-studio-visualizer-download
https://prosite.expasy.org/
https://web.expasy.org/protparam/
https://pymol.org/2/
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method, the activity of xylanase was analyzed by 
measuring the release of reducing sugar from 
beechwood xylan. The standard assay for 
xylanase activity was performed at 40°C for 15 
min in Na2HPO4-citric acid buffer (pH 4.6). The 
reaction mixture (2.5 mL) contained 1.5 mL of the 
diluted enzyme solution and 1.0 mL of 0.5% 
beechwood xylan (Sigma Aldrich Chemicals, St. 
Louis, Missouri, USA). The reaction was stopped 
by the addition of 2.5 mL of DNS reagent. The 
product was quantified at OD540 against the 
substrate blank. Under the above conditions, one 
unit (U) was defined as the amount of enzyme 
consumed to produce 1 μmol of reducing sugar 
per minute as the standard. 
 
Measurements of temperature and pH 
characteristics for the recombinant xylanases 
The purified xylanase was subjected to enzymatic 
characterization by using the DNS methods. To 
determine the optimum temperature, the 
purified enzymes were incubated at different 
temperatures of 35°C, 40°C, 45°C, 50°C, 55°C, and 
60°C with 0.5% beechwood xylan in Na2HPO4-
citric acid buffer (pH 4.6). To measure the 
thermostability of the purified xylanase, the 
enzyme without containing substrate were pre-
incubated for 2 h at 45°C and 50°C, respectively. 
Samples were taken to the ice after every 10 min 
and residual activities of samples were 
determined under standard assay conditions. 
The control activity was estimated without pre-
incubation of the enzyme. 
 
The optimal pH of the enzymes was determined 
at the optimal temperature by incubation in 
different pH (3.0 - 8.0) buffers. After optimization 
of the recombinant xylanase assay, the enzyme 
was subjected to a stability test using different 
parameters. All assays in this work were 
performed in triplicate. The pH stability with 
variable pH buffer (4.0, 5.0, and 6.0) was 
determined for the wild type and variant T41W 
by the pre-incubated of the enzyme for 1 h in 200 
mM buffer. Corresponding to different pH, the 
residual activity of the purified xylanase was 
performed with reference to the standard assay 
conditions. The various pH buffers were 

confected as follows: Na2HPO4-citric acid buffer 
(pH 4.0 and 5.0) and Na2HPO4-NaH2PO4 buffer 
(pH 6.0). The control without subjecting to pre-
incubation was placed on ice. All experiments 
were carried out in triplicate. 
 
Effect of metal ions and organic solvents 
The effects of various metal ions (Ca2+, Mg2+, Na+, 
Fe2+, K+, Cu2+, Fe3+, Zn2+, and Mn2+) were analyzed 
by pre-incubating enzymes in 1 mM of metal ion 
solution for 1 h at 25°C. The residual activity was 
analyzed and compared to the control. The 
control was determined in parallel without pre-
incubating metal ions. To demonstrate the 
tolerance of xylanase to organic solvents, enzyme 
was pre-incubated at various concentrations (10 
%-30 %) of different solvents (ethanol, methanol, 
isopropanol), and then, residual activities of all 
the samples were estimated under standard 
assay conditions. All experiments were carried 
out in triplicate. 
 
 

Results and discussion 
 

Gene mining and construction of the 
recombinant XynASP 
The mined xylanase gene (702 bp) derived from 
Aspergillus saccharolyticus JOP 1030-1 and 
encoding 234 amino acids was screened by using 
the gene TfxA [34] as the probe for gene mining. 
In the gene mining of enzymes, amino acid 
sequence similarity between 30% and 70% was 
generally considered to retain some functions 
similar to the probe enzyme while having certain 
specificity. The amino acid sequence of screened 
xylanase was identified with 60.87% similarity to 
the probe TfxA by the BLAST program, which was 
inferred that new specificity of screened xylanase 
could be identified comparing to that of TfxA. The 
signal peptide sequence of screened xylanase 
was predicted to contain 19 amino acid residues 
by signalP 5.0 and was removed by the DNAMAN 
program. The screened xylanase gene without 
signal peptide, named xynASP, consisted of 645 
bp and encoded 215 amino acids, which was used 
to construct the recombinant expression plasmid 
with  pET-28a  vector  by  whole-gene  synthesis. 
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Figure 1. Sequence alignment of XynASP. Amino acids highlighted in light red color represent fully conserved region. Catalytic residue (Glu-Glu) 
was shown in black triangle. 

 
 
Then, pET-28a-XynASP was transformed into E. 
coli BL21 for amplification of recombinant 
strains. 
 
Sequence analysis of the recombinant XynASP  
Sequence and secondary structure alignments of 
XynASP and TfxA (PDB 3ZSE_A) were performed 
by using the ESPript 3.0 (https://espript.ibcp.fr/ 
ESPript/ESPript/index.php) (Figure 1) [35]. 
Although XynASP was different from TfxA in the 
primary sequence, the secondary structure of 
XynASP was quite conservative, containing 
fourteen β-sheets, one α-helix, and conservative 
catalytic residue (Glu-Glu), which belonged to the 
GH11 xylanase. 
 
The composition of amino acids in XynASP and 
TfxA were showed in Table 1. In the amino acid 
sequence of XynASP, there was higher 
abundance of serine (15.9%), glycine (11.7%), 

threonine (10.7%), alanine (9.8%), and tyrosine 
(9.3%). Methionine (0.5%) and histidine (0.9%) 
were the lowest compositions, while there was 
no cysteine residue that prevented the formation 
of disulfide bonds. In addition, the proportion of 
arginine, proline, and Thr/Ser in TfxA was found 
higher than that of XnyASP, which were 1.78, 
1.25, and 2.38-fold to that of XnyASP, 
respectively. The composition and proportion of 
arginine, proline, and Thr/Ser in thermostable 
xylanases are significantly higher than that of 
mesophilic xylanases, acting as the beneficial 
amino acid residues for the stability of protein 
structure, and playing a crucial role in heat 
resistance. Arginine can form the hydration layer 
by dipole-charge interaction with medium water, 
then increasing the stability of protein, which has 
been confirmed by Sriprang, et al. [36]. The 
interaction of the pyrrole ring of proline with the 
former residues can enhance the rigidity and 

https://espript.ibcp.fr/%20ESPript/ESPript/index.php
https://espript.ibcp.fr/%20ESPript/ESPript/index.php
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hydrophobicity of protein, resulting in the lower 
conformation entropy of proline than other 
amino acids, while the β-sheets linked by proline 
are more stable [37]. In addition, a higher 
proportion of Thr/Ser in thermostable xylanases 
has been reported by Hakulinen, et al. [38]. These 
studies provide a strategy that increases the 
content of beneficial amino acid residues may 
improve the heat resistance of XynASP. 
 
 
Table 1.  Composition of amino acid sequences. 
 

Amino acids 
Compassion (%) 

XynASP TfxA 

Ala (A)   9.8   5.5 
Arg (R)   2.8   5.0 
Asn (N)   6.5   5.5 
Asp (D)   3.7   4.0 
Cys (C)   0.0   0.0 
Gln (Q)   1.4   3.5 
Glu (E)   4.7   2.5 
Gly (G) 11.7 13.9 
His (H)   0.9   4.5 
Ile (I)   3.3   2.5 
Leu (L)   3.3   3.0 
Lys (K)   1.4   1.5 
Met (M)   0.5   2.5 
Phe (F)   2.3   3.0 
Pro (P)   2.8   3.5 
Ser (S) 15.9   9.0 
Thr (T) 10.7 14.4 
Trp (W)   3.7   3.5 
Tyr (Y)   9.3   8.5 
Val (V)   5.1   4.5 

 
 
Homology modeling for XynASP and the design 
of variant T41W 
The initial structure of XynASP was successfully 
constructed by the I-TASSER web server. To 
remove redundant conformations and 
supplement non-complete amino acid residues, 
the initial model was optimized by the Discovery 
Studio 3.0. Catalytic domain of XynASP resembles 
a typical β-jelly-roll fold structure, and the 
catalytic residues E110 and E201 are located at 
the side of the catalytic active pocket cleft (Figure 
2). As assessed by Ramachandran Plot [22], 95% 
of the dihedral angles of amino acid residues in 

the model are located at the optimal 
conformation, and 90% of the residues are inside 
the allowed region of the plot (Figure 3a). Profile-
3D evaluation exhibited that the amino acid 
compatibility score (verify score) in the model 
was all above the "0 line", which indicated that 
the model had a high matching degree with its 
amino acid sequence (Figure 3b). Based on the 
above analysis, the optimized model is credible, 
and the conformation of amino acids are 
reasonable, which could be used as the ideal 
structure of XynASP for the design of 
thermostability.  
 
Based on the sequence analysis of the 
recombinant XynASP, β2-sheet at the N-terminal 
was composed of seven amino acid residues 
(35YYYSFWT41) including 5 aromatic amino acids 
residues (Figure 1). The high content of aromatic 
amino acids was beneficial to improve the 
stability of the protein [28]. To further improve 
the stability of β2-sheet of XynASP, the threonine 
(T) at the position of 41 was randomly 
substituted by tryptophan (W) to construct the 
potential beneficial variant T41W. 
 
Expression and purification of the wild type 
XynASP and variant T41W 
The wild type XynASP and variant T41W were 
successfully expressed by using IPTG as an 
inducer in E. coli BL21 cells. The recombinant 
xylanases were analyzed by sodium dodecyl 
sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) after protein purification (Figure 4). 
Only one band of approximately 27 kD was 
shown for the purified wild type XynASP and 
variant T41W on SDS-PAGE, which was slightly 
higher than the theoretically predicted value of 
23 kDa, and the 36 extra amino acids at the N-
terminal fusion peptide (His-Tag) could 
presumably contribute to the increasing 
molecular weight. 
 
Temperature characteristics of the recombinant 
xylanases 
To evaluate the optimum temperature, the 
activity of purified wild type and variant T41W 
was measured at  temperatures  ranging  from 35 
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Figure 2. Three-dimensional structure of the wide type XynASP. Yellow sticks represent the catalytic residues E110-E201. 

 
 

 
 
Figure 3. Model evaluation of the wide type XynASP. (a) The results of the Ramanchandran Plot evaluation. (b) The Profile-3D evaluation. 

 
 
to 60°C. The optimum temperature of wild type 
was 45°C, belonging to mesophilic xylanase. 
However, the optimum temperature of variant 
T41W was 55°C, which was 10°C higher than that 
of the wild type. Furthermore, T41W exhibited 
over 75% relative activity, which was higher than 
the relative activity (20%) of the wild type at 60°C 
(Figure 5a). It indicated that the variant T41W 
acquired a thermophilic property after an extra 
tryptophan was introduced at 41st position. The 

wild type and variant T41W were measured for 
residual activity after incubation in the absence 
of substrate at 45 and 50°C for 2 h, to identify the 
thermal stability of the wild type and variant 
T41W. As shown in Figure 5b, the variant T41W 
retained 74% of the residual activity after 
incubation at 45°C for 20 min, whereas the wild 
type was inactivated rapidly and retained 40% of 
the original activity with the above incubation 
conditions.  The  half-life  of  thermal  inactivation 
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Figure 4. SDS-PAGE analysis of the purified xylanases. Lane M: the molecular weight marker. Lane 1: the purified XynASP. Lane2: the purified T41W. 

 
 

 
 
Figure 5. The optimum temperature (a) and thermal stability of the wide type XynASP and variant T41W (b). Optimal pH (c) and pH stability of the 
recombinant xylanases (d). The mean values of triplicates and the standard deviation (SD) are shown. 
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was calculated from a linear regression by 
plotting the natural logarithms of residual activity 
values versus incubation time. The measured 
half-life of thermal inactivation of wild type and 
variant T41W at 45°C (t1/2) was 20.7 min and 
127.7 min, respectively. This result showed that 
the half-life of T41W at 45°C was approximately 
6.2-fold higher than that of the wild type. After 
heating treatment at 50°C for 20 min, the 
residual activity of variant T41W was rapidly lost, 
with 42% of the residual activities remaining. 
Subsequently, the residual activity of variant 
T41W gradually stabilized, and still retained 40% 
of the activity after heating treatment 2 h. 
However, the residual activity of wild type 
decreased rapidly, retaining only 4% of the 
activity after heating treatment at 50°C for 2 h. 
Comparing to the wild type, the thermal 
inactivation pattern of variant T41W 
demonstrated substantially increased thermal 
tolerance. These results highlight that the 
substitution of threonine for tryptophan at 41st 
position was advantageous for improving the 
thermal stability of XynASP. 
 
Effect of pH for the recombinant xylanases 
The optimal pH of the purified xylanases was 
investigated with respective optimum 
temperature at a pH range of 3.0-8.0. The 
optimal pH of the variant T41W was 6.0, which 
was similar to that of the wild type (Figure 5c). As 
shown in Figure 5d, the purified xylanases were 
incubated between pH 4.0 and 6.0 in the absence 
of substrate at 40°C for 1 h to determine the pH 
stability. Comparing to the initial activities, the 
wild type at pH 4.0-6.0 still had more than 60% 
residual activity while the pH stability of T41W 
showed slightly lower than that of the wild type. 
At pH 4.0, T41W only maintained residual 
activities of 45.9% while it showed 55.7% and 
56.0% at pH 5.0 and 6.0, respectively. In brief, the 
mutation of threonine to tryptophan at 41st 
position of the wild type showed similar optimal 
pH with slightly lower pH stability. 
 
Effect of metal ions and organic solvents for the 
recombinant xylanases 

The effects of metal ions on the activities of the 
wild type and T41W were significantly different 
at the same concentration. As shown in Figure 6a, 
the results illustrated that the activity of the wild 
type was slightly enhanced after being treated 
with Mg2+, Na+, and K+ at 25°C for 1 h, while Ca2+, 
Fe2+, Cu2+, and Zn2+ were no significant effect on 
activity of the wild type. The negative effects 
were found when the addition of Fe3+ and Mn2+ 
at 1 mM concentration, which only maintained 
residual activities of 65.0% and 65.9%, 
respectively. Fe3+ and Mn2+ were strongly 
inhibitor for the wild type, which was inferred 
that the decline on the activity was due to 
enzyme precipitation. As known to all, they also 
could decline the activity of other xylanases [3, 
39-40]. The variant T41W altered the effect of 
certain metal ions on enzymatic activity. When 
treated with metal ions at the same condition, 
the variant T41W for Fe3+ and Mn2+ still 
maintained residual activities of 99.9% and 
71.1%, respectively, which indicated that the 
tolerance of T41W for Fe3+ and Mn2+ was 
significantly higher than that of wild type. 
However, comparing to the wild type, Mg2+ and 
Na+ caused slight decrease in the residual activity 
of T41W. 
 
Previously, some researchers have reported that 
xylanases were stable in the presence of organic 
solvent [41-42]. To analyze the organic solvents 
tolerance of the variant T41W, the recombinant 
xylanases were treated with methanol, ethanol, 
and isopropanol for 1 h at 10%, 20%, and 30% 
(v/v), respectively. The wild type and variant 
T41W both still had more than 80% residual 
activity (Figure 6c and 6d). The data showed that 
the wild type and variant T41W still retained high 
residual activities and endured high tolerance for 
organic solvent. Significantly, the variant T41W 
retained 95.0% of the residual activity after 
treated with 30% isopropanol, which was slightly 
enhanced comparing to that of the wild type 
(88.6%). For 30% ethanol, the residual activity of 
wild type was no significant change, while the 
residual activity of the variant T41W was 
significantly lower (77.5%) than that of the wild 
type.   These   results   clarified   that   substituting 
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Figure 6. Effect of metal ions and organic solvents on the activity of xylanases. Effects of 1 mM metal ions on the activity of the wide type (a) and 
the variant T41W (b); effects of organic solvents on the activity of the wide type (c) and the variant T41W (d) at different concentration. The mean 
values of triplicates and the standard deviation (SD) are shown. 

 
 

 
 

Figure 7. Intramolecular interactions of 41st residue in wild type (a) and variant T41W (b) analyzed by Discovery Studio 3.0. The residues were 
shown in the stick model. Hydrogen bonds were indicated as red stippled lines, and hydrophobic contacts were shown as purple stippled lines. 

 
 
threonine (T) at the 41st position with tryptophan 
(W) on XynASP changed the tolerance to metal 
ions and organic solvents. 

Analysis of possible stabilization mechanisms  
Based on the simulated structure of XynASP, 
Thr41 was located in the flexible loop of the N- 
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Figure 8. Intramolecular interactions of mutated residue in wild type (a) and variant T41W (b) analyzed by DynaMut. (Notes: cyan stick: the 41st 
residues; red stippled lines: hydrogen bonds; bule stippled lines: halogen bonds; green stippled lines: hydrophobic contacts.) 

 
 

 
 

Figure 9. Structure alignment of the wild type and variant T41W. 

 
 
terminal region (Figure 7a). The structure of 
T41W was constructed by using XynASP as the 
template (Figure 7b). Further analysis was 
focused on the dominant structural factors 
responsible for protein thermostability such as 
hydrogen bonds and hydrophobic interactions. 
The interactions of amino acid residues were 
predicted by the Discovery Studio 3.0. Hydrogen 
bonds for the wild type were formed between 
Trp41 and Ala44, Asn67 (Figure 7a), while the 
formed hydrogen bonds were broken due to the 
T41W substitution for the variant T41W (Figure 
7b). However, no interaction was found between 

the 41st amino acid and the surrounding aromatic 
amino acid residues. Significantly, the T41W 
substitution formed more hydrophobic 
interactions with Ala26, Ala44, Ala48, and Ala65 
(Figure 7a and 7b), respectively. 
 
The DynaMut server, which can be used to 
analyze and predict protein stability changes 
upon the variant, also revealed that the T41W 
substitution could form more interaction bonds 
such as halogen bonds and hydrophobic 
interactions (Figure 8a and 8b) despite the 
reduction of hydrogen bonds. The added 
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interaction bonds for T41W could form a more 
stable and compact N-terminal region. 
Hydrophobic interactions and hydrogen bonds 
were predicted by the DynaMut, which were 
consistent with the results predicted by the 
Discovery Studio 3.0. The three-dimensional 
structures of wild type and variant T41W aligned 
and analyzed by PyMOL clarified that the T41W 
substitution could cause the Cα of 41st to be 
shifted 0.8 Å comparing to the wild type (Figure 
9). It was inferred that this may be an important 
factor for the change of interaction bonds. In 
addition, the vibrational entropy energy (∆∆SVib 
ENCoM: -1.020 kcal/mol.K) and folding free 
energy (∆∆GWT-MT: 0.743 kcal/mol) of variant 
T41W were predicted by the DynaMut server, 
indicating the decrease of molecule flexibility and 
the enhancement of protein stability for the 
variant T41W. 
 
 

Conclusions 
 
In current work, the mined xylanase gene xynASP 
was expressed in E. coli BL21 (DE3) cells by using 
pET-28a expression system. For the thermal 
stability design of the XynASP, the high-quality 
model of enzyme was obtained by the I-TASSER 
web server. Facilitated by site-directed 
mutagenesis, the beneficial variant T41W was 
successfully constructed, which led to a 
substantially enhanced half-life of thermal 
inactivation. Heat-resistance mechanisms were 
explored by computer-aided software and the 
T41W substitution analysis revealed that W41 
gave rise to this enhanced thermal stability. 
Through the analysis of the intermolecular force 
of variant T41W, it was found that T41W 
substitution formed more hydrophobic 
interactions with the surrounding amino acid 
residues, which might be the key factor to 
improve the thermal stability of variant T41W. 
Meanwhile, similar to the wild type XynASP, the 
variant T41W still remained the high stability in 
the presence of organic solvents. The stability of 
T41W in heat-resistance, metal ions, and organic 
solvents suggested that the variant T41W may be 
an attractive candidate in industrial applications. 
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