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Abstract

Background: Xylanases have been successfully used in food, paper, and pulp industries and are considered to be a
key player in the biodegradation of xylan to valuable end products. However, most of the natural xylanases present
poor activity in high-temperature and high-alkali environment. Therefore, it is necessary to modify the enzymes to

meet the increasing demands of industries.

improved properties.

trial application.

Results: Directed evolution was used to improve the specific activity and pH stability of the xylanase (XynH-
BN188A) that originated from Bacillus pumilus HBP8. The xylanase XynHBN188A was mutated by error-prone PCR.
The mutant, XynHBN188A217, was screened from the mutant library by functional screening. The specific activity of
XynHBN188A217 was 3986.7 U/mg, which was 2.8-fold higher than that of wild type. The optimum temperature of
XynHBN188A and XynHBN188A217 was 50 °C and 55 °C, respectively. The optimum pH of XynHBN188A and Xyn-
HBN188A217 was pH 8.0 and pH 7.5, respectively. The half-life at 60 °C of XynHBN188A217 was 20 min. Moreover,
the pH stability of XynHBN188A217 was significantly better than that of XynHBN188A. Finally, homology models
and molecular docking were used to identify the location of mutation sites and to explore the mechanism of the

Conclusion: The xylanase XynHBN188A has been improved in the specific activity and pH stability by directed evolu-
tion. Also, the enlarged catalytic channel of mutant is beneficial for the substrates access and products release. It may
contribute to the improved activity. The mutant XynHBN188A217 will be a potential candidate to be used for indus-
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Background

Xylanases catalyze the hydrolysis of xylan, which is the
second most abundant polysaccharide after cellulose
in nature. Xylanases are the key enzymes of the micro-
bial hemicellulolytic system, can randomly cleave the
[B-1,4-backbone of xylan. Based on amino acid sequence
homologies and hydrophobic cluster analysis, most xyla-
nases are classified into glycoside hydrolase families (GH)
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and indicate if changes were made.

10 and 11, and other minorities belong to GH families 5,
7, 8, 16, 26, 43, 52 and 62 (Collins et al. 2005; Motta et al.
2013). In recent years, xylanases have been successfully
used for animal food manufacturing and pulp bleaching
and are considered to be a key player in the biodegrada-
tion of renewable resources to useful end products (Jut-
uru and Wu 2014; Walia et al. 2017).

However, most of the natural enzymes showed poor
activity in high-temperature and high-alkali environ-
ment which was required in some industrial processes
(Beg et al. 2001; Berrin et al. 2007). In order to meet the
increasing demands of industries, many efforts have been
made to improve the properties of xylanases (Wijma
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et al. 2013; Zhang et al. 2010). Directed evolution is a
technique that can overcome the limitations of natural
enzymes. Compared with rational design methods, the
significant advantage of directed evolution is that detailed
understanding of the relationship between enzyme struc-
ture and function are not required to guide the evolution
of enzymes (Sen et al. 2007). The error-prone PCR based
on the inaccurate amplification of genes is frequently
used due to its high efficiency and simplicity (Acevedo
et al. 2017; Stephens et al. 2009).

In our previous work, a xylanase gene (xynHB) from
Bacillus pumilus HBP8 was cloned and expressed in
Pichia pastoris (Zhang et al. 2006). And the mutant
XynHBN188A with the increased thermostability was
obtained (Lu et al. 2016). The recombinant XynH-
BN188A from P. pastoris can remain stable at 60 °C for
30 min and present over 50% relative activity from 40 to
60 °C and pH 6-9, respectively, which is suitable for the
paper industry (Zhang et al. 2010). However, no further
study was made to enhance its activity. In this study,
the gene xynHBNI188A, encoding the XynHBN188A,
was cloned and expressed in E. coli for use as a plat-
form for random mutants. Error-prone PCR was used
to introduce random mutagenesis to xynHBNI188A
gene. And the mutant with the improved specific activ-
ity was screened using the functional screening. The
mutant was subjected to biochemical characteriza-
tion in detail. And two crucial amino acid sites, which
affect the enzyme activity, were found by sequencing.
Furthermore, homology modeling and molecular dock-
ing were performed to explore the mechanism of the
improved properties.

Materials and methods

Materials

Primers were purchased from GenScript Co. Ltd (Nan-
jing, China) in PAGE-purified grade. Beechwood xylan
was purchased from Sigma-Aldrich (St. Louis, USA).
Restriction enzymes, rTag DNA polymerase, Ex Taq
DNA polymerase, LA DNA polymerase, PrimeSTAR
Max DNA polymerase and T, DNA ligase were pur-
chased from TakaRa (Dalian, China). All chemicals
were of analytical grade and obtained from commercial
suppliers.

Construction of error-prone PCR libraries and screening

of mutant

The recombinant plasmid pET28a-xynHBNI188A was
constructed by using the primers HB1 and HB2 in
Table 1. Then, the xylanase gene xynHBNI88A was
amplified using error-prone PCR varying the concentra-
tion of ANTPs, Mg?" and Mn?", from the recombinant
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Table 1 Sequence of primers
Primer Sequence (5/-3’)
HB1 GTCAGCGGAAACGATTTATGATAATAGAATAGG
HB2 GGCCTTATCGAATCATCAGCTGATTCGTCAT
18N 188AF CGCGGATCCGCGGAAACG
18N188AR ACGCGTCGACCTTTTATC

Table 2 Error-prone PCR system

Component Reaction system Reaction system
ONE () TWO (ul)
template plasmid pET28a-xynH- 2.00 2.00
BN188A (50 ng/ul)
18N188AF (20 uM) 250 2.50
T8N188AR (20 pM) 250 2.20
dATP (10 mM) 2.00 2.00
dCTP (10 mM) 2.00 2.00
dGTP (10 mM) 1.80 340
dTTP (10 mM) 1.26 236
MgCl, (50 mM) 4.08 6.64
BSA (0.1 pg/ul) 5.00 5.00
NiTag DNA Polymerase 1.00 1.00
MnCl, (5 mM) 10.00 10.00
10 x PCR Buffer (without Mg**t) 10.00 10.00
ddH,0 55.86 5040

plasmid pET28a-xynHBN188A. The two PCR systems
with different mutation rates were designed (Yi et al.
2013) (Table 2). The PCR was performed under the
following conditions: initial denaturation at 94 °C for
5 min, followed by 25 consecutive cycles of denatura-
tion at 91 °C for 1 min, anneal at 55 °C for 1 min, exten-
sion at 72 °C for 45 s, and a final extension at 72 °C for
10 min. The primers 18N188AF and18N188AR were
used for error-prone PCR (Table 1), which contain
BamHI and Sall restriction sites, respectively. The PCR
products were purified using a gel extraction kit. After
digestion with BamHI and Sall, the purified products
were ligated with pET28a vector digested with same
enzymes. The ligation products were then transformed
into E. coli BL21 (DE3) using Electroporator (Bio-Rad).
The positive clones were firstly screened on Luria—Ber-
tani (LB) agar plates containing 50 pg/ml kanamycin,
0.5% RBB-xylan, and 0.5 mM IPTG through observ-
ing the hydrolysis circle. Then, the 96-well cell culture
plates were used for further screening by determining
the enzyme activity in the cell lysis. Finally, the positive
clones were rescreened by shaking flask culture.



Xiang et al. Bioresour. Bioprocess. (2019) 6:25

Expression and purification of wild-type and mutant
enzymes

Single colonies were grown in LB medium containing
50 pg/ml kanamycin at 37 °C and induced by adding
0.5 mM IPTG when the ODg, reached 0.6-0.8, and the
culture was incubated at 18 °C for 16 h. Cells were har-
vested by centrifugation and disrupted by sonication, and
the supernatant was purified by Ni*"-NTA resin affinity
chromatography. Purified XynHBN188A and variants
were analyzed by SDS-PAGE and used for enzymatic
assay. The concentration of protein was determined with
BCA Protein Assay Kit.

Xylanases activity assays

Enzymatic activity was assayed by measuring the reduc-
ing sugar released from beechwood xylan by dinitrosali-
cylic acid method (Miller 1959). Xylanase activity was
assayed by incubating 1 ml enzyme solution with appro-
priate dilution and 1 ml 1% beechwood xylan solution.
The mixture was incubated at the certain temperature
for 10 min, followed by boiling for 5 min immediately.
One unit of enzyme activity was defined as the amount of
enzyme capable of releasing 1 umol reducing sugar from
xylan per minute under the assay conditions. The opti-
mal temperatures for enzymatic activity were performed
in 50 mM Tris—HCl buffer pH 7.5, over the temperature
range from 30 to 70 °C. The thermostability was assessed
by pre-incubation of the enzyme at 60 °C for 30 min.
Residual xylanase activity was determined at regular
time intervals of 5 min in optimal temperatures of XynH-
BN188A and XynHBN188A217, respectively.

The optimal pH and pH stability of enzymes were
determined by assays in a wide pH range, using 50 mM of
four different buffers (HAc-NaAc pH 4.0-6.2, phosphate
buffer pH 5.8-8.0, Tris—HCl 7.5-9.0, and Gly-NaOH pH
8.6-9.8). The optimal pH was determined at 50 °C. The
pH stability was tested by diluting the purified enzyme
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with the different pH and incubating at 4 °C for 12 h in
order to avoid the effect of temperature on enzyme. The
xylanase activity under optimal conditions was taken
as 100% in pH stability assays. The residual activity was
measured as described above. All measurements were
performed in triplicate.

Homology modeling and substrate docking

To obtain the theoretical structure of native and mutant
xylanases, the 3D structure models of XynHBN188A
and XynHBNI188A217 were generated by I-TASSER
online Server (Yang et al. 2015; Zhang 2008) (https://
zhanglab.ccmb.med.umich.edu/I-TASSER/). 'The 3D
structural comparison between XynHBN188A and Xyn-
HBN188A217 was revealed using PyMOL 2.2 (https://
pymol.org/2/). The co-crystallized ligand (XS2) from
1XNK (Janis et al. 2005) was docked into the pocket of
xylanase using YASARA program to get the complex
structure. The docked conformations were selected
manually.

Results and discussion

Construction and evaluation of error-prone PCR libraries
In this study, directed evolution was employed in an
attempt to enhance the specific activity of the xylanase
XynHBN188A. Random mutations were introduced into
the gene by error-prone PCR. More than 20,000 transfor-
mants were obtained. In each library, 15 clones were ran-
domly picked and sequenced (Additional file 1: Figure S1)
to evaluate the quality of the library. And the mutation
rates of the two libraries were 2.05% and 3%, respectively.

Screening of xylanase mutant libraries

The transformants in the library were spread on the
RBB-xylan substrate plates with IPTG induction for pre-
liminary functional screening (Fig. 1), then by 96-well
cell culture plate. By several rounds of screening, 46
transformants were isolated. Then, the 46 mutants were

b

type were rescreened on the RBB-xylan substrate plate (c)

Fig. 1 The RBB-xylan substrate plate to screening the mutant library. The mutants in the library were spread on the RBB-xylan substrate plate
method with IPTG induction for preliminary functional screening (a, b). The mutants with obvious bigger hydrolysis circle compared with the wide
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rescreened through shaking flask to expand culture. The
purified enzymes were obtained to quantify the enzyme
activity. Finally, the mutant with the highest activity was
obtained and named as XynHBN188A217. Sequencing
analysis revealed that four bases were mutated in XynH-
BN188A217, 105th adenosine (A) was mutated to gua-
nine (G), 124th adenosine (A) was mutated to guanine
(G), 153rd adenosine (A) was mutated to guanine (G),
and 445th adenosine (A) was mutated to thymine (T),
which led to two amino acid mutations (N42D, T149S)
within the open-reading frame.

Optimum temperature and thermostability

of XynHBN188A217

The optimum activity of XynHBN188A217 occurred at
55 °C, which was 5 °C higher than the wild-type XynH-
BN188A (Fig. 2a). In addition, XynHBN188A217 showed
above 60% activity from 30 to 60 °C. The activity of Xyn-
HBN188A217 retained over 50% at 60 °C pre-incubation
for 20 min, which was 33% lower than that of XynH-
BN188A (Fig. 2b).

Optimum pH and pH stability of XynHBN188A217

The optimal pH of XynHBN188A217 was pH 7.5,
whereas that of wild-type XynHBN188A was pH 8.0
(Fig. 2c). Both XynHBN188A217 and XynHBN188A
exhibited higher activity in both acidic and alkaline con-
ditionss, and it retained over 50% activity from pH 5.5
to 9.0. In addition, the pH stability of XynHBN188A217
was significantly better than that of wild-type XynH-
BN188A (Fig. 2d). More than 60% residual activity of
XynHBN188A217 was retained from pH 5.0 to 8.5, show-
ing good resistance to acid and alkali conditions. How-
ever, XynHBN188A only retained over 40% activity in the
narrow pH range, from pH 7.5 to 8.5, showing poor pH
stability.

Several previous studies have shown that the substi-
tution of amino acids on the surface of the protein had
different effects on its activity depending on the envi-
ronment of the mutation sites (Bhardwaj et al. 2010; Perl
et al. 2000; Wang et al. 2013). Since asparagine was a
neutral amino acid and aspartic acid was an acidic amino
acid, the substitution of aspartic acid for asparagine
might contribute to the variation in the content of the
acidic amino acid on the surface of the protein. There-
fore, N42D is likely to help the protein to maintain its
activity at acidic pH. This could lead to the optimal pH
of XynHBN188A217 decreased by 0.5 compared to that
of XynHBN188A. However, few cases have been reported
to improve the pH stability of xylanases. In 2008, the
mutant enzyme 3S1xB6 with increased stability at pH 9.0
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Fig. 2 Effects of temperature and pH on activity (a, ¢) and stability (b,
d) of XynHBN188A217. Beechwood xylan (1%) was used as substrate
for xylanases activity assay. The highest activity was taken as 100% in
assay of optimum temperature and pH. The xylanase activity under
optimal conditions was taken as 100% in thermostability and pH
stability assays. The thermostability was tested by pre-incubation the
enzyme at 60 °C. The pH stability was tested by diluting the purified
enzyme with the different pH buffer and incubating at 4 °C for 12 h.
Then the residual activity was measured at the optimal condition
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was obtained by directed evolution (Xia and Wang 2008).
In 2008, Qin Wang et al. screened a mutant 2TfxA98
with pH stability significantly increased in the alkaline
pH by directed evolution (Wang and Xia 2008). In this
study, the pH stability of XynHBN188A217 was obviously
enhanced from pH 5.0 to 8.5. This is the first report that
the pH stability of xylanase was obviously enhanced in
both acid and alkali conditions by directed evolution.

Specific activity of XynHBN188A217

The enzyme activity of the purified XynHBN188A217
was 3986.7 U/mg in 55 °C, pH 7.5 against beechwood
xylan, whereas that of XynHBN188A was 1423.8 U/
mg in 50 °C, pH 8.0 against beechwood xylan. The spe-
cific activity of XynHBN188A217 was 2.8-fold higher
than that of the wild type. Directed evolution in vitro is
a highly effective strategy in protein engineering which
provides the possibility to improve the specific activity
without knowing the structure—function relationships
of the proteins (Stephens et al. 2007; Zheng et al. 2014).
Many cases have been reported that the properties of
xylanases were improved by directed evolution. In 2016,
Xin Xu et al. obtained the xylanase reBaxA50 by error-
prone PCR, and the specific activity of reBaxA50 was
3.5 times higher than of its parent (Xu et al. 2016). The
mutant Xyl* with enhanced thermostability was obtained
by directed evolution. The wild-type enzyme was inacti-
vated within 5 min, while Xyl* retained full activity for
2 h (Miyazaki et al. 2006).

Although the specific activity of XynHBN188A217
was increased, the thermostability of XynHBN188A217
was slightly decreased. While it might be that with the
increased activity, the structure of the protein became
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more flexible, which led to decreased thermostability (Yu
and Huang 2014). Similar results were observed in sev-
eral studies. Compared to the wild-type GKL, the dou-
ble mutant E101 N/R230I had an increase in catalytic
efficiency, while its thermostability was decreased (Chow
et al. 2010). The activity of the laccase a-PM1 P393H
mutation was improved to 3000 U/L, but the thermosta-
bility was significantly decreased (Mate et al. 2010).

3D structure models of XynHBN188A and XynHBN188A217
The 3D structures of XynHBN188A and XynH-
BN188A217 were simulated based on 10 proteins struc-
ture templates through Web site I-TASSER Suite. The
highest homology template (xylanase XynllX, PDB:
1IGO_A) showed 84% amino acid identity to XynH-
BN188A. The structures of XynHBN188A and XynH-
BN188A217 were mainly composed of one a-helix and
several B-strands, which curves around to create a large
cleft where the catalytic pair E94 and E183 were located.
Compared with that of XynHBN188A, the structure of
XynHBN188A217 remained almost unchanged. How-
ever, the distances between the catalytic pair E94 and
E183 in XynHBN188A217 became larger. It was 9.0 A,
while 7.7 A in XynHBN188A (Fig. 3).

Through homology modeling analysis, the two mutant
sites, N42D and T149S, were located on the surface of
XynHBN188A217. Each hydrogen bond was observed
between N42 with N41 and S187 in XynHBN188A,
respectively (Fig. 4a). While, in XynHBN188A217, D42
formed a hydrogen bond with N25, a new hydrogen bond,
which was absent in XynHBN188A, was formed between
S$149 and K150 (Fig. 4b). In XynHBN188A, the catalytic
site E94 formed the hydrogen bonds network with Y85,

Fig. 3 Homology modeling and structure comparison between XynHBN188A (yellow) and XynHBN188A217 (blue)
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Fig. 4 Interactions of the catalytic residues (E94 and E183,

marked in red) and the mutated amino acids (marked in blue)

with their surroundings (marked in gray) of XynHBN188A (a) and
XynHBN188A217 (b). The green dashed lines indicate hydrogen
bonds, the yellow dashed lines indicate electrostatic interactions, and
the purple dashed lines indicate salt bridges

K141, Q142, and Y143, and E183 formed the hydrogen
bonds network with S80, Y81, and Y96 (Fig. 4a). Com-
parably, in XynHBN188A217, besides forming hydrogen
bonds with Y85, K141, Q142, and Y143, E94 also formed
a hydrogen bond with Y96 that could form a hydrogen
bond with E183 in XynHBN188A. Moreover, in addition
to forming hydrogen bonds except with S80 and Y81,
E183 also form an additional hydrogen bond with N45 in
XynHBN188A217 (Fig. 4b). It was noticed that two new
hydrogen bonds were formed between E183 and N45, as
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well as E94 and Y96, which possibly drove away the cata-
lytic pair E94 from E183 (Fig. 4b). Furthermore, electro-
static interactions were also identified between E94 and
R128, E183 and R128, respectively, in XynHBN188A, thus
further dragging close the catalytic E94 and E183 resi-
dues. Comparably, no electrostatic interactions were iden-
tified among E94, R128, and E183 in XynHBN188A217.
Instead, a Pi-charge interaction between E183 and Y81 in
XynHBN188A217 would further push away the catalytic
E94 and E183 residues (Fig. 4b). As a result, the catalytic
residues could more easily approach the substrate.

Furthermore, the catalytic channel in XynH-
BN188A217 became larger compared to that in XynH-
BN188A, which would be beneficial for the substrates
access and metabolites release (Fig. 5). These factors
may contribute to the increase in the specific activity of
XynHBN188A217. In some degree, modified the cata-
lytic pocket could improve the specific activity. In 2011,
Liang et al. screened a mutation of Cel5A, the mutant
I321V could result in the formation of a larger active
pocket and displayed an increased specific activity (Liang
et al. 2011). And in 2014, Chen et al. got the mutant ep-1
with enlarged the binding pocket, and the specific activ-
ity was improved 1.89-fold compared to the wild type
(Chen et al. 2014). Although the two mutation sites in the
XynHBN188A217 had no direct relationships with the
catalytic region, the mutations still somehow changed the
structure of the catalytic region.

The molecular docking of XynHBN188A

and XynHBN188A217

Also the substrate docking results indicated that
the substrate was inserted deeper into the catalytic
pocket of XynHBN188A217 compared to that in Xyn-
HBN188A (Fig. 6). In XynHBN188A, it was specu-
lated that the side chains of R128 and Q131 swinging
toward the catalytic channel, thus impeding the entry
of substrate into the catalytic channel. In contrast, the
substrate was closer to the catalytic residues in Xyn-
HBN188A217, suggesting that the substrate could be
hydrolyzed more easily. However, the mechanism that
how these mutation residues affect the enzymatic
activity remain unclear and further studies should be
performed to clarify it.

Conclusions

In summary, the XynHBN188A originated from B. pumi-
lus HBP8 has been improved in the specific activity and
pH stability by directed evolution. A mutant xylanase,
XynHBN188A217, was obtained from an error-prone
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red and the catalytic channel is shown in magenta

Fig. 5 Surface presentations of the 3D structure of XynHBN188A (a, b) and XynHBN188A217 (¢, d). The mutated amino acid residues are shown in

PCR mutants library using the functional screening.
The specific activity of XynHBN188A217 was 2.8-fold
higher than that of XynHBN188A. The pH stability of
XynHBN188A217 was significantly better than that of
wild-type XynHBN188A. But, the thermostability of

XynHBN188A217 was slightly lower than that of Xyn-
HBN188A. The enlarged catalytic channel of XynH-
BN188A to be beneficial for the substrates access and
products release may contribute to the improved activity
by homology modeling and structure analysis.
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Fig. 6 Docking analysis of XynHBN188A (a) and XynHBN188A217 (b).
The ligand was shown in purple, the two active site residues (E94 and
E183) were drawn in red, R128 and Q131 were shown in green

Additional file

Additional file 1: Figure S1. DNA sequence alignment and base muta-
tion frequency detection of xylanase mutant library.
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