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Abstract The extreme process condition of high tem-
perature and high alkali limits the applications of most
of natural xylanases in pulp and paper industry. Recently,
various methods of protein engineering have been used to
improve the thermal and alkalic tolerance of xylanases. In
this work, directed evolution and site-directed mutagen-
esis were performed to obtain a mutant xylanase improved
both on alkali stability and thermostability from the native
Paenibacillus campinasensis Family-11 xylanase (XynG1-
1). Mutant XynG1-1B43 (V90R/P172H) with two units
increased in the optimum pH (pH 7.0-pH 9.0) and sig-
nificant improvement on alkali stability was selected
from the second round of epPCR library. And the further
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thermoduric mutant XynGl1-1B43ccl6 (VI0R/P172H/
T84C-T182C/D16Y) with 10 °C increased in the optimum
temperature (60-70 °C) was then obtained by introducing
a disulfide bridge (T84C-T182C) and a single amino acid
substitution (D16Y) to XynG1-1B43 using site-directed
mutagenesis. XynG1-1B43ccl16 also showed higher ther-
mostability and catalytic efficiency (k,,/K,,) than that of
wild-type (XynGl-1) and XynGI1-1B43. The attractive
improved properties make XynG1-1B43cc16 more suitable
for bioleaching of cotton stalk pulp under the extreme pro-
cess condition of high temperature (70 °C) and high alkali
(pH 9.0).

Keywords Xylanase - Alkali stability - Thermostability -
Directed evolution - Site-directed mutagenesis

Introduction

Xylanases (endo-1, 4-B-p-xylanohydrolase; E.C. 3.2.1.8)
are important enzymes for the degradation of the major
hemicellulosic polysaccharide of hardwood, since they
hydrolyze xylopyranosyl linkages of p-1, 4-xylan [6]. As
the key xylan-degrading enzymes, xylanases have attracted
considerable attention because of their application potential
in various industrial processes, especially in paper indus-
try such as bio-pulping and bio-bleaching [4, 5]. The prob-
lem faced by the xylanases using in pulp and paper indus-
try, however, is retaining active under high temperature
and high alkali conditions. Since the availability of natu-
ral xylanases is limited, improvements in the thermal and
alkali tolerance of xylanases have been attempted by muta-
tional methods using rational approaches based on three-
dimensional structures or non-rational approaches based on
directed screening [22, 26].
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According to the similarity of amino acid sequences of
their catalytic domain, xylanases have been grouped com-
monly into glycoside hydrolase (GH) families 10 and 11 [3].
Among the highly conserved amino acids in the family 11
xylanases, there are two conserved glutamic acids (Glu93
and Glul82 in a Bacillus pumilus xylanase) located on either
side of the cleft [9]. These catalytic residues participate
together in the retention of anomeric configuration of the
glycosidic oxygen involving a double displacement catalytic
mechanism [6]. Besides, a mass of protein engineering work
had been devoted to improving the stability of xylanases
such as the thermostability and operative pH range. Despite
increasing knowledge of microbial xylanolytic systems rec-
ognized through previous research, further studies are still
required to achieve better understanding of the thermoduric
mechanism and pH-tolerant mechanism of xylanases.

Recently, P. campinasensis G1-1 (CGMCC NO.5,023)
was newly isolated from a Chinese paper mill that exhibits
a strong capacity to degrade xylan and produces a family
11 xylanase (XynG1-1) with the optimal activity at 60 °C
and pH 7.0 [28]. Then the recombinant xylanase (XynG1-
1R) expressed in Bacillus megaterium MS941 was purified
and used for biobleaching of cotton stalk pulp and sacchari-
fication of recycled paper sludge. The results indicated that
XynG1-1R can reduce chlorine consumption by 50 % in
biobleaching of cotton stalk pulp and increase saccharifi-
cation efficiency of recycled paper sludge by 10 % at its
optimum condition [27]. However, due to the high tempera-
ture and high alkali process condition of paper industry, the
xylanase used in this process need to be more thermostable
and alkali-stable. Therefore, in this study, directed evolu-
tion in combination with site-directed mutagenesis were
employed to enhance the alkali and thermal tolerance of the
wild-type xylanase from P. campinasensis G1-1. A series
of mutants with the improvements on alkali tolerance or
thermal tolerance or both were compared based on their
characterizations and kinetics. Furthermore, the effect of
bio-bleaching of cotton stalk pulp using the mutant xyla-
nase under the high-temperature and high-alkali-process
condition was evaluated.

Materials and methods
Gene, vector, strains, and chemicals

The wild-type xylanase gene was amplified from Paeniba-
cillus campinasensis G1-1 (CGMCC NO.5,023) isolated by
our laboratory [28]. pET-XynGI-1 was constructed by insert-
ing the wild-type gene (1,017 bp) to the expression vector
pET22b(+) [28]. E. coli DH5a (preserved in our labora-
tory) and E. coli BL21 (DE3) (preserved in our laboratory)
were used for gene cloning, sequencing, and expression,
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respectively. The recombinant E. coli BL21 harboring pET-
XynG1-1 was regarded as the wild-type strain. Birchwood
xylan was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Pyrobest polymerase, Tag polymerase, dATP,
dGTP, dTTP, and dCTP were purchased from Fermentas
China Co. Ltd. All other chemicals were of analytical rea-
gent-grade purity and obtained from commercial sources.

Construction of error-prone PCR libraries

To generate a library of XynG1-1 variants, mutations were
introduced using two-round error-prone PCR (epPCR). For
the first round of epPCR, plasmid pET-XynGI-I encoding
wild-type XynG1-1 was used as the template. For the sec-
ond round of epPCR, plasmids harboring all the beneficial
mutations from the first round screening were pooled and
used as templates. The detailed gene operation was per-
formed as reported in [28].

Screening for alkali-stable variants

Because the recombinant xylanase expressed in E. coli
BL21 (DE3) was mostly secreted outside the cell [28], the
mutant recombinant xylanases could be screened on the
plates via hydrolysis zone and be determined extracellular
enzyme activity straightly. All the positive mutants were
detected by their ability to produce a hydrolysis zone on
xylan plates (LB-Agar plate added 1 % xylan, 100 pwg/ml
ampicillin, and 1 mM IPTG, pH 7.0). Then the positive
mutants were transferred to alkali xylan plates (pH 10.0 for
the mutants of the first ground epPCR and pH 11.0 for the
mutants of the second ground epPCR) for further screen-
ing. The recombinant E. coli BL21 (pET-XynG1-1) was as
a control. Single colonies from the mutant library of the
second round epPCR were picked with sterile toothpicks
and cultured in 200 w1 of LB medium containing ampicillin
(100 pg/ml) and 1 mM IPTG in sterile 96-well microplates
and incubated overnight at 37 °C with shaking at 180 rpm
for 24 h. For keeping strains, half of the content of each
well was transferred into a fresh microplate adding sterile
glycerin at a final concentration of 15 %. The rest of plates
were subjected to centrifugation at 4,000 rpm for 20 min.
Enzymatic assay was then carried out at 60 °C for 10 min
after the addition of 5 pl of supernatants and 5 pl of 1 %
(w/v) of xylan prepared in 20 mM Tris—HCI buffer (pH 9.0)
in a fresh microplate. The reactions were quenched by the
addition of 30 .l of DNS reagent [2] and heated at 105 °C
for 10 min to determine the amount of reducing sugar. After
heating, 210 w1 of deionized water was added into the reac-
tions and absorbance was measured at 540 nm. The clones
revealing higher xylanase activity than that of E. coli BL21
(pET-XynG1-1) were collected for further enzymatic prop-
erties studying and gene sequencing.



J Ind Microbiol Biotechnol (2014) 41:153-162

155

XynG1-1B43

gb | ARB95327 .1
gb |ARC46361 .1
gi|11513709
gi| 206900912

XynG1-1B43

ATTITSNEIGTHDGYDVEFWKDSGGSGSMTLNSGGTFSAQWSNINNILFRKGKKFNETQT
AMTFTSNATGTYDGYYYELWKDTGNT-TMTUDTGGRFSCQWSNINNALFRTGKKFSTA--
SITLTSNASGTFDGYYYELWKDTGNT-THMTUYTQGRFSCQWSNINNALFRTGKKYNQN--
-—ALTSNASGTFDGYYYELWKDTGNT-THTUYTQGRFSCQWSNINNALFRTGKKYNQN--
SITLTSNASGTFDGYYYELWKDSGNT-THMTUYTQGRFSCQWSNINNALFRTGKKYNQN--

L2 2 3 % %% 16 % #x%_ L2 MM MMM WM MMM

HQQIGNMSITYGANFQPNGNAY YGWTRDPLUEFYIUDSUWGTYRPTG-THKGTINUDG

gb|AAB95327 .1 WNQLGTUKITYSATYNPNGNSY
gb|AACH6361 .1 WQSLGTIRITYSATYNPNGNSY
gi|11513709 WQSLGTIRITYSATYNPNGNSY

IYGWSRNPLUEFYIVESWGSWRPPGATSLGTUTIDG
IYGWSTNPLUEFYIVESWGNWRPPGATSLGQUTIDG
IYGWSTNPLUEFYIVESWGNWRPPGATSLGQUTIDG

gi| 206908912

XynG1-1B43
gb | AABY5327 .1
gb |AAC46361 .1
gi|11513709

gi| 206908912

WQSLGTIRITYSATYNPNGNSYLCIYGWSTHPLUEFYIVESWGNWRPPGATSLGQUTIDG

LM WM W MWW B4 MWN_  MWEMMNENN_ MHN N X ¥ _ _ _¥N
GTYDIYETTRUNQPSIKGTATFKQYWSURTSKRTSGTISUSEHFRAWESRGHHHMGKMYEU
ATYDIYKTTRUNQPSIEGTRTFDQYWSURTSKRTSGTUTUTDHFKAWARKGLNLGTIDQI
GTYDIYRTTRUNQPSIVGTATFDQYWSURTSKRTSGTUTUTDHFRAWANRGLNLGTIDQI
GTYDIYRTTRUNQPSIVGTATFDQYWSURTSKRTSGTUTUTDHFRAWANRGLNLGTIDQI
GTYDIYRTTRUNQPSIVGTATFDQYWSURTSKRTSGTUTUTDHFRAWANRGLNLGTIDQI

RN HHRERRMENI I I HNMHIMNIMNINNIE 6 M 2% %, _® _
XynG1-1B43 AMTVEGYQSSGSANUYSNTLTI
gb|AAB95327 .1 TLCVEGYQSSGSANITQNTFTI
gb|AACH6361 .1 TLCVEGYQSSGSANITQNTFSQ
gi|11513709 TLCVEGYQSSGSANITQNTFSQ
gi|206900912 TLCVEGYQSSGSANITQNTFSQ

L1B2 EHEMRRWNNN, X

Fig.1 Amino acid sequence alignment of XynG1-1B43 and four
thermophile xylanases obtained from GenBank. The numbers
on the left are the GenBank accession numbers of the sequences.
gblAAB95327.11 is xylanase from Caldicellulosiruptor sp. Rt69B.1;
eblAAC46361.11 is xylanase 229B from Dictyoglomus thermophilum;
gil11,513,7091 is xylanase XynB from Dictyoglomus thermophilum

Design and construction of site-directed mutants

To further improve thermostability of the alkali-stable
mutant (XynG1-1B43) of XynGl-1, similarity analysis
using the protein sequence of XynGl-1B43 (GenBank:
AGGS82433.1) was performed online with the NCBI
BLAST software (http://blast.ncbi.nlm.nih.gov). Four
homologous sequences of family-11 xylanases with the
optimum temperature more than 70 °C from thermophilic
bacteria were selected. The xylanase sequences shared
62-79 % sequence similarities with XynG1-1B43 (Fig. 1).
Mutant site D16Y and a disulfide bridge (C84-C182)
were proposed based on the comparison of the XynGl-
1B43 sequence with the consensus sequence (Fig. 1).
Site-directed mutagenesis was performed using an overlap-
ping PCR technique [17]. The sequences of oligonucleo-
tides containing the appropriate base changes are listed in
Table 1. All mutants with single substitutions were con-
structed with plasmid pET-XynGI-1B43 as the template.
The amplified fragments were digested with HindIIl and
Xhol and ligated into the pET-22b(+) vector previously
digested with the same enzymes, and then the recombinant
plasmids were transformed into E. coli BL21. The success-
ful introductions of the desired mutations were confirmed
by sequencing at Beijing Genomic Institute. The forma-
tions of disulfide bridges in proteins were demonstrated as

Rt46b.1; gil206,900,912 is xylanase A from Dictyoglomus thermo-
philum H-6-12 [14, 15]. The marks under the sequences are as fol-
lows: the asterisk indicates positions that have fully conserved resi-
dues; the dor indicates conservation within the same type of amino
acids. The mutation sites are highlighted in the boxes

Table 1 Oligonucleotide primers used in the overlap extension PCR

Target sites  Oligonucleotide sequences®

Dl16Y 5'-CCCAAGCTTGCAACCACGATCACTTCTAACGA
GATT-3’

5'-ACTTCTAACGAGATTGGGACGCATGACGGTTA
TTATTA-3'

5'-CCGCTCGAGTCACCGGATCTCCAAATAGTCAA
TG-3'
T84C 5’-CCAGCCGTATACGCACAAGTACGCATT-3
5’-AATGCGTACTTGTGCGTATACGGCTGG-3'
T182C 5’-ATAGCCCTCTACGCACATGGCAACTTC-3'
5'-GAAGTTGCCATGTGCGTAGAGGGCTAT-3'

* The nucleotide changes are underlined

previously described by treating with 1-5 mM dithiothrei-
tol (DTT) prior to SDS-PAGE [23, 24].

Expression and purification of wild-type and mutant
enzymes

Each colony of E. coli BL21 (harboring encoding gene of
wild-type and mutant xylanases) was inoculated into 5 ml
of LB medium (100 pg/ml Amp) and was cultured over-
night at 37 °C in a rotary shaker. The purification of the
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extracellular xylanases of wild type and mutants were per-
formed as reported in [27].

Analysis of the enzyme activity

Xylanase activity was measured by determining the amount
of reducing sugars (xylose) liberated from birchwood xylan
(Sigma) using 3,5-dinitrosalicylic acid under the optimum
condition of each enzyme [13]. The method was described
previously by Zheng et al. [27]. One unit of xylanase activ-
ity was defined as amount enzyme that liberated 1 pmol of
reducing sugars per minute.

Properties of wild-type and mutant enzymes

The optimum temperature and pH of the purified recom-
binant xylanases were determined as reported in [27] with
modifications. The temperature range was 40-90 °C and
the pH range was 4.0-11.0.

Under the condition of pH 11.0, the alkali stability was
determined by incubating purified enzymes in a water bath
at 60 °C for 30, 60, 90, 120, 150, and 180 min, respectively,
and then the residual enzyme activity was shown to ana-
lyze the alkali stability. Thermostability of XynG1-1 and
mutant xylanases were performed by maintaining the puri-
fied enzyme solution in a water bath at 90 °C for 20, 40, 60,
80, 100, and 120 min, respectively, and then running the
activity assay.

Kinetic properties of wild-type and mutant enzymes

The kinetic parameters (K, V,,,. and k_,,) of wild-type and
mutant xylanases were estimated as reported in [28].

Biobleaching of cotton stalk pulp with wild-type XynG1-1
and mutant XynG1-1B43cc

The optimum dosage of xylanase was 15 IU/g dry pulp
determined in the previous experiment [27]. The process of
pulp bleaching and determination of paper parameters were
consistent with the previous experiment [27], except that
the enzymatic bleaching was performed at 70 °C and pH
9.0 for 3 h and then the chemical bleaching (D, ED,) with
2.5 % of chlorine dioxide in D.

Computer modeling methods

To obtain the theoretical structure of mutant and native
xylanases, models were built on a public website, Swiss-
Model [1, 7, 18], using the coordinates of xylanase J from
Bacillus sp. strain 41 M-1 (2dcjB pdb entry) as a template,
which was received from the Protein Databank [25]. The
three-dimensional structure of wild-type XynGl-1 and
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mutants were viewed and analyzed by the Swiss PDB
Viewer and PyMOL molecular graphics system.

Nucleotide sequence accession numbers

The nucleotide sequences of mutant xylanase genes,
XynG1-1B43 and XynGI-1B43ccil6, have been submitted
in GenBank with the accession numbers as JX908142.1
and JX908143.1, respectively.

Results and discussion

Screening mutants with enhanced alkali tolerance
from epPCR library

Randomly picked clones from the first-round epPCR
library showed 2.66 base substitutions/kb and 2,850 colo-
nies displayed xylanase activity on xylan plates (pH 10.0).
The xylanase activities of 86 clones produced larger zones
of hydrolysis than XynGl-1 from E. coli BL21 (pET-
XynG1-1) were assayed for xylanase activity at pH 9.0. Six
clones showing higher xylanase activity than XynG1-1 at
pH 9.0 and 60 °C were subjected to the second round of
mutagenesis (data not shown).

For the second round of mutagenesis, 950 clones dis-
played hydrolysis zones on the xylan plates (pH 11.0) were
evaluated for enzyme activity and alkali stability. Five of
the most alkali-stable mutants (XynG1-1B05, XynGl-
1B22, XynGl1-1B43, XynGl-1B56, and XynGl-1B72)
were selected for further evaluation (Table 2). A total of
three amino acid substitutions from the mutants, VOOR,
P172H, and 1124T, were found to be possibly beneficial for
the enhanced alkali tolerance of XynG1-1 (Table 2).

Characterization of wild-type XynG1-1 and mutants
from epPCR library

Further enzymatic characterizations were performed for
purified XynG1-1 and purified mutants. The assays for
xylanase activity were performed at various pHs (pH

Table 2 Activity of mutants from the second round of epPCR library
at pH 9.0, 60 °C

Mutants Amino acid changes Activity (IU/ml) Fold
XynG1-1 (WT)  None 4.86 1
XynG1-1B05 VI0R 8.75 1.8
XynG1-1B72 P172H 6.80 14
XynG1-1B22 VIO0R/1124T 8.26 1.7
XynG1-1B43 VI90R/P172H 12.15 2.5
XynG1-1B56 VI0R/P172H/1124T 11.66 24
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Fig. 2 The optimum pH (a) and alkali stability (b) of wild-type
XynG1-1 and epPCR mutants. a The activities were assayed under
various pH levels (pH 4.0-11.0) and 60 °C. b The residual activities
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of the enzymes were determined after incubating at 60 °C and pH
11.0 for different interval times. The initial activity of each enzyme
was defined as 100 %. Data are presented as mean & SD (n = 3)

Fig. 3 Three-dimensional structures of wild-type XynGl-1 (a)
and mutant B43cc16 (b). The models were obtained from a public
Web site, Swiss-Model (http://www.expasy.ch/swissmod/SWISS-
MODEL.htmL) [1, 7, 18], using the coordinate of 2dcj.pdb entry as
template [25], and analysis by PyMOL molecular graphics system.
It was shown that XynGl1-1 consisted of two domains: a family 11
catalytic domain (green) and a non-catalytic xylan-binding domain

4.0-11.0). The results revealed marked changes of the
optimum pH due to amino acid substitutions (Fig. 2a).
XynGl-1 revealed the maximum activity at pH 7.0.
XynG1-1B05 and XynG1-1B22 had the maximum activi-
ties at pH 8.0, XynG1-1B43 and XynG1-1B56 showed
the maximum activities at pH 9.0. However, XynG1-1B72
showed the same optimum pH compared with XynGI-1
(Fig. 2a). The alkali stability of wild-type XynGl-1 and
the mutants were determined by measuring their residual
activities after incubating the purified enzymes for 180 min

(blue). According to the retaining catalytic mechanism of family 11
xylanases, Glu95 and Glul84 (highlighted in red) located on either
side of the cleft were supposed to be nucleophile and proton donor
in the catalytic reaction, respectively. The amino acid residues of
mutant sites are highlighted in yellow. There was no extensive confor-
mational change of mutant XynG1-1B43cc16 structure by the amino
acid replacements compared with XynG1-1

at pH 11.0. Compared with XynG1-1, all of the mutants
exhibited increased alkali stability at pH 11.0 (Fig. 2b).
XynG1-1B43 retained the highest residual activity (42 %),
which was 1.5 times higher than that of XynGl-1 after
incubation at pH 11.0 for 180 min (Fig. 2b). According to
the results described above, the amino acid substitutions
of VOOR and P172H showed an obvious effect on enhanc-
ing the alkali stability of XynG1-1. However, in order to
determine the effect of the amino acid substitution of
1124T, site-directed mutagenesis for [124T was performed.
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The mutant (I124T) showed no significant improvement
on the properties of XynG1-1 (data not shown). Besides,
the influence of temperature on XynG1-1 and the mutants
were studied in order to determine the thermostability of
the enzymes. Wild-type XynG1-1 and the mutants showed
similar properties and tendency of thermal inactivation at
high temperature, indicating that there was no change in
the thermostable property after mutation (data not shown).
Val90 with high hydrophobic nature is the last residue of
B-sheet seven on the outside of the catalytic cleft domain,
and its hydrophobic side chain pointed towards the solvent
(Fig. 3). It is generally assumed that in proteins hydropho-
bic residues are not favorable at solvent-exposed sites for
protein stability [10]. So Arg with a hydrophilic side chain
was found to stabilize the protein in replacement of Val90.
The hydrophilic nature of the surface was increased when
compared with Val90. Meanwhile, Arg90 at this position
was involved in hydrogen bonding with Asp91, which
would further enhance the stability of the region accord-
ing to the theoretical structure (Fig. 4b). Many previous
reports also confirmed that the increase in the number of
arginine on the protein surface could enhance the alkali
adaptation of enzymes. Shirai et al. [20], via analyzing the
relationship of structure and function of M-protease, sug-
gested that high-alkali adaptation would be accompanied
by an increase in arginine and neutral hydrophilic amino
acids (histidine, asparagine, and glutamine) residues and a
decrease in the number of negatively charged amino acids
(aspartic acid and glutamic acid) and lysine residues. Some
mutant enzymes shifted the activity profile to the alkalic
region by 0.5-1.0 pH units were prepared from Tricho-
derma reesei xylanase Il by inducing excess Arg residues

Fig. 4 Stereo views of the
amino acid residues and their
surroundings at the mutant sites
before (a, ¢) and after (b, d)
epPCR mutation. The residues
at the mutant sites are shown

in yellow and the surrounding
residues are shown in red. The
green dashed lines indicate
hydrogen bondings

c

Gly170

S

Py

i K
'

Pro172 J-
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Tyr144

on its protein surface [21]. The optimum pH of xylanase
J from Bacillus sp. 41 M-1 was increased from 8.5 to 9.5
by introducing excess Arg residues on the protein surface
and reinforcing the characteristic salt bridge in the catalytic
cleft. In this study, the coincident conclusion was obtained
that the optimum pH of XynGl1-1 was increased from 7.0
to 8.0 by the amino acid substitution of VOOR (Fig. 2a).
Moreover, Prol72 as a circular amino acid residue was
very close to the alpha-helix on the protein surface (Fig. 3).
However, proline in the structure of protein is generally to
form cis peptide bonds that go against the alpha helix for-
mation [12]. So the His-to-Pro substitution was supposed
to be beneficial for stability of the alpha-helix of XynGI-
1, then reinforcing the capacity of resistance at extreme
environment. In addition, His172 as a polar residue is
involved in a hydrogen bonding network: His172<Gly170
and His172<Tyrl44 according to the theoretical struc-
ture (Fig. 4d). However, Prol172 only provides a hydrogen
bond to Tyr144. As suggested by Shirai et al. [20], neutral
hydrophilic amino acid (histidine, asparagine, and glu-
tamine) residues on the protein surface were beneficial for
high-alkali adaptation—the same conclusion was obtained
in this study with the results that the mutant XynG1-1B72
(P172H) showed higher residual activity than that of
XynGl-1 after incubation at pH 11.0 for 180 min (Fig. 2b).

The combination of the two substitutions of VOOR and
P172H resulted in a cumulative effect observed in the
double-mutated XynG1-1B43 (VO90R/P172H) showing the
highest activity of the mutants at pH 9.0 with 2.5 times
higher than that of XynG1-1. The cumulative effect of mul-
tiple-positions mutant was usually observed in mutant xyla-
nases using directed evolution or site-directed mutagenesis

Argo0

Lys175

Gly170

/ Tyr144
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Fig. 5 The optimum temperature (a) and thermostability (b) of wild-
type XynG1-1, mutant XynG1-1B43 and site-directed mutants. a The
activities were assayed under various temperatures (40-90 °C) and
pH 9.0. b The residual activities of the enzymes were determined

[11, 16, 22]. On the basis of study on the XynG1-1 mutants,
it was concluded that Arg residues and His residues on the

protein surface were beneficial for alkali adaptation of
XynGl-1.

Characterization of wild-type XynG1-1, epPCR mutants,
and site-directed mutants

XynG1-1B43 with the maximum enhancement of alkali
stability of XynG1-1 was selected as a template for further
improving thermostability by site-directed mutagenesis. A
disulfide bridge mutant XynG1-1B43cc (C84-C182) and a
single-mutant XynG1-1B4316 (D16Y) as well as the corre-
sponding double-mutant XynG1-1B43ccl16 (T84C-T182C/
D16Y) with excellent thermostability were purified from
the recombinant E. coli BL21, and their properties were
compared with those of XynGl-1 and XynG1-1B43 pro-
duced and analyzed under the same conditions (Fig. 5). The
results showed that the optimum temperature of XynGl-
1B43cc and XynG1-1B43ccl6 were 70 °C compared to
60 °C of XynG1-1 and XynG1-1B43 (Fig. 5a). Meanwhile,
the thermostability of the three site-directed mutants dra-
matically increased after incubation at 90 °C (Fig. 5a). The
site-directed mutants retained at least 24.5 % of its activity
after incubation at 90 °C for 120 min, while XynG1-1 and
XynG1-1B43 were completely inactivated (Fig. 5b). The
double site-directed mutant XynGl-1B43ccl6 revealed
the most remarkable improvement in both the optimum
temperature and thermostability (Fig. 5), and no change in
the temperature properties (data not shown) compared with
that of XynG1-1B43.

XynG1-1B43cc and XynGl-1B43ccl6 with various
concentration of DTT treatment (1-5 mM) resulted in more
migratory bands than that of XynG1-1B43 in SDS-PAGE,
which indicates the presence of disulfide bridges in XynG1-
1B43cc and XynG1-1B43ccl6 (data not shown). The new

b 12

9

=1

5 1008

=

=

8 =

L)

&

E 60

x

= ——XynG1-1(WT)

- — ynG1A1B43(V90RJP1?2H£H!

D —a— XynG1-1B43cc(V 90RIP172HITB4CT182C)

w20 —u—an1-134316§|V9tRIP1?2I-HD1E‘rlc

b _._f'ync1-1343cc 6(VI0R/P 172HT84C-T182C/D16Y)
0
0 20 40 60 80 100 120

Tme (min)

after incubating at 90 °C and pH 9.0 for different interval times. The
initial activity of each enzyme was defined as 100 %. Data are pre-
sented as mean &+ SD (n = 3)

disulfide bridge between p-sheet 7 and B-sheet 13 inside the
catalytic cleft of the mutant XynG1-1B43 was constructed
by the substitutions of both Thr84Cys and Thr182Cys
(Fig. 3). The new disulfide bridge was designed to stabi-
lize the relative position of the two catalytic sites (E95 and
E184) for improvement of temperature resistance accord-
ing to the corresponding disulfide bridge existing in nature
of a family 11 xylanase (GenBank: gblAAB95327.11) with
the optimal temperature of 75 °C from the extreme ther-
mophile Caldicellulosiruptor strain Rt69B.1 [15] and a
xylanase XynB (GenBank: gill11,513,7091) with the opti-
mal temperature of 85 °C from Dictyoglomus thermo-
philum Rt46B.1 [14] (Fig. 1). The wild-type xylanase
XynG1-1 and alkali mutant XynG1-1B43 have a hydro-
gen bonding network: Thr84<«>Val85, Thr8«11e98, and
Thr182<>Alal80 according to the theoretical structure
(Fig. 6a). However, a covalent disulfide bond is more sta-
ble than hydrogen bonds, which is more readily disrupted
by heating up compared with disulfide bonds [19]. A new
hydrogen bond that formed between C84 and Met181 was
further consolidating the structure around the disulfide
bond according to the theoretical structure (Fig. 6b). There-
fore, the mutant XynG1-1B43cc showed more thermosta-
bility than XynG1-1 and XynG1-1B43 (Fig. 5). In addi-
tion, the new disulfide bridge inside the catalytic cleft of
the xylanase was supposed to dramatically influence the
properties of the catalytic sites (E95 and E184) resulting in
the optimum temperature of mutant XynG1-1B43 increas-
ing from 60 to 70 °C. Moreover, the substitution of Asp
to Tyr at position 16 of the N-terminal of XynG1-1B43cc
was designed to further improve its thermostability based
on the formation of the hydrophobic domain (Y15-Y17),
which was conserved in thermophilic xylanases such as
xylanase XynB (GenBank: gill11,513,7091) from Dictyoglo-
mus thermophilum Rt46B.1 [14] and a family 11 xylanase
(GenBank: gblAAB95327.11) from Caldicellulosiruptor
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Fig. 6 Stereo views of the a
amino acid residues and their
surroundings at the mutant

sites before (a, ¢) and after (b,
d) site-directed mutation. The
residues at the mutant sites were
shown in yellow; the residues
forming hydrogen bonds with
the residues at the mutant sites
were shown in red and the
residues have hydrophobic
interaction with the residues at
the mutant sites were shown in
blue; The green dashed lines
indicated hydrogen bondings
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Table 3 Kinetic parameters of wild-type XynG1-1 and mutants at pH 9.0 and 70 °C
Mutants Birchwood xylan Oat spelt xylan
ko (57 K, (mg/ml) k../K,, (ml/mg s) ko (57 K,, (mg/ml) k../K,, (ml/mg s)

XynG1-1 (WT) 1,196.45 £ 2.34 7.06 £ 0.23 169.47 + 24.7 643.12 £ 1.09 9.37+0.34 68.64 = 15.9
XynG1-1B43 1,158.71 £ 1.98 5.55 +£0.34 208.78 +24.4 641.70 £ 1.11 8.89 £0.12 71.18 £ 14.3
XynG1-1B43ccl6 1,823.77 £ 2.09 5.55£0.11 328.61 £21.2 798.13 £ 1.23 8.84 £0.17 90.28 £+ 14.4

strain [15] (Fig. 1). The substitution of Asp to Tyr resulted
in breakages of two hydrogen bonds of Aspl6 < Thrll
and Aspl6 < Lys54 according to the theoretical structure
(Fig. 6 c, d), which indicated that the hydrophobic interac-
tions among the three tyrosines are more significant for the
thermostability of XynG1-1 than hydrogen bonds. Besides,
clusters or “sticky patches” formed by aromatic residues
on the surface of the enzyme are responsible for the ten-
dency of the protein to aggregate at high concentrations in
the absence of reagents and their hydrophobic contacts may
also contribute to the thermostability of the enzyme [8].
However, the combination of aromatic residues on the pro-
tein surface could not influence the optimum temperature
of XynG1-1.

The synergism of the formation of aromatic residues
cluster and introduction of a disulfide bridge was respon-
sible for increasing the thermostability of XynG1-1B43.
The final mutant XynG1-1B43ccl6 possessed the opti-
mum temperature of 70 °C, which was 10 °C higher
than that of XynGl-land XynG1-1B43 and showed the

@ Springer

highest thermostability among all the mutants and wild-
type XynG1-1.

Kinetic parameters of wild-type XynG1-1, mutant
XynG1-1B43, and XynG1-1B43ccl6

A comparison of the kinetic parameters of mutant XynG1-
1B43 and XynG1-1B43ccl16 with XynGl1-1 at a condition
of pH 9.0 and 70 °C was carried out using birchwood xylan
and oat spelt xylan as substrates. As shown in Table 3, both
mutants XynG1-1B43 and XynG1-1B43ccl6 had greater
affinity for birchwood xylan than oat spelt xylan, which
was consistent with XynG1-1. At the condition of pH 9.0
and 70 °C, XynG1-1B43cc16 showed a significant decrease
in K,, and increase in k_,, which resulted in catalytic effi-
ciency (k. /K,,) increasing compared with XynG1-1. The
k../K,, of XynG1-1B43ccl6 were about two times higher
than that of XynGIl-1 at pH 9.0 and 70 °C using birch-
wood xylan as a substrate (Table 3). However, XynGl-
1B43ccl16 and XynG1-1B43 showed equivalent values of
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Table 4 Paper parameters after two-step bleaching?

Enzymes Brightness (% ISO)  Pulp kappa number ~ Breaking length (km)  Tear index (mN.m?g~!)  Burst index (kPa.m?g™!)
Control® 69.66 +2.12 4.63 £0.12 5.68 £0.10 6.92 +0.23 3.93+0.18
XynG1-1 7339+ 241 421 £0.22 5.36 £0.32 6.61 +0.33 372 +0.11
XynG1-1B43ccl6  78.95 +2.03 23+0.12 534+0.14 6.60 + 0.21 3.71 £ 0.09

Data are presented as mean + SD (n = 3)

# The first step was enzymic pretreatment at xylanase dosage of 15 IU/g dry pulp. The second step was chemical bleaching (D,ED,) with 2.5 %

of chlorine dioxide in D,

® D, chlorine dioxide: 2.5 % active chlorine on pulps (w/w), no xylanase pretreatment

K,, (5.55 mg/ml), which were lower than that (7.06 mg/ml)
of XynG1-1.

Biobleaching of cotton stalk pulp with wild-type XynG1-1
and mutant XynG1-1B43cc

Fifteen IU/g dry pulp of XynGIl-1 and XynG1-1B43cc
were used to pretreat the cotton stalk pulp at the con-
dition of 70 °C and pH 9.0, and followed by chemical
bleaching (D,ED,) with 2.5 % of chlorine dioxide in
D,. The results in Table 4 show that both XynG1-1 and
XynG1-1B43cc pretreatment indicated positive effects in
the bleaching of cotton stalk pulp. XynG1-1 and XynG1-
1B43cc pretreatment gained brightness levels of 73.39
and 78.95 %, however, the brightness of the control with
no xylanase pretreatment was 69.66 % (Table 4). XynG1-
1B43cc pretreatment resulted in a lower kappa number
of 2.3 compared with that (4.21) of XynGl1-1 pretreat-
ment (Table 4). The paper strength parameters were
similar after pretreating by the two xylanases (Table 4).
Besides, XynG1-1B43cc pretreatment at 70 °C and pH
9.0 resulted in similar brightness, kappa number, and
paper strength parameters to those of pulps pretreated by
XynG1-1R at 60 °C and pH 8.0 [27]. However, the wild-
type XynG1-1 pretreatment resulted in lower brightness
and higher kappa number at 70 °C and pH 9.0 com-
pared with those of pulps pretreated by XynG1-1B43cc
(Table 4). All of the results indicated that the mutant
xylanase XynG1-1B43cc is appropriate for biobleaching
in the paper industry.

Conclusion

Protein engineering of xylanase XynGl-1 from P. campi-
nasensis G1-1 using directed evolution in combination with
site-directed mutagenesis revealed a series of mutants with
enhanced alkali or thermal tolerance. The mutant XynG1-
1B43cc16 with the optimum pH at 9.0 and the optimum
temperature at 70 °C is potentially useful for the paper
industry. Moreover, the mutants generated in this study

will be instrumental for further research on the relationship
between the structure and function of xylanases.
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