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Abstract The thermal and alkaline pH stability of
Streptomyces lividans xylanase B was improved greatly by
random mutagenesis using DNA shuffling. Positive clones
with improved thermal stability in an alkaline buffer were
screened on a solid agar plate containing RBB-xylan
(blue). Three rounds of directed evolution resulted in the
best mutant enzyme 3SIxB6 with a significantly improved
stability. The recombinant enzyme exhibited significant
thermostability at 70°C for 360 min, while the wild-type
lost 50% of its activity after only 3 min. In addition, mutant
enzyme 3SIxB6 shows increased stability to treatment with
pH 9.0 alkaline buffer. The K, value of 3SIxB6 was esti-
mated to be similar to that of wild-type enzyme; however
kea Was slightly decreased, leading to a slightly reduced
value of k., /K, compared with wild-type enzyme. DNA
sequence analysis revealed that eight amino acid residues
were changed in 3S1xB6 and substitutions included V3A,
T6S, S23A, Q24P, M31L, S33P, G65A, and N93S. The
stabilizing effects of each amino acid residue were inves-
tigated by incorporating mutations individually into wild-
type enzyme. Our results suggest that DNA shuffling is an
effective approach for simultaneous improvement of
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Abbreviations

SIxB Streptomyces lividans xylanase B

GH Glycoside hydrolase

LB Luria-Bertani

RBB- 4-0O-methyl-p-glucurono-p-xylan-Remazol
xylan Brilliant Blue R

Introduction

Enzymes are remarkable catalysts, which can exclusively
work on their substrate(s) in mild conditions, discharging
little waste. The use of enzymes is considered a great
alternative for industrial chemical processes, as environ-
mental problems and the demands for new chemicals rise.
However, low stability, narrow substrate specificity and
high production costs often limit broad applications of
enzymes. Hence improvement of enzyme properties for
application to industrial processes or other fields has been a
major goal of protein engineering. Despite significant
advances in related areas, knowledge-based design of
enzymes/proteins with desired properties has not been
accomplished in many cases because the current under-
standing of structure—function relationships is limited.
Over the years, The directed evolution method has been
proven to be a much more powerful protein engineering
tool than conventional rational or random chemical muta-
genic approaches (Stemmer 1994; Gonzalez-Blasco et al.
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2000; Song and Rhee 2000) and has frequently been used
to develop enzymes for such purposes as developing
thermostability, substrate specificity (Iffland et al. 2001;
Suenaga et al. 2001; Meyer et al. 2002) and organic solvent
tolerance (Moore and Arnold 1996; You and Arnold 1996).
This approach could overcome unexpected side effects on
the structure and function of the target protein that may
result from rational design, and can thus be applied to
finding novel mutants.

Xylan is a major component of hemicellulose in plant
cell walls. It is covalently and noncovalently attached to
cellulose, lignin, pectin, and other polysaccharides to
maintain cell wall integrity (Hori and Elbein 1985).
p-Xylanase (EC 3.2.1.8) hydrolyzes f3-1,4-glycosidic link-
ages within the xylan backbone to yield short-chain xylo-
oligosaccharides of varying length. On the basis of primary
structure homology, the majority of xylanases have been
classified into glycoside hydrolase families 10 and 11
(GH10 and GHI11, respectively) (Henrissat and Bairoch
1993). Their useful industrial applications include the
conversion of lignocellulosic material to fuels and chemi-
cals (Coughlan and Hazlewood 1993) and the processing of
hemicellulose to paper (1992; Eriksson 1990). During the
process of pulp bleaching, for example, xylanases have
been used instead of chlorine to increase the extractability
of lignin for the production of high-quality paper. The use
of xylanase to either replace or reduce the amount of
chlorine used in pulp bleaching would have a strong posi-
tive effect on the environmental impact of the process.

The xylanases used in biobleaching applications are
usually family 11 xylanases. This is because a low-
molecular-mass enzyme is desirable for fiber penetration,
and a lack of cellulase activity is required to maintain pulp
yield and strength. The widespread use of xylanase for pulp
bleaching, however, has been limited by the high temper-
ature and alkaline pH of pulp-bleaching processes, since
most available xylanases are not active under these con-
ditions. There has been a considerable amount of research
devoted to identifying new xylanases and improving the
properties of wild-types of xylanases to meet the require-
ments of the pulp-and-paper industry.

Streptomyces lividans xylanase B (SIxB) belongs to
family 11 xylanases (Shareck et al. 1991; Biely et al.
1993). The gene encoding SIxB was cloned and expressed
in Streptomyces lividans (Shareck et al. 1991). SIxB is a
31 kDa protein comprising an N-terminal catalytic domain
and a C-terminal substrate binding domain. In this paper,
we describe the bi-directional evolution of SIxB catalytic
domain (SIxB-cat) of both thermal and alkaline pH sta-
bility. A mutant library was generated by DNA shuffling.
The best mutant with improved thermal stability in alkaline
solution was screened by using RBB-xylan agar plate after
the third round of evolution. Biochemical characteristics of
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the mutant were investigated. The stabilizing effects of
each amino acid mutation in the evolved enzyme were
evaluated by site-directed mutagenesis.

Materials and methods
Construction of plasmid pSIxB-cat

SlxB-cat gene from the genomic DNA of Streptomyces
lividans 66 mycelium was amplified by using PCR with
two primers, SIXB-N (5-GTGGGATCCGACACGGTCG
TCACGACCAACCAGGAGGGC-3') and SIxB-C (5-GT
GCTGCAGTTACCCGCCGACGTTGATGCTGGAGCTG
CC-3' as N- and C-terminal primers which contain an
BamHI and Pstl site (underlined), respectively, and the
termination codon is in italics. Amplification of DNA was
performed using a MiniCycler™ (MJ Research, Water-
town, MA, USA) employing the following temperature
program: 5 min at 98°C, 25 cycles of 1 min at 98°C, 1 min
at 65°C, 1 min at 72°C, followed by 10 min at 72°C. After
the first 5 min denaturation step the temperature program
was paused, TaKaRa LA TaqTM (1.25 units; Takara Shuzo,
Shiga, Japan) was added to the reaction mixture (25 pl), and
the temperature program was immediately continued. Using
this method, GC-rich target genes were efficiently ampli-
fied. The PCR products were subcloned into pCR2.1
(Invitrogen, Carlsbad, CA) and the nucleotide sequences
were confirmed with a DNA sequencer (Model 373A,
Applied Biosystems, CA, USA). SIxB-cat gene was cleaved
by BamHI and Pstl, and ligated with pQE30 (Qiagen) using
the BamHI and Pstl sites to obtain pSIxB-cat.

Random mutagenesis and mutant library construction

To generate a library of variants of the gene encoding
SIxB-cat, we introduced mutations using DNA shuffling.
The plasmid pSlxB-cat was digested with DNase I (0.88
unit) at 25°C for 15 min and fragments of 50-100 bp, were
extracted from 2% agarose gel, The resultant DNase I
digests were mixed and 10 x PCR buffer (Takara Shuzo),
MgCl, (25 mM) and ANTP mixture (2.5 mM each) were
added. The subsequent PCR program used was the same as
described above, except that annealing was performed at
45°C. The reassembled DNA fragments were amplified by
PCR with two primers, SIxB-N and SIxB-C. All PCR
procedures were performed using 7ag polymerase under
the conditions offered by the provider. The amplified DNA
fragments were digested with BamHI and Pstl, purified by
agarose-gel electrophoresis, then ligated into pQE30
between the BamHI and PsfI sites. The recombinant plas-
mids were transformed into Escherichia coli (E. coli)
JIM109 (Takara Shuzo, Shiga, Japan) and plated on to
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Luria-Bertani (LB) agar containing 50 pg/ml ampicillin,
20 pg/ml kanamycin and 0.5% 4-O-methyl-p-glucurono-p-
xylan-Remazol Brilliant Blue R (RBB-xylan; Sigma). The
colonies which were capable of acting on RBB-xylan were
picked for screening.

Screening of a mutant library

SIxB variants with improved thermostability in an alkaline
solution were primarily screened by using a pH 9.0 alkaline
RBB-xylan agar plate. Agar plate contained 0.5% RBB-
xylan and 1.5% agar in 50 mM Tris—HCl buffer, pH 9.0.
Variants from a mutant library were tooth-picked to an
alkaline RBB-xylan agar plate with control colonies. In the
first round the RBB-xylan plate was incubated at 60°C for
1 h, then left overnight at room temperature. ‘Successful’
colonies were identified by their ability to form a distinct
halo in the RBB-xylan-containing agar. Wild-type SIxB
completely lost activity after the above-mentioned steps
and no distinct halo occurred on the agar plates. In the
second and third round, a mutant library was incubated
under conditions where the best mutant selected in the first
round lost activity completely: 60°C for 2 h and 3 h,
respectively.

Site-directed mutageneses

Site-directed mutageneses were performed, using the
ExSite™ PCR-based site-directed mutagenesis kit (Strat-
agene Cloning Systems, Inc., La Jolla, Calif.).
Complementary primers for PCR containing the desired
DNA changes (according to the target amino acid position)
were constructed and included in reaction mixtures in
which 40 ml distilled H,O, 5 ml 10x pfu-turbo polymerase
buffer, 1 ml forward primer (125 ng/ml), 1 ml reverse
primer (125 ng/ml), 1 ml dNTPs (10 mM), 1 ml plasmid
(10-50 ng), and 1 ml pfu-turbo polymerase (2.5 U/ml)
were combined in a total reaction volume of 50 ml.
Thermocycler settings used was the same as described
above, except Dpnl (1 ml) was added to the reaction. The
resulting plasmids directly from the final reaction mixture
were transformed into competent cells of E. coli IM109,
and the resultant colonies were DNA sequenced to identify
the clones containing the desired substitutions.

Enzyme production and purification

LB-broth (800 ml) supplemented with ampicillin (50 mg/
ml) was incubated at 37°C with 80 ml of freshly prepared
seed culture of E. coli JM109 harboring recombinant
pQE60. Protein production was induced by adding
0.4 mM isopropyl-f-p-thiogalactopyranoside (IPTG) to
the culture media when the OD of the broth reached to

0.4-0.5 at 660 nm. Cultivation was then continued
overnight. Cells were harvested by centrifugation (6,000g,
10 min at 4°C). About 2.5 g of cells (w/w) were sub-
jected to ultrasonication by Sonifier Model 250D
(Branson Sonic Power, CT, USA) to extract enzymes,
The cell-free lysates were then centrifuged (10,000g,
10 min at 4°C) and each lysate was charged with 1 ml of
Ni-NTA resin, which bound to the target proteins. This
resin was then packed into 1 ml column and eluted with
a linear gradient of 250 mM imidazole in 50 mM Na-
phosphate buffer, pH 8.0 at a flow rate of 0.8 ml/min
using an FPLC system (Pharmacia, Sweden). The active
fractions were combined and dialyzed against 11 of
20 mM CHES buffer, pH 9.0 for overnight at 4°C. The
dialyzed enzyme solutions were reloaded onto a Q-
Sepharose column (8 ml) previously equilibrated with
either 20 mM CHES buffer, pH 9.0 and the enzymes
were eluted with a linear gradient of 0.5 M at a flow rate
of 0.5 ml/min. The homogeneity of the purified enzyme
fractions was monitored by SDS poly acrylamide gel
electrophoresis, and the relevant fractions were pooled
and dialyzed against de-ionized water.

Enzyme assay

Crude and purified enzymes were assayed quantitatively
using 0.2% of RBB-xylan (Sigma, Germany) as a substrate.
Concentrated enzyme solution was diluted with assay
buffer, 50 mM Mcllvaine, pH 7.0 (a mixture of 0.1 M
Citric acid and 0.2 M Na,HPO,), to give a final concen-
tration of 0.05 pg protein/5 pl of solution. About 5 pl of
diluted enzyme was applied to a pre-warmed mixture
of 20 pl of 50 mM Mcllvaine buffer pH 7.0 and 25 pl of
0.4% aqueous solution of RBB-xylan and incubated at
50°C for 15 min. The reaction was stopped by addition of
100 pl of 100% EtOH and kept at room temperature at
least for 15 min. The precipitated residual substrate was
collected by centrifugation at 12,000g for 2 min and the
OD of the supernatant was measured at 595 nm against
respective substrate blanks.

Thermal and pH stability

Thermostability was tested by heating purified enzyme
samples (10 & 2 pg of protein/ml) and 50 mM Mcllvaine
buffer, pH 7.0, at 70°C for various periods of time. The
residual activity of the treated enzymes was then measured
according to the standard assay method. For determining
pH stability, purified enzyme (10 & 2 pg of protein/ml)
were exposed to pH 9.0 level in 50 mM Tris—HCI buffer at
40°C for various periods of time. The residual activities of
the treated enzymes were determined.
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Analysis of kinetic parameters

Steady-state kinetic parameters were determined as
described by Lawson et al. (1996). Soluble birchwood
xylan, prepared as described previously (Dupont et al.
1998), was used as substrate. K, and k., values were
determined using substrate concentrations ranging from 0.4
to 10 mg/ml xylan in 30% of 0.2 M Mcllvaine buffer, pH
7.0, containing 0.1% BSA. After incubation at 40°C for
30 min, the production of reducing sugar was measured by
using p-hydroxybenzoic acid hydrazide (Lever 1972).
Protein concentration was measured using DC Protein
Assay Reagents (Bio-Rad) with BSA as the standard.

Results
Construction and screening of a mutant library

The recombinant enzyme SlxB-cat consist of 191 amino
acid residues and exhibit the same activity as the native
enzyme when soluble xylan is used as the substrate. SIXB is
known to be composed of a catalytic domain, a binding
domain and a linker region (Shareck et al. 1991). It has been
reported previously that the removal of the substrate-bind-
ing domain from the native enzyme has no effect on the
hydrolysis of soluble xylan (Kaneko et al. 2000). SlxB-cat
was functionally expressed in E. coli and showed similar
properties to those reported for the native enzyme (Kluepfel
et al. 1990). Using the random-gene-shuffling technique,
the DNA fragments encoding the catalytic domain of SIxB
was used in the construction of a mutant library.

From the mutant library generated by the first round of
evolution, about 10,000 clones were subjected to the enzyme
inactivation steps as described in Materials and methods. For
screening of mutant enzyme with higher thermal stability in
an alkaline solution than SIxB xylanase, recombinant E. coli
colonies produced by the random-gene-shuffling method
were placed on to an alkaline RBB-xylan plates (pH 9.0) and
treated as described in Material and methods. Theoretically,
colonies capable of acting on RBB-xylan after this treatment
possessed thermal and alkaline pH stability, because these
incubation conditions inactivated SIxB xylanase. In cases
where the recombinant enzyme is not stable at 60°C or pH
9.0, only a small halo, due to residual activity, is produced. A
small halo may also indicate low specific activity, even if the
enzyme is relatively stable at 60°C and pH 9.0. Using this
screening method, the variants with improved thermal sta-
bility in an alkaline pH range compared to the parental
enzyme were easily screened.

Thermal and alkaline pH stability of selected mutants
was confirmed by assaying the residual activity after
treatment at 70°C and pH 9.0 alkaline buffer for 30 min,
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respectively, after partial purification. Of the positive
variants, 1S1xB18 was found to have the highest thermal
stability in pH 9.0 alkaline buffer. In the second round of
evolution, the eight best clones from the first round evo-
lution were recombined and used for generation of a
mutant library. Colonies were again subjected to the
treatment steps under conditions at which the best mutant
of the first round completely lost its activity. Screening of
8,600 clones after the enzyme inactivation steps on RBB-
xylan plate (pH 9.0, 60°C for 2 h) resulted in a mutant
(2S1xB19) with more improved stability than 1SIxB18.
After the inactivation steps used for the third round
screening, 2S1xB19 show only a small halo on the on RBB-
xylan plates. In the same manner, the third round library
was generated by using the best 10 clones from the second
round library as parental genes. Screening of 6,600 variants
on RBB-xylan plate (pH 9.0, 60°C for 3 h) resulted in the
best mutant 3SI1xB6 possessing the highest thermal and
alkaline pH stability compared to that of other positive
variants. By a similar procedure, the fourth round mutant
library was generated and screened, but no variant with
improved thermal stability in pH 9.0 alkaline solution
compared to that of 3S1xB6 was found. In this work,
3S1xB6 was finally selected for further study.

To validate the screening system used in this work, the
thermal and alkaline pH stabilities of the primary selected
mutants from the first round were investigated. As shown in
Fig. 1, a large fraction (more than about 80%) of primarily
selected variants displayed simultaneously improved
thermal and alkaline pH stability compared to that of the
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Fig. 1 Thermal and alkaline stability of the primarily screened
positive clones from the first round evolution. Thermal and alkaline
stability were determined from residual activities after heat (70°C)
and alkaline buffer (pH 9.0) treatment for 30 min. Crude extract
(1.0 mg/ml protein solution) was used for tests as described in
Materials and methods
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wild-type counterpart. From this observation, it is likely that
this method on RBB-xylan agar plate is effective for the
screening of positive variants with simultaneously improved
thermal and pH stability for xylanase.

Thermal and alkaline stability of the evolved 3SIxB6
mutant

Wild-type SIxB and the mutant 3SIxB6 xylanases were
purified to homogeneity detected by SDS-PAGE (data not
shown) using a nickel-chelating FPLC followed by Q-
Sepharose column. The residual activities of both enzymes
after heating at 70°C are shown in Fig. 2a. 3SIxB6 was
stable at 70°C, even after incubation for 360 min, in con-
trast with SIxB, which lost 50% of its activity after only
3 min. As for alkaline pH stability, residual enzyme
activity was traced in the presence of 50 mM Tris—HCI
buffer, pH 9.0 at 40°C for various periods of time, the
mutant 3SIxB6 xylanase showed ~95% of the initial
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Fig. 2 Thermal and alkaline pH stability curves of purified wild-type
and mutant SIxB xylanases. The wild-type and mutant enzymes were
heated at 70°C in 50 mM Mcllvaine buffer, pH 7.0 (a) or 40°C in
50 mM Tris-HCI buffer, pH 9.0 (b). The residual activity was
measured at 40°C with 5 mg/ml soluble xylan in 50 mM Mcllvaine
buffer, pH 7.0. All data plotted are averages for three independent
experiments

Table 1 Kinetic constants for wild type and mutants of SIxB
xylanase™ " ©

Enzyme Ko (mg/ml) kear (571 keadKin
Wild-type S1xB 1.1 £0.1 78 £ 1.6 71 £ 2.6
Mutant 3S1xB6 1.1 £02 73 £2.0 65+ 19

* Each value represents the average and mean of triplicate
experiments

° Xylanase activities were determined at 40°C using soluble xylan in
0.2 M Mcllvaine buffer, pH 7.0 containing 0.1% BSA

¢ The concentration of soluble xylan employed ranged from 0.4 to
10 mg/ml

activity remained while wild-type enzyme almost com-
pletely lost its activity under the same conditions (Fig. 2b).
The increment in both was distinctive for the evolved
variants 3S1xB6, which confirms that the thermal and
alkaline pH stability of xylanase was simultaneously
improved by directed evolution.

Catalytic properties of the evolved 3SIxB6 mutant

Kinetic constants for the wild-type SIxB and mutant
3SIxB6 xylanases are shown in Table 1. The K, value of
3SIxB6 was almost the same as that of wild type, and the
kear Was slightly lower than that of wild type (Table 1). The
kea/ Ky of the 3S1xB6 maintained about 90% of the wild-
type enzyme, indicating that the mutant 3SIxB6 was nearly
as functional as the wild-type enzyme in performing the
hydrolysis of xylan.

Reducing-sugar productivity from soluble xylan

The xylan-hydrolyzing activities of the wild-type and
mutant enzymes were determined at various temperatures in
pH 7.0 neutral buffer or pH 9.0 alkaline buffer, respectively.
The mutant 3S1xB6 xylanase was most active at 75°C in pH
7.0 neutral solution (Fig. 3a) and at 70°C in pH 9.0 alkaline
solution (Fig. 3b), 20°C higher than the optimal temperature
of wild-type SIxB (55°C in pH 7.0, 50°C in pH 9.0).
Remarkably, 3SIxB6 produced seven times more reducing
sugar at 70°C than SlxB-cat at 50°C in pH 9.0 alkaline
solution, and also three times more reducing sugar at 75°C
than SIxB-cat at 55°C in pH 7.0 neutral buffer. This result
indicates that the evolved enzyme 3SIxB6 can meet the
requirements of biobleaching by its stability and activity
under alkaline conditions at high temperatures.

Amino acid substitutions in the mutant 3SIxB6
xylanase

Mutated amino acid residues in 3S1xB6 were identified by
sequencing the corresponding gene. As a result, 3SIxB6
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Fig. 3 Reducing-sugar productivity of purified wild-type and mutant
SIxB xylanases. Enzyme reactions were performed in 50 mM
Mcllvaine buffer, pH 7.0 (a) or 50 mM Tris-HCl buffer, pH 9.0
(b). The data plotted are averages for three independent experiments

was found to possess eight mutations, V3A, T6S, S23A,
Q24P, M31L, S33P, G65A, and N93S. To evaluate the
contribution of each amino acid change to an increase in
thermal and alkaline pH stability, site-directed mutagenesis
was conducted for incorporation of each mutation into
wild-type enzyme, and the resulting mutants were sub-
jected to stability test. As can be seen in Table 2, S23A,
M31L and G65A led to an increase in thermal and alkaline
pH stability. In particular, M3 1L resulted in a significant
improvement in both thermal and alkaline pH stability of
3SIxB6. V3A also increased both stabilities to some extent.
Especially the mutations G24P and S33P resulted in the
highest contribution to thermal stability in the mutations
found in 3S1xB6. The other two mutations, T6S and N93S,
mainly gave rise to increments in alkaline pH stability
rather than thermostability. The thermostability of 3SIxB6
was reinforced as these single thermostabilizing mutations
accumulated. However, the cumulative effect on alkaline
stability was not observed even though improvement of
alkaline pH stability by single mutation was considerable.
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Table 2 Thermal and pH stability of wild-type and mutants®

Enzymes Thermal stability® Alkaline pH stability®
SixB 2.60 £ 0.2 183 £ 0.9
V3A 18.5 £ 0.6 209 £ 1.9
T6S 3.80 £ 0.3 439 + 2.1
S23A 409 £ 3.9 337+ 2.0
Q24P 59.6 £ 2.8 230 £ 1.1
M31L 513+ 1.8 589 £ 38
S33p 50.6 &+ 3.1 890 £ 1.0
G65A 313 £3.7 30.8 £ 1.6
N93S 6.90 = 0.8 48.3 £ 4.2
3SlexB6 98.0 £5.2 99.0 £ 6.3

4 Each value represents the average and mean of triplicate
experiments

® The residual activity (%) after heat treatment at 70°C for 30 min

¢ The residual activity (%) after incubation with 50 mM Tris—HCl
buffer, pH 9.0 at 40°C for 30 min

Discussion

Directed evolution in vitro is a highly effective strategy in
the field of protein engineering. The principle is to remake
enzyme gene in vitro under particular evolutionary condi-
tions created artificially in the absence of any knowledge of
spatial structure and catalytic mechanism of enzyme by
mimicking natural evolution mechanism (random muta-
tion, recombination, and natural selection). Not only can
profitable mutations be rapidly accumulated by directed
evolution, but also it is a promising approach to combine
two or more improved properties evolved separately. In
this study we have demonstrated that thermal and alkaline
pH stability of xylanase B from Streptomyces lividans can
be simultaneously improved by directed evolution. During
three subsequent rounds of DNA shuffling, only eight
different mutations that led to increased thermal and
alkaline pH stability were identified in the 3S1xB6 mutant;
these eight mutations accumulated in the final mutant
3SI1xB6, which had the highest level of thermal and alka-
line pH stability.

Attempts to improve the thermostability of family 11
xylanases have previously been reported (Arase et al. 1993;
Wakarchuk et al. 1994), but have been only partly suc-
cessful. These results showed that the increase in residual
activity observed after heating does not always contribute
to activity at high temperatures. Although the mutants were
thermostable compared with the wild-type, they were less
active at low temperatures. It is common for significant
conformational changes to occur in enzymes during catal-
ysis (Gerstein et al. 1994). The conformational changes
occurring in xylanase from Trichoderma reesei were
studied on the basis of crystal structure (Havukainen et al.
1996; Muilu et al. 1998). Structural changes led to the
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opening and closing of the active site, and this probably
plays a role in the function of the enzyme. Therefore amino
acid substitution which enhances the thermostability of an
enzyme may often change its molecular structure, causing
a deterioration in the enzyme activity observed. But our
results showed that the k., values for the purified mutant
3SI1xB6 were close to that of wild-type enzyme, indicating
that the mutant was as functional as the wild-type enzyme.
It is also identified by soluble xylan hydrolysis results,
which showed the mutant had an increase in reducing-
sugar productivity at high temperatures under pH 9.0
alkaline environment.

In the present study we revealed that significant
improvement in thermal and alkaline pH stability was
achieved in mutant 3SIxB6 has eight amino acid substitu-
tions, namely Ala3, Serﬁ, AlaZ3, Pr024, Leu31, Pro33, Ala®
and Ser®® are predicted to be closely located around the
N-terminus. Therefore it is likely that these residues are
involved in the structural stability of the N-terminal region,
resulting in a significant increase in the half-life of
enzymes containing these residues. Site-directed muta-
genesis experiments demonstrated that the mutation G24P
and S33P resulted in the highest contribution to thermal
stability in the mutations found in 3SIxB6. Previous studies
revealed that Pro®* is thought to be located between two
p-strands, B2 and A2 (Gruber et al. 1998; Torronen and
Rouvinen 1997), and seems likely to contribute to struc-
tural stability by reducing the entropy of the unfolded state
(Schimmel and Flory 1968). Pro*®, which is located in the
loop between f-strands A2 and A3 (Gruber et al. 1998;
Torronen and Rouvinen 1997), is also thought to partici-
pate in the stabilization of the enzyme in a similar manner
to Pro®*. Meanwhile, site-directed mutagenesis experi-
ments also showed that the mutant M31L resulted in a
significant improvement in both thermal and alkaline pH
stability, and T6S or N93S, mainly gave rise to increments
in alkaline pH stability of 3S1xB6. These amino acids
change (T6S and N93S) might have reduced the anion-
anion repulsion between subunits so that the subunit—sub-
unit interaction was tighter. It should therefore be noted
that the significantly enhanced thermal and alkaline pH
stability of 3SIxB6 was the result of a cooperative effect of
the two different stabilization mechanisms, i.e., the for-
mation of hydrophobic interaction by the M3IL
substitution and the reduction of anion—anion repulsion by
T6S and NO3S. Further studies based on site-directed
mutagenesis and the three-dimensional structure will elu-
cidate the role of each mutation in the significantly
enhanced thermal and alkaline stability.

From the analysis of the mutant library by using alkaline
RBB-xylan plate, we found that more than 50% of mutants
with an increased thermostability also display improved
alkaline pH stability (or vice versa) (data not shown). This

observation also can be shown in Fig. 1, it may implies that
thermostability is positively correlated with alkaline pH
stability in xylanase B from Streptomyces lividans, and
these properties could be simultaneously improved. It was
found from the mutational analysis that four mutations
(V3A, S23A, M31L and G65A) in mutant 3SIxB6 simul-
taneously increase both thermal and alkaline pH stability of
SIxB xylanase, and this supports the above presumption.
Previous research had demonstrated that the highly ther-
mophilic family 11 xylanase from Nonomuraea flexuosa
had a great number of side chain—side chain polar interac-
tions and several salt bridges (Leskinen et al. 2005). There
could be a trend in xylanase structures that acidophilic
xylanases have only few and alkalophilic Bacillus circulans
xylanase several salt bridges. It is possible that alkaline and
thermal adaptation use partly the same mechanisms for
improving the stability (Hakulinen et al. 2003).

Conclusion

Our results suggest that DNA shuffling is an effective
approach for simultaneous improvement of thermal and
alkaline pH stability of SIxB xylanase even without
structural information. Three rounds of directed evolution
resulted in the best mutant enzyme 3SIxB6 and this
evolved enzyme displayed significantly enhanced thermal
and alkaline pH stability compared to that of the wild-type
counterpart. The evolved enzyme 3SIxB6 is expected to be
employed for development of a fully enzymatic process to
meet the requirements of the pulp-and-paper industry.
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