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Abstract DNA shuffling was carried out with two
chitosanase genes belonging to glycoside hydrolase
family eight from Bacillus cereus KNUCS51 and
B. cereus KNUCS5S5. The shuffled products, YM18
and YM20, which showed higher activity than the
parents at 40°C, were selected for further studies. The
50 kDa chitosanases were purified using affinity
chromatography with glutathione-Sepharose 4B. In
general, the specific activity of YM18 is enhanced
250% and that of YM20 is 350% compared to the
parents. YM?20 exhibits a shift of the optimal pH level
from 5.5 to 6.5. DNA sequence analysis revealed that
YM18 and YM20 contained 2 amino acid substitu-
tions (I13T and A87V for YM18; K66R and N352S
for YM20). We presumed that these amino acid
substitutions increase the specific activity and change
the property of the two variants.
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Introduction

Chitosan is a linear polysaccharide consisting of
D-glucosamine and N-acetyl-D-glucosamine residues.
It is widely used in food, agricultural, and medical
agents. In particular, chitooligosaccharide has attracted
attention as a useful agent in the food and pharmaceu-
tical fields due to its versatile antitumor, antifungal, and
antimicrobial activity.

Chitosanase (E.C.3.2.1.132) catalyzes the endohy-
drolysis of f8-1,4-linkages between p-glucosamine and
N-acetyl-D-glucosamine in chitosan. It has been found
in various organisms including bacteria, fungi, and
plants. These chitosanases belong to various glycosyl
hydrolase (GH) families including GH-5, GH-8,
GH-46, GH-75, and GH-80, according to their amino
acid sequences (Gao et al. 2008). Chitosanases
produced from Bacillus cereus KNUCS51 and KNUC55
(Park et al. 2004), which have been investigated in a
previous study, belong to GH-8, a family that displays
an (/o) fold and that presently includes xylanases,
cellulases, lichenases, and a number of other chitosan-
ases (Collins et al. 2005; De Vos et al. 2006; Lee et al.
2007).

DNA shuffling of low homologous DNA fragments
increases the sequence diversity of the library, result-
ing in an accelerated rate of enzyme functional
improvement. It is also a powerful tool for identifying
the major structural features of a protein family that
confer a desired phenotype. For example, the activity
of TEM-1 f-lactamase increased to 32,000 times
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higher than that of the parental source by the third
round of DNA shuffling and the stability of p-nitro-
phenyl (pNP) esterase against the solvent was
increased more than 50-fold compared with that of
parental sources (Moore et al. 1997; Stemmer 1994).
The molecular evolution of chitosanase to obtain
higher activity and stability has rarely been attempted,
even though many chitosanases have been screened
over a time span of decades.

In this study, DNA shuffling was carried out with
two chitosanase genes from isolated B. cereus
KNUCS51 and B. cereus KNUCSS. The shuffled
products had several amino acid substitutions and
showed improved chitosanase activity. YM20, more-
over, had a broader range of pH than the parents.

Materials and methods
Bacterial strains, plasmids, and medium

The chitosanase genes (csn) originating from Bacillus
cereus KNUCS51 (BO1) and B. cereus KNUCSS5
(BOS5) were selected for directed evolution. Esche-
richia coli DH5x was used for the expression and
screening of the variant chitosanase library. Esche-
richia coli BL21(DE3)pLysS was used as the host
strain for overexpression and purification of recombi-
nant proteins. The plasmids, pGEM T-Easy vector
(Promega, Madison, USA) and pGEX-2T (Amersham
Biosciences, Uppsala, Sweden), were used as the
cloning vector and overexpression vector, respec-
tively. The recombinants of E. coli DHS5a were
selected using Luria-Bertani (LB) medium supple-
mented with ampicillin and colloidal chitosan (Bertani
1951). The recombinants of E. coli BL21(DE3)
pLysS were cultivated in LB medium supplemented
with ampicillin (100 pg/ml) and chloramphenicol
(25 pg/ml).

Assay of chitosanase activity

Soluble chitosan (1% w/v) was incubated with the
enzyme at pH 5.5 and 40°C for 10 min. The specific
activity of chitosanases were determined by modified
Schale’s method (Imoto and Yagishita 1971). One unit
of chitosanase activity was defined as the amount of
enzyme that produced 1 mmol reduced sugar per min.
D-Glucosamine was used for the standard curve. The
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quantity of protein was determined by the Bradford
assay and albumin from bovine serum was used as
the protein standard. Optimum pH of recombinant
chitosanase was measured with 1% soluble chitosan
adjusted to various pH conditions.

Library construction using DNA shuffling

DNA fragments including BO1 and BOS were cloned
into the pGEM T-Easy vector and named TYM51 and
TYMSS, respectively. The DNA fragments derived
from them were amplified by polymerase chain
reaction (PCR) using the primers M13-F and M13-R.
The purified PCR products were digested with 0.6 U
DNase I in the presence of Mn?* for 10 min at 15°C,
as previously described (Lorimer and Pastan 1995).
After inactivating DNase I, DNA fragments in the
range of 100-150 bp were purified using a Gel
Extraction kit (Qiagen, Hilden, Germany). The puri-
fied DNA fragments were then subjected to 60 cycles
of the first PCR reaction without primers (1 min at
95°C, 1 min at 60°C, and 1 min at 72°C). To generate
the chimeric csn libraries, a second PCR reaction was
performed for 35 cycles with the primers C1 and C2.
The shuffled products were cloned into the pGEM
T-Easy vector, and a chimeric library was constructed
by transforming into E. coli DH5a. Positive clones
showing a larger halo zone than those of the parents
were selected.

Construction and expression of the
overexpression vector

The complete coding regions of chimeric csn were
inserted into glutathione pGEX-2T and transformed
into E. coli BL21(DE3)pLysS. Recombinants were
cultivated in 5 ml of LB medium with ampicillin for
16 h at 37°C. Cultures were inoculated with 100 ml
fresh LB medium with ampicillin, chloramphenicol
and incubated for 5-6 h at 25°C. Overexpression of
proteins was induced by the addition of 0.1 mM
IPTG for 24 h. Cells were harvested by centrifuga-
tion at 2,760x g for 10 min.

Purification and characterization of recombinant
chitosanase

The cell pellets were washed with PBS and then
resuspended in PBS and sonicated. Proteins in the
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supernatant were obtained by centrifugation at
15930xg for 10 min at 4°C. The recombinant
proteins were purified using affinity chromatography
with glutathione-Sepharose 4B (Amersham Biosci-
ences, Uppsala, Sweden). The protein solution was
applied to the column, washed 3 times with PBS, and
eluted with elution buffer (10 mM glutathione in
50 mM Tris/HCI, pH 8.0). The purified proteins were
treated with 5 units of thrombin protease (Amersham
Biosciences, Uppsala, Sweden) at 25°C for 16 h to
remove the GST region. To confirm the protein purity
and determine the molecular weight of the proteins,
SDS-PAGE was performed. The Perfect protein
marker (Novagen, Madison, USA) was loaded on
the gel as the standard size marker.

Prediction of the three-dimensional structure

The three-dimensional structures of WT chitosanase
and chimeric chitosanase were predicted using
SwissModel (http://swissmodel.expasy.org//SWISS-
MODEL.html). The structure of 1V5D (chitosanase
of Bacillus sp. K17), which was previously determined
by X-ray diffraction, was used for simultaneously
modeling chitosanase molecules (Adachi et al. 2004).
1V5D shows 98% and 96% homology in the amino
acid sequence with chitosanase from B. cereus
KNUCS5]1 and B. cereus KNUCSS5, respectively.

Results

Construction and screening of the DNA shuffling
library

DNA fragments of approximately 1.6 kb were ampli-
fied with M 13 primers and TYMS51 and TYMSS as the
template. Supplementary Fig. 1 shows the results of
the DNA fragments in all steps of reassembly. DNA
fragments of around 100-150 bp were purified and
used for reassembly. After the PCR reassembly
reaction, weak and dragged bands were observed at
around 1.4 kb. The reassembled DNA fragments were
used for the PCR amplification of 1.4-kb DNA
fragments including the mutated csn gene. The PCR
products were purified and ligated with the pGEM
T-Easy vector. The plasmids including shuffled
products were transformed into E. coli DHS5«. Thou-
sands of halo-forming E. coli DH5a appeared on

chitosan-containing agar plates. Sixty-seven halo-
forming colonies were screened for chitosanase
activity of the crude extract. Mutant YMI8 and
YM20 were found to have improved activity at 40°C.
Both mutants were sequenced completely and further
characterized.

Overexpression and purification of recombinant
chitosanase

The recombinant chitosanases were purified using
glutathione affinity chromatography. Most of the GST-
tagged chitosanases (Mw 81 kDa) were produced in a
soluble form on the SDS-PAGE gel (Supplementary
Fig. 2). After digestion using thrombin, the GST-
fusion proteins were separated into chitosanases
(Mw 50 kDa) and glutathione-S-transferase (Mw
30 kDa).

Characterization of the mutants: biochemical
analysis

The profiles of activity at various temperatures are
given in Fig. 1. Generally, the specific activity of
YMI18 is enhanced 250% and the specific activity of
YM20 is enhanced 350% compared to the parents.
The mutant YM18 chitosanase was most active at
50°C, nearly the same as the parental BO1. The
mutant YM20 chitosanase was most active at 70°C,
which was also nearly the same as the parental BOS.
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Fig. 1 Optimum temperature of recombinant chitosanases.

Open square, BO1; open circle, BOS; closed square, YM18;
and closed circle, YM20
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Fig. 2 Optimum pH of recombinant chitosanases. Open
square, BO1; open circle, BOS; closed square, YM18; and
closed circle, YM20. Relative activity is expressed as a
percentage of original activity (pH 5.5)

Chimeric chitosanase shows different aspects of
specific activity depending on its origin.

The pH profiles of the activities are shown in Fig. 2.
YM20 exhibits a shift of the optimal pH level from 5.5
to 6.5. The relative activities of YM?20 at pH 6.5 are
approximately 5 times higher than those of the parents,
resulting in a broader pH activity profile for YM20. In
contrast, the pH activity profile of YM18 is similar to
the parents’ profile, with an optimum pH of 5.5.

Characterization of the mutants: sequence
analysis and prediction of structure

Homology between BO1 and BOS, which consisted of
453 amino acids, is 92%. The dissidence of amino acid
between two parents was concentrated at N-terminal
and C-terminal of proteins (Fig. 3). YM18 had 96%
protein sequence identity with BO1, and YM20 had
95% protein sequence identity with BO5. DNA
sequencing revealed that YM18 and YM20 contained
two amino acid substitutions (I13T and A87V for
YM18; K66R and N352S for YM20).

BO1
YM18
YM20
BO5

Fig. 4 Ribbon representation of the predicted B. cereus
chitosanase structure. The position of the three amino acid
replacements that conferred the chitosanase activity and shift
of pH performance is shown by sphere representation (YM18,
green; YM20, red). The three catalytic residues are shown as a
ball-and-stick model

According to the three-dimensional structures of
recombinants predicted by the SwissModel program,
two parental chitosanases were similar to 1V5D
(chitosanase of Bacillus sp. K17). They have six
repetitions of the helix-loop-helix motif that showed
a typical og/ag-double-barrel structure. The I13T of
YMI138 is not represented on the structure because the
query structure does not contain that region. The
A87V of YMI18 is at the tenth alpha-helix. The two
amino acid substitutions, K66R and N3528S, exist at
the N-terminal region and ninth alpha-helix on the
surface of YM20, respectively (Fig. 4).

Discussion

To date, many glycoside hydrolases, but not chito-
sanases,

have been used in directed evolution

Fig. 3 Amino acid sequence alignment of two parents and two variants. The alignment shows the amino acid positions of the two
parental and variant chitosanases. Letters in the black boxes represent amino acid residues identical to BO1
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experiments to improve factors such as their activity,
thermostability, and pH performance (Dumon et al.
2008; Qin et al. 2008). From various organisms,
many kinds of chitosanases, which are classified into
three or more subclasses, have been reported, but
have not been investigated with regard to improving
enzymatic ability.

In this study, DNA shuffling was used to improve
the specific activity and pH performance of chitosan-
ase belonging to GH-8 from B. cereuse strains. Two
variants that show higher activity than the parents at
all temperatures were selected for further studies. The
sequence relationship is illustrated in a phylogenetic
tree showing that the two variants are closely related
to each other (data not shown). However, they have
distinct characteristics with regard to optimum tem-
perature and pH, which may because they contain
three different amino acids (residue 80, 279 and 392)
that originated from different parents. Moreover,
these two variants contained two individual amino
acid substitutions, which are far from the active site
residues (Fig. 4). These amino acid substitutions
increased the specific activity of the two variants.
The substitution 13T of YM18 may enhance the
specific activity. The threonine for isoleucine substi-
tution, replacing a hydrophobic residue with a non-
charged polar side chain, changes the geometry of its
immediate vicinity, presumably creating new hydro-
gen bonds and tightening the structure of which it is a
part (McCarthy et al. 2004). The substitution V387A
may not be involved in hydrogen bonding with other
residues.

According to Turunen et al. (2002), the introduc-
tion of arginines into the Ser/Thr surface resulted in a
shift of the pH profile to an alkaline pH by 0.5-1.0
pH units. The authors suggest that the K66R amino
acid substitution causes a shift of the optimal pH
level from 5.5 to 6.5 of YM20. However, an increase
in the number of arginines is not in itself sufficient to
cause an acidic enzyme to function in highly alkaline
conditions. Basic residue Lys66 might play an
important role in the pH-dependent catalytic reaction.
Moreover, it might drive YM20 to increase specific
activity. Further study based on site-directed muta-
genesis will elucidate the role of each mutation in
controlling the catalytic activity and pH activity.
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