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Abstract

Bacillus circulans B-6 produced extracellular xylanolytic and cellulolytic enzymes when grown
in a medium containing xylan as a carbon source. Purification of xylan-binding xylanase was
performed from the culture medium by specific adsorption and desorption on insoluble xylan. The
molecular mass of purified xylanase was estimated to be 29 kDa, which showed only xylanase
activity. The enzyme was stable at pH 6.0 to 7.0 and temperature up to 40 ‘C. The pH and
temperature optima were 7.0 and 60 ‘C, respectively. The purified enzyme hydrolyzed xylan to a
series of short-chain xylooligosaccharides as the product, indicating that the enzyme was an
endoxylanase. The xylan-binding endoxylanase could effectively hydrolyze low substituted insoluble
xylan of birch wood more than larch wood and oat spelt xylans. The purified enzyme bound to

insoluble xylan and avicel but the binding was affected by pH, sugars and metal ions.
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1. Introduction

B—Xylanase (EC 3.2.1.8) hydrolyzes B—1,4—glycosidic linkages within the xylan backbone to
yield of short chain xylooligosaccharides with different length. Xylan-degrading enzymes have
attracted much attention because of their important practical applications in various industrial
processes [1], including improving the digestibility of animal feedstocks [2], the modification of
cereal-based foodstuffs [3], and the delignification of paper pulp [4]. Recently, 99 glycoside hydrolase
families exist (see the carbohydrate-active enzyme CAZY server at http://afmb.cnrs-mrs.fr/~cazy/
CAZY/) and showed 6 families of xylanase at 5, 7, 8, 10, 11 and 43. In general, xylanases are
composed of a catalytic domain, and are divided into two major families (F/10 and G/11) based on
amino acid sequence similarities and they also have several non catalytic functional domains.

Most of which are carbohydrate-binding domains (CBMs) [5].

The CBMs of plant cell wall hydrolases play an important role in the efficient hydrolysis of
insoluble cellulosic substances [6 - 8]. The function of the CBM is largely to attach the enzyme
to its substrate, and therefore it enhances the rate of catalysis by increasing the probability of
enzyme/substrate interaction [9]. Enzyme containing CBM was able to purify by using its substrate
[10]. Binding is mediated via several co-planar, solvent-exposed aromatic rings and hydrophobic
surfaces that from stacking interactions with the sugars in the polysaccharide and also through
hydrogen bond [11]. CBMs are utilized in many different applications such as biospecific affinity
purification [5, 8, 12] and as an affinity tag which is economical support-matrix (insoluble
polysaccharide) for large-scale protein purification or protein immobilization. In this study, we
describe the purification and binding properties of the xylan-binding endoxylanase from Bacillus

circulans B-6 to apply in efficiently hydrolysis of insoluble xylans.

2. Materials and methods

2.1 Bacterial strain and culture medium
Bacillus circulans B-6 was isolated from an anaerobic digester fed with pineapple waste
[13]. The culture medium used was Berg's mineral salt medium [14] supplemented with 0.5% xylan.

The culture was incubated in the incubator shaker at 200 rpm and 37 °C for 3 days.

2.2 Enzyme assays
The xylanase activity was measured by determining the amount of reducing sugar
released from oat spelt xylan (Sigma-Aldrich Inc.). The reaction mixture consisted of 0.5 ml of 1%
oat spelt xylan in 100 mM Tris-HCI buffer (pH 7.0) and 0.1 ml enzyme [15]. After incubation for 10
min at 50°C, reducing sugar was determined by using the Somogyi-Nelson method with xylose as a

standard [16].
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One unit of the xylanase activity was defined as that amount of enzyme that liberated 1

Wmole of reducing sugars in 1 min under the above conditions.

Cellulase activity was measured under the same condition as described above with

carboxymethyl cellulose (Sigma-Aldrich Inc.) as a substrate and glucose as a standard.

2.3 Protein determination

Protein concentration was determined by the method of Lowry et al. [17]

2.4 Preparation of insoluble and soluble polysaccharides

The preparation of insoluble polysaccharides was performed by the method of Ghangas
et al. [18]. 10 g of commercial polysaccharides (birch wood, larch wood or oat spelt xylan (Sigma-
Aldrich Inc.) or avicel (Fluka Chemika)) was suspended in 200 ml of distilled water and adjusted to
pH 10.0 by 1 M NaOH. Then, the mixture was stirred for 60 min at room temperature, and
centrifuged for 10 min at 10,000 rpm. After centrifugation, the supernatant was adjusted to pH 7.0
by 1 M acetic acid, then lyophilized and kept at -20 ‘C (soluble polysaccharides). The precipitate
after centrifugation was suspended in 200 ml of distilled water and adjusted to pH 7.0 by 1 M
acetic acid. Then the precipitate was filtered by Whatman No.1 and washed many times with

distilled water before lyophilized (insoluble polysaccharides).

2.5 Binding assay
Binding assays was conducted by the method of Irwin et al. [19]. The crude or purified
enzyme and 2% insoluble oat spelt xylan or avicel in 100 mM phosphate buffer saline (150 mM
NaCl) were shaken periodically at 4 °C for 30 min before centrifugation. The amount of the protein
remained in the supernatant was determined by the standard protein determination method. The

protein lost from the supernatant was assumed to be the protein bound.

2.6 Purification of xylan-binding xylanase

Purification method was modified by the method of Ratanakhanokchai et al. [10]. The
culture supernatant was used as a source of xylan-binding xylanase. Two steps of affinity
chromatography were used. In the first step, 25 mg of protein from the culture supernatant was
incubated with 2% insoluble oat spelt xylan in 10 ml of 250 mM phosphate buffer (pH 7.0)
containing 100 mM NaCl (buffer A) and shaken periodically at 4 °C for 30 min. The xylan-bound
protein complex was washed ten times with the same volume of buffer A and then eluted with 1%
triethylamine (TEA). The eluted enzyme was dialyzed, assayed for xylanase activity and used for

another step of affinity chromatography. In the second step, the same method was conducted
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using 2% insoluble oat spelt xylan in 10 ml of 100 mM phosphate buffer (pH 7.0) containing 50
mM NaCl (buffer B), instead of buffer A for the protein (4.2 mg) from the first step of purification.

The unbound protein and bound protein were collected and dialyzed for analysis.

2.7 Gel electrophoresis and zymogram analysis
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
by the method of Laemmli et al [20]. Xylanase zymogram was prepared as described previously
[10] by adding 0.1% soluble xylan in the gel. Carboxymethyl cellulase (CMCase) zymogram was

prepared in the same manner using carboxymethyl cellulose (CMC) as a substrate.

2.8 Hydrolysis of insoluble xylan
Insoluble xylans of birch wood, larch wood and oat spelt were hydrolyzed by the
purified enzyme. Each substance (2% dry weight) was hydrolyzed with 0.2 U of the enzyme at pH
7.0 and 50 °C. After incubation, samples were removed and the amount of reducing sugars

produced was determined by Somogyi-Nelson method [16].

2.9 Analysis of xylan hydrolysis product
Xylan hydrolysis products from 2.8 were determined by thin-layer chromatography on
silica gel 60 F254 plates (Merck 1.05554; 20 by 20 cm) with a mixture of n-butanol-acetic acid-water
(2:1:1) as a solvent system [21]. The sugar spots were detected by heating the plates to 100 °C
after spraying them with 4 g of Ol - diphenylamine, 4 ml aniline, 200 ml of acetone and 30 ml of

80% phosphoric acid.

2.10 Effect of pH on binding of enzyme to insoluble substrate
The binding assay was measured under the same conditions as described previously,
using various pHs. The pHs were adjusted with the following buffer systems: acetate buffer (pH 4.0

to 6.0), phosphate buffer (pH 6.0 to 7.0) and Tris-HCI buffer (pH 7.0 to 9.0).

2.11 Effect of sugar on binding of enzyme to insoluble substrate
The binding assay was measured under the same conditions as described above,
adding various sugars (25 mM) such as xylose, glucose, cellobiose, galactose, arabinose, mannose

and sucrose.

2.12 Effect of metal ion on binding of enzyme to insoluble substrate
The purified enzyme solution was mixed with the final concentration of 10 mM

ethylenediamine-tetraacetic acid (EDTA) and dialyzed with 10 mM Tris-HCI buffer pH 7.0. Then the
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EDTA treated enzyme solution was preincubated in a mixture containing various metal ions (1 mM)
at 30 'C for 1 hr. After that the binding of enzyme to insoluble xylan and avicel was measured

under the standard assay condition as described above.

3. Results and discussion

3.1 Enzyme production by Bacillus circulans B-6
Bacillus circulans B-6 produced the extracellular xylanolytic and cellulolytic enzymes
when cultivated in the xylan medium. The crude enzyme showed xylanase and CMCase activities
at 7.19 and 0.12 U/mg protein, respectively. Xylanase from crude enzyme was found to have
binding ability to insoluble substances such as insoluble xylan and avicel at 77% and 68%,

respectively.

3.2 Purification by affinity chromatography
A summary of the purification results is given in Table 1. The 29 kDa xylan-binding
xylanase was purified about 1.8-fold and the specific activity of the purified enzyme was 2.8 U/mg

of protein.

Table 1 Purification of xylan-binding endoxylanase (29 kDa) from B. circulans B6

Purification step Total protein Total Specific xylanase| Purification| Yield
(mg) xylanase activity (fold) (%)
activity (U) | (U/mg protein)

Culture supernatant 25.0 40.0 1.6 1.0 100.0
Affinity chromatography
First step 4.2 13.3 3.2 2.0 33.2
Second step 2.7 7.5 2.8 1.8 18.8

Xylan-binding xylanase with the molecular weight at 29 kDa was purified from the culture
medium by 2 steps of affinity chromatography. In the first step, buffer A was used for equilibrating
and washing. Proteins were eluted with 1% TEA from xylan bound protein complex and it showed
2 protein bands on SDS-PAGE (Fig. 1 A, lane 2) and 2 xylanase bands on xylanase zymogram (Fig.
1 B, lane 2) with the molecular weights of 29 and 48 kDa, but no clear zone on CMCase
zymogram, indicating that these two proteins had only xylanase activity. After that 2 proteins were

separated by affinity chromatography with buffer B. The xylan-binding xylanase (29 kDa) appeared
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in the unbound fraction. It showed single protein band on SDS-PAGE (Fig. 1 A, lane 3) and only one
band on zymogram for xylanase activity (Fig. 1 B, lane 3), while another xylan-binding xylanase (48
kDa) appeared in bound fraction. This result indicated that xylan-binding xylanase with molecular
weight at 29 and 48 kDa have different xylan-binding capacity. The 29 kDa xylan-binding xylanase
requires lower hydrophobic interaction to bind to insoluble xylan than the 48 kDa xylan-binding
xylanase. Sun et al. [11] found that the binding is mediated via several co-planar, solvent-exposed
aromatic rings and hydrophobic surfaces, that from stacking interactions with the sugars in the
polysaccharide and also through hydrogen bonding. The binding on xylan was also clearly sensitive
to ionic strength. Thus increasing buffer concentration increased the binding of xylanase due to
hydrophobic interaction [22]. This report describes the study on the 29 kDa xylan-binding xylanase
because of its low molecular weight which could efficiently diffuse into the structure of insoluble
substrate to hydrolyze. It is also good for application in protein purification as a tag protein when

compared with the 48 kDa xylan-binding xylanase.
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(A) (B)

Fig. 1 SDS-PAGE and zymogram of the purified xylan-binding xylanase by adsorption-desorption
on insoluble xylan. (A) SDS-PAGE (10% acrylamide gel dyed with Coomassie brilliant
blue R-250. (B) Zymogram for xylanase activity (10% acrylamide gel dyed with Congo
red); Lane M = standard molecular weight, Lane 1 = culture supernatant (crude
enzyme) (50 Llg of protein), Lane 2 = bound enzyme in the first step (20 Llg of

protein), Lane 3 = unbound enzyme in the second step (10 Wg of protein).

3.3 Effect of pH on activity and stability
The effect of pH on xylanase activity of the purified xylan-binding xylanase was

determined. The optimum pH of the enzyme was 7.0. The stability of enzyme was determined by



150 NITITuuasWaLn N9, I 29 arfuil 2 weu-Squiey 2549
incubating the enzyme in the buffer of pH 4-10 at 50 ‘C for 30 min and the residual xylanase
activity was determined. It showed that the stability of the enzyme was lost more than 22% at pH

lower than 6.0 and 56% at pH higher than 8.0 (Fig. 2).
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Fig. 2 Effect of pH on activity and stability of the purified xylan-binding xylanase of Bacillus
circulans B-6. The reaction pH values were adjusted with the following buffer systems:
acetate buffer (pH 4.0 to 6.0), phosphate buffer (pH 6.0 to 7.0) and Tris-HCI buffer
(pH 7.0 to 9.0).

3.4 Effect of temperature on activity and stability
The optimum temperature of the purified xylan-binding xylanase was determined by
varying the reaction temperatures at pH 7.0. The enzyme had an optimum temperature of 60 ‘C
(Fig. 3). The thermal stability of the purified enzyme was measured by incubating it at pH 7.0 for 30
min at different temperatures ranging from 30-80 ‘C. The residual activity was determined by the
standard assay. The enzyme was stable at temperatures up to 40 °‘C. Below 60 ‘C, the enzyme

showed more than 50% of the activity.
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Fig. 3 Effect of temperature on the xylanase activity and stability of the purified xylan-

binding xylanase from Bacillus circulans B-6.

3.5 Hydrolysis of insoluble xylan

The hydrolysis of insoluble xylans by the purified xylan-binding xylanase (0.2 U) is shown
in Fig. 4. The purified enzyme was more effective on hydrolysis of the insoluble xylan from birch
wood than those of larch wood and oat spelt xylans. Oat spelt xylan is more substituted, compared
to larch wood and birch wood xylans [23]. Therefore, the enzyme prefers to cleave low branch
insoluble xylan. The purified enzyme could hydrolyze insoluble xylan due to its xylan-binding ability.
Xylan-binding region binds to the insoluble xylan and promotes the hydrolysis of the insoluble
substrate [6], suggesting that the substrate-binding domain plays an important role in hydrolysing

the insoluble substrate [24, 25].
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Fig. 4 Hydrolysis of insoluble xylans by the purified xylan-binding xylanase

3.6 Thin-layer chromatography
After insoluble birch wood xylan was incubated with the purified enzyme, the hydrolysis
products were analyzed by thin-layer chromatography. The hydrolysis products were a series of
short-chain xylooligosaccharides and the smallest product was xylobiose (Fig. 5), indicating that the

purified enzyme was an endo type (endoxylanase).

Xylose 5 10 30

Fig. 5 Thin-layer chromatography of the hydrolysis products of insoluble birch wood xylan

with the purified enzyme after incubation for 5, 10 and 30 min.
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3.7 Effect of sugars on the binding of the xylan-binding endoxylanase to insoluble
polysaccharides
The purified xylan-binding endoxylanase has not only xylan-binding ability but it has also
cellulose-binding ability. The effect of sugar on the binding of the purified enzyme to insoluble
xylan and avicel (microcrystalline cellulose) were determined using various sugars (Table 2). The
binding was affected by all kinds of sugar tested, especially xylose and glucose which are the end
hydrolysis products of xylan and avicel, respectively. Decreasing the binding of enzyme to substrates
by sugars may be due to the competition of sugars to bind to binding region of the enzyme,

reducing binding capacity of the enzyme to insoluble substrates [11, 22].

Table 2 Effect of sugars on the binding of xylan-binding endoxylanase to

insoluble polysaccharides

Sugar % Relative binding

(256 mM) Xylan Avicel
Control 100.00 100.00
Sucrose 96.29 97.45
Mannose 94.97 91.72
Arabinose 94.97 73.25
Galactose 74.84 60.51
Cellobiose 68.55 64.33
Glucose 68.55 40.13
Xylose 65.41 52.87

3.8 Effect of pH on the binding of the xylan-binding endoxylanase to insoluble
polysaccharides
Jeffries et al. [26] found that the binding of enzyme decreased when pH increased, due
to the changes of the conformation of enzyme. The high pH affected to enzyme conformation and
its binding ability was lost. In our case, the binding of the purified enzyme to insoluble xylan and
avicel was also decreased when pH increased (Fig. 6). It was also found that the binding of
enzyme to avicel was higher than insoluble xylan because the enzyme could not hydrolyze avicel,
thus no reducing sugars produced. The increase in hydrolyzate sugars was found to decrease the

binding of xylanase to insoluble xylan [11].
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Fig. 6 Effect of pH on the binding of the purified enzyme to insoluble polysaccharides

3.9 Effect of metal ion and EDTA on the binding of the xylan-binding endoxylanase

to insoluble polysaccharides
The binding of the enzyme to insoluble xylan and avicel was examined in the presence
of various metal ions at the final concentration of 1 mM. As shown in Table 3, the bindings of
purified enzyme to both insoluble xylan and avicel were decreased by 10 mM EDTA. Binding ability
of the enzyme to insoluble xylan and avicel was reduced at 37.61 and 23.95%, respectively when
EDTA was present. It revealed that metal ion was important for binding of the enzyme. However,
the binding of purified enzyme to insoluble xylan was decreased by all metal ions tested. It may
need other kinds of metal ion. Whereas, the binding of the purified enzyme to avicel was increased

by FeSO, and CuSQO,.

Table 3 Effect of metal ions on the binding of xylan-binding endoxylanase

to insoluble polysaccharides

Metal ion % Relative binding

(1 mM) Xylan Avicel
None (-EDTA) 100.00 100.00
None (+EDTA) 62.39 76.05
FeSO, 92.98 133.08
CaSO0, 83.19 93.52
MgSO, 80.13 90.43
CuSO, 71.57 119.72
ZnSO, 31.81 86.83
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The binding of the purified xylan-binding endoxylanase from Bacillus circulans B-6 to insoluble
xylan and avicel was decreased by sugars, pH and metal ions. Similarly, the xylanase C from
Bacillus sp. strain BP-B was eluted from insoluble substrate by 0.2 M glucose, adjusting pH to 9.0

and in the presence of ZnSO, [27].

4. Conclusion

The low molecular weight xylan-binding endoxylanase (29 kDa) from Bacillus circulans B-6
was purified to homogeneity by two steps of affinity chromatography with insoluble xylan. The pH
and temperature optima of the purified enzyme were 7.0 and 60 “C, respectively. Due to its xylan-
binding ability, the purified enzyme was capable of degrading insoluble xylan especially low
substituted insoluble xylan. The binding of the purified enzyme to insoluble xylan and avicel were
affected by pH, sugars and metal ions. Therefore, the low molecular weight xylan-binding endoxylanase
which has xylan and cellulose-binding ability can be used for applications in hydrolysis of insoluble
xylan present in agricultural wastes and in protein purification as a tag protein. The best conditions

from each parameter will be selected for using as affinity tag in further study.
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