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We isolated a thermophilic bacterium that produces both xylanase and D-xylosidase. Based on taxonomical
research, this bacterium was identified as Bacillus stearothermophilus. Each extracellular enzyme was

separated by hydrophobic chromatography by using a Toyopearl HW-65 column, followed by gel filtration with
a Sephacryl S-200 column. Each enzyme in the culture was further purified to homogeneity (62-fold for
xylanase and 72-fold for P-xylosidase) by using a fast protein liquid chromatography system with a Mono Q HR
5/5 column. The optimum temperatures were 60°C for xylanase and 70°C for P-xylosidase. The isoelectric
points and molecular masses were 5.1 and 39.5 kDa for xylanase and 4.2 and 150 kDa for ,-xylosidase,
respectively. Heat treatment at 600C for 1 h did not cause inhibition of the activities of these enzymes. The
action of the two enzymes on xylan gave only xylose.

Many microorganisms produce xylan-digesting enzymes.

The enzymes involved, xylanase (endo-3-1,4-xylanase; EC
3.2.1.8) and 3-xylosidase (EC 3.2.1.37), have been purified
and characterized from fungi and bacteria (3-5, 8-11, 13-15).
However, these xylan-degrading enzymes are limited to
those from microorganisms that grow at ordinary tempera-
tures, and the enzymes do not show thermostability at higher
temperatures. There have been very few reports about
thermostable xylan-digesting enzymes. Moreover, they are

limited to a few fungi and anaerobic bacteria (7, 17). It was
reported that acidophilic Bacillus (16) or alkalophilic Bacil-
lus (12) spp. could produce thermostable xylanase, but the
investigators did not discuss whether or not the strain could
produce a xylosidase. Gruninger and Fiechter have isolated
thermostable bacteria which possess high xylanase activity
that cleaves xylan to xylose. However, they did not purify
the separate enzymes (6). The occurrence of a thermophilic
Bacillus sp. that could produce both thermostable xylanase
and 3-xylosidase was not determined.
The purpose of this research was to isolate thermophilic

bacteria capable of producing both xylan-digesting enzymes

(xylanase and P-xylosidase) at higher temperatures (50 to
60°C) and to clarify the mechanism of xylan digestion. We
describe the isolation and identification of a bacterium
capable of producing thermostable xylanase and xylosidase
and the purification of these enzymes. We then clarify the
xylan digestion system in this bacterium.

MATERIALS AND METHODS
Culture medium. Agar plate A consisted of 1% soluble

starch (Nakarai Tesque, Ltd.), 0.5% meat extract (Wako
Pure Chemical Industry), 1% polypeptone (Wako Pure
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Chemical Industry), and 2% agar (Wako Pure Chemical
Industry) at pH 7.0. This was used for selection of thermo-
philic bacteria.
Agar plate B contained 0.1% yeast extract (Wako Pure

Chemical Industry), 1% xylan from oat-spelt (Nakarai
Tesque), 2% agar, 0.4% KH2PO4, 0.2% NaCl, 0.1%
MgSO4 7H20), 0.005% MnSO4, 0.005% FeSo4 7H20,
0.2% CaCl2 2H20, and 0.2% NH4Cl at pH 7.0. This was

used for screening bacteria capable of producing xylan-
digesting enzymes.
The liquid medium contained 1% xylan from oat-spelt, 2%

polypeptone, 0.25% yeast extract, 0.2% NH4NO3 and
KH2PO4, 0.1% MgSO4 7H2, and 0.005% MnSO4 at pH
7.0.

Assay of xylanase and P-xylosidase and protein determina-
tion. (i) Xylanase. Enzyme solution (0.5 ml) was added to 2%
xylan suspension (0.5 ml) in 0.1 M acetate buffer, pH 6.0,
and the mixtures were incubated at 55°C for 30 min. After
the mixtures were cooled rapidly on ice water, the insoluble
xylan was removed by centrifugation (10,000 x g). To the
resulting supernatant (0.5 ml), 1 ml of 3,5-dinitrosalicylate
(0.5%) solution was added, and the mixture was cooked in
boiling water. Color development was measured on a spec-
trometer (UVIKON 860; Contron Ltd.) at 535 nm. One unit
of xylanase was defined as the activity releasing 1 ,umol of
xylose in 1 min.

(ii) P-Xylosidase. Enzyme solution (0.5 ml) was mixed with
0.5 ml of 20 mM phenyl-,-xyloside solution and incubated at
55°C for 30 min; 5 ml of 0.55 M Na2CO3 solution was added.
Then 1 ml of Folin-Ciocalteu reagent was added. After 30
min at room temperature, color development was measured
at 660 nm. One unit of ,B-xylosidase was defined as the
activity releasing 1 ,umol of phenol in 1 min.

Protein concentration was determined by the method of
Bradford (1).

Purification of xylanase and ,1-xylosidase. Strain 21 was

cultured in liquid medium at 55°C for 48 h, using a Bio-
Shaker (Taiyo Co. Ltd.). Ammonium sulfate was added to
the culture filtrate (500 ml) until 35% saturation was ob-
tained, and the precipitates were removed.
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Clear supernatant was applied to a Toyopearl HW-65
column (2.5 by 33.5 cm) equilibrated with ammonium sulfate
solution (35% saturation). Back-gradient elution (35 to 0%
saturation of ammonium sulfate) was done. The resulting
xylanase and ,3-xylosidase fractions were dialyzed against 50
mM acetate buffer, pH 6.0, and concentrated up to 10 ml by
ultrafiltration with an ultrafilter (UK-10; Toyo Co. Ltd.).
Both enzymes in the concentrated solution were then sepa-
rated by gel filtration, using a Sephacryl S-200 column (2.7
by 120 cm) equilibrated with 50 mM acetate buffer, pH 6.
Each enzyme (xylanase and P-xylosidase) was further puri-
fied to homogeneity by anion-exchange chromatography,
using a fast protein liquid chromatography (FPLC) system
equipped with a Mono Q HR 5/5 column (0.5 by 5 cm;
Pharmacia-LKB). FPLC was performed at a flow rate of 1
ml/min and a pressure of 2 MPa. Elution of each enzyme was
done by increasing NaCl concentration gradients up to 0.3 M
for xylanase or 0.5 M for P-xylosidase. A280 was monitored,
and the peak fractions were collected to assay enzyme
activities.

Gel electrophoresis. Isoelectric focusing and sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (PAGE) were
performed with an LKB2117 Multiphor II electrophoresis
system. Ampholine gels (Ampholine PAGE plate; pH range,
3.5 to 9.5; Pharmacia-LKB) were run at 1,500 V for 1.5 h at
10'C. Exel gels (SDS gradient 8-18; Pharmacia-LKB) were
run at 600 V and 50 mM for 75 min at 15'C.

Estimation of molecular mass of xylanase and PI-xylosidase.
The molecular mass of each enzyme was estimated by
SDS-PAGE. Another estimation of P-xylosidase molecular
weight was made by using gel filtration on a Superose 12
column (1.5 by 30 cm; Pharmacia-LKB) which was joined to
the FPLC system.

Determination of sugars formed by xylanase and P-xylosi-
dase action. Xylan suspension (2% oat-xylan, 1 ml) in 10 mM
acetate buffer, pH 6.0, was added to 0.5 ml of purified (A)
,-xylosidase solution (0.9 U/ml) or (B) xylanase solution (0/9
U/ml). Distilled water (0.5 ml) was added to each reaction
mixture. Xylan suspension (1 ml) was added to the 1-ml
solution (mixture of 0.5 ml of xylanase solution and 0.5 ml of
,B-xylosidase solution) (C). These reaction mixtures were
incubated at 55°C for 1 or 2 h. The remaining xylan was
removed by centrifugation (14,000 x g, 5 min). A 20-,ul
portion of each clear supernatant was spotted onto a silica
plate (thin-layer chromatography aluminum sheets; Merck),
and liberated xylose or xylo-oligosaccharides in each super-
natant were separated in the gel by developing the solvent
(n-butanol/water ratio, 85:15). After development, aniline-
phthalate reagent was sprayed onto the gel so that each
carbohydrate could be visualized.
Xylose and xylo-oligosaccharides (X2-X5) were separated

in the gel. They were used as standards for identification of
sugars.

RESULTS AND DISCUSSION

Isolation and determination of thermophilic bacterium pro-
ducing xylan-digesting enzyme. Soil suspensions in sterilized
water were poured and spread onto agar plates A. These
plates were incubated at 70°C for 2 days. About 100 colonies
were found on the plates. These colonies were transferred
onto agar plates B. These plates were incubated at 70°C for
2 days. Of 100 bacterial colonies, only 1 showed a clear halo
on the agar plate. This strain (tentatively named strain 21)
showed an ability to digest xylan and was selected for further
experiments.
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FIG. 1. FPLC-Mono Q column chromatogram of xylanase.
O.D., Optical density.

The strain was gram positive, negative on the Voges-
Proskauer test (at pH 7.2), and facultatively anaerobic and
had a rod shape, 1.0 to 2.5 ,um in diameter. Spore formation
was observed at the terminal position at the swollen spo-
rangium. The strain possessed the ability to hydrolyze both
starch and gelatin. Strain 21 grew in nutrient broth at 54 to
70°C at neutral pH but could not grow at pH 5.5. There was
acid formation from D-glucose but no gas formation from
glucose. From these results, strain 21 was identified as
Bacillus stearothermophilus by the criteria of Bergey's Man-
ual of Systematic Bacteriology (2).

Purification of xylanase and P-xylosidase. Crude prepara-
tions of xylan-digesting enzymes were obtained from the
culture filtrates (500 ml) after hydrophobic chromatography
on a Toyopearl HW-65 column. These enzymes were col-
lected in the eluents at a 25 to 17% ammonium sulfate
saturation. Each enzyme (xylanase or ,B-xylosidase) was
separated by gel filtration on a Sephacryl S-200 column.
The xylanase fraction obtained was dialyzed against 20

mM histidine-hydrochloric acid buffer, pH 6.0, and then led
to adsorption on FPLC-Mono Q HR 5/5 gels, which were
equilibrated with the same buffer. Elution was performed by
increasing the concentration of NaCl in the histidine-hydro-
chloride buffer from 0 to 0.3 M. The enzyme was eluted at an
NaCl concentration of approximately 0.12 M (Fig. 1).
The P-xylosidase fraction obtained after gel filtration was

dialyzed against 20 mM histidine-hydrochloride buffer, pH
5.0, and applied to the FPLC-Mono Q HR 5/5 column,
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FIG. 2. FPLC-Mono Q column chromatogram of the P-xylosi-
dase. O.D., Optical density.
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TABLE 1. Purification of xylanase (A) and P-xylosidase (B)

Total (U) Sp act (U/ml) Yield (%) Purification (fold)
Column

A B A B A B A B

Crude 184 42.9 1.96 0.455 100 100 1 1
Toyopearl 100 10.3 7.59 0.775 54.3 24 3.87 1.7
Sephacryl 65 9.75 52.3 5.13 35.3 22 26.7 11.3
Mono Q 20.8 9.29 122 27.9 11.3 21 62.2 61.3
Mono Q 6.92 34.2 16.1 72.5

equilibrated with the buffer. Elution was performed by
increasing the NaCl concentration in the histidine-hydro-
chloride buffer from 0 to 0.5 M. IB-Xylosidase was eluted at
an NaCl concentration of approximately 0.4 M (Fig. 2).
Rechromatography with the FPLC-Mono Q column was
performed to obtain well-purified P-xylosidase under the
same conditions. The purification is summarized in Table 1.
Xylanase and ,B-xylosidase were purified up to 62.2- and

72.5-fold, respectively. The specific activity was 122 U/mg
for xylanase and 34.2 U/mg for P-xylosidase. Isoelectrofo-
cusing on a Ampholine PAGE plate gave a single band of
each enzyme (xylanase or P-xylosidase), which assured the
homogeneity of each (Fig. 3).

General properties of xylanase and D-xylosidase. Isoelectric
points of xylanase and P3-xylosidase were 4.83 and 4.13,
respectively. SDS-PAGE gave a single band of each en-
zyme. The molecular mass of the xylanase was determined
to be 39.5 kDa (Fig. 3). Another estimation of molecular
mass, using gel filtration, revealed that the molecular mass of

A

the ,-xylosidase in the native state was 150 kDa, which
indicates that the enzyme is a dimer (the molecular mass of
each subunit was 75 kDa). The optimum pH and temperature
were 7.0 and 60°C for xylanase and 6.0 and 70°C for
P-xylosidase, respectively. Xylanase was stable in the pH
range of 5 to 11, but P-xylosidase was stable in the range of
pH 6 to 8. Heat treatment at 60°C for 1 h did not cause
inhibition of the activities of either enzyme (Fig. 4). To date,
a thermostable P-D-xylosidase has not been reported (9).
The Km of the xylanase for xylan or the ,-xylosidase for
p-nitrophenyl-4-D-xyloside was calculated to be 3.8 mg/ml
or 1.2 x 10-3 M. The ability of the xylanase to degrade
cellulose or carboxymethyl cellulose was tested, but activi-
ties were not detected, which is not in accordance with the
results with other xylanases produced by acidophilic Bacil-
lus spp. (16).

Xylan-digesting system in strain 21. Purified P-xylosidase
could not digest xylan (Fig. 5, lanes Bo, B1, and B2), but

B
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FIG. 3. Isoelectrofocusing and SDS-PAGE of xylanase and P-xylosidase. (A) Ampholine gel (pH range, 3.0 to 9.5) was used for
isoelectrofocusing. (B) Excel gel (Pharmacia-LKB) was used for SDS-PAGE. The following were used as protein markers (isoelectric
focusing calibration kit; pH range, 3 to 10; Pharmacia-LKB): amyloglucosidase (3.50), soybean trypsin inhibitor (4.55), P-lactoglobulin A
(5.20), bovine carbonic anhydrase B (5.85), human carbonic anhydrase B (6.55), horse myoglobin (6.85), horse myoglobin (7.35), lentil lectin
(8.15), lentil lectin (8.45), lentil lectin (8.65), and trypsinogen (9.30). The following were used as molecular calibration markers
(electrophoresis kit; Pharmacia LKB): phosphorylase b (94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase
(30 kDa), soybean trypsin inhibitor (20.1 kDa), and a-lactalbumin (14.4 kDa). Lane S, Each calibration marker; lane A, xylanase; lane B,
P-xylosidase.
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FIG. 4. Thermostability and pH stability of xylanase and P-xy-
losidase. Purified xylanase (2 U) and P-xylosidase (1 U) solutions,
adjusted at each pH, were left at room temperature for 20 h. The
remaining activity of each enzyme was measured. Purified xylanase
solution (2 U) at pH 6.0 and P-xylosidase solution at pH 6.0 (1 U)
were incubated at each temperature for 1 h. The remaining activity
of each enzyme was measured at 60'C.

purified xylanase could digest xylan to form mainly xylobi-
ose and xylotriose (Fig. 5, lanes AO, A1, and A2).
When the enzymes concurrently reacted to the substrate

(oat-xylan), only xylose was found in the reaction mixture
(Fig. 5, lanes MO, M1, and M2). These results indicate that, at
first, xylanase cleaved the substrate to liberate xylooligosac-
charides and then the resulting oligosaccharides were
cleaved to form xylose by the ,3-xylosidase action. Xylan
hydrolysates formed by the enzymes were analyzed on a
LiChrosorb-NH2 (S-,um) packed column (Cica-Merck)
joined to a high-performance liquid chromatography system
equipped with a differential refractometer (Hitachi Co.,

X2>

X5

BoBLB2S AoAtAaS MoMiML
FIG. 5. Thin-layer chromatogram of sugars formed by xylanase

and 3-xylosidase actions. Lane AO, Before start of xylanase reac-

tion; lane Al, xylanase reaction for 1 h; lane A2, xylanase reaction
for 2 h; lane Bo, before start of P-xylosidase reaction; lane B1,
P-xylosidase reaction for 1 h; lane B2, P-xylosidase reaction for 2 h;
lane MO, before start of xylanase and P-xylosidase reaction; lane M1,
xylanase and P-xylosidase reaction for 1 h; lane M2, xylanase and

P-xylosidase reaction for 2 h; lane S, standard xylose (X1) and

xylo-oligosaccharides (X2-X5)-

Ltd.), which supported the results on thin-layer chromatog-
raphy.

This strain, B. stearothermophilus 21, grows on xylan as
the sole source of carbon and produces the two enzymes,
although in smaller amounts when compared with those
produced in the liquid medium containing polypeptone (com-
ponents described in Materials and Methods). The strain has
a characteristic xylan digestion system, i.e., secretion of
both thermostable xylanase and P-xylosidase, and a two-
step digestion of xylan that occurs in extracellular medium.
This thermostable system of xylan digestion has not yet been
reported in any other bacteria (9).
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