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a b s t r a c t

A novel GH10 endo-�-1,4-xylanase (XylG) gene from Streptomyces thermocarboxydus HY-15, which was
isolated from the gut of Eisenia fetida, was cloned, over-expressed, and characterized. The XylG gene
(1182 bp) encoded a polypeptide of 393 amino acids with a deduced molecular mass of 43,962 Da and
a calculated pI of 6.74. The primary structure of XylG was 69% similar to that of Thermobifida fusca YX

◦

eywords:
ndo-�-1,4-xylanase
lycoside hydrolase family 10
treptomyces thermocarboxydus HY-15
-Nitrophenylcellobioside

endo-�-1,4-xylanase. It was most active at pH 6.0 and 55 C. The susceptibilities of xylans to XylG were
as follows: oat spelt xylan > birchwood xylan > beechwood xylan. The XylG also showed high activity
(474 IU/mg) toward p-nitrophenylcellobioside. Moreover, at pH 6.0 and 50 ◦C, the Vmax and Km val-
ues of the XylG were 127 IU/mg and 2.51 mg/ml, respectively, for oat spelt xylan and 782 IU/mg and
5.26 mM, respectively, for p-nitrophenylcellobioside. A homology model indicated that XylG folded to
form a (�/�)8-barrel with two catalytic residues of an acid/base (Glu181) and a nucleophile (Glu289).

de bo
NP-cellobioside The formation of a disulfi

. Introduction

Invertebrates have attracted much attention from bio-
ndustries as sources of a wide variety of gut microorganisms that
re expected to have new metabolic pathways or novel genes
ncoding biocatalysts [1,2]. Accordingly, studies to explore useful
iomaterials, such as biopolymers, novel enzymes, and secondary
etabolites, from invertebrate-symbiotic microorganisms have

een gradually increased. Of the fibrolytic microorganisms present
n the digestive tracks of invertebrates, xylanolytic microorganisms
re primarily responsible for the degradation of various xylosic
aterials, which were uptaken as foods by hosts. However, only

imited studies evaluating the xylan-degrading exo-symbionts of
specially, earthworms have been conducted to date [3].

Recently, many studies have been conducted to evaluate the

roduction of biofuels using various lignocellulosic biomasses;
owever, biomass recalcitrance still remains as a problem that must
e solved to enable the efficient preparation of simple sugars from
he bioresources [4]. Accordingly, the development of a suitable

∗ Corresponding authors. Tel.: +82 42 8604650; fax: +82 42 8604659.
E-mail addresses: sonkh@kribb.re.kr (K.-H. Son), hypark@kribb.re.kr (H.-Y. Park).

381-1177/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.molcatb.2009.08.015
nd between Cys321 and Cys327 were predicted by homology modeling.
© 2009 Published by Elsevier B.V.

enzymatic pretreatment strategy that can facilitate the degradation
of lignocellulosic biomasses by selectively eliminating hemicellu-
lose components is necessary to enable the efficient production
of glucose or cellobiose from the recalcitrant biomasses. Bioenergy
such as bioethanol or biobutanol is produced by microbial transfor-
mation of the fermentable saccharides. One of the hemicellulases,
endo-�-1,4-xylanases, which give rise to the cleavage of inter-
nal �-1,4-xylosidic bonds in the backbone, are the key enzymes
responsible for the decomposition of �-1,4-xylan, which is the pri-
mary hemicellulose found in plant biomass [5]. These enzymes are
currently categorized into five glycoside hydrolase (GH) families (5,
8, 10, 11, and 43) based on their specific fold and catalytic mode.
However, most of the known endo-�-1,4-xylanases are incorpo-
rated into the following two GH families: GH family 10, which
contains endo-�-1,4-xylanases having a molecular mass (>30 kDa)
and an acidic pI, and GH family 11, which contains endo-�-1,4-
xylanases having a molecular mass (<30 kDa) and a basic pI [6].
Compared to GH11 enzymes, GH10 enzymes are more specific to

branched or glucose-derived substrates [7–9] and some of these
endo-�-1,4-xylanases are modular enzymes consisting of two or
more functional domains in addition to linker regions [10,11].

To date, the three-dimensional structures of more than 10 GH10
endo-�-1,4-xylanases have been clarified by X-ray crystallogra-

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:sonkh@kribb.re.kr
mailto:hypark@kribb.re.kr
dx.doi.org/10.1016/j.molcatb.2009.08.015
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hy analysis [12,13]. All of these enzymes have been found to
hare significantly similar structures consisting of (�/�)8-barrels,
dditional helices, and loops arranged in a basic triphosphate
somerase-barrel structure that forms an active site cleft [13].
he deep grooves formed by the cleft comprise a series of sub-
ites that are consistent with the endo-fashion of action. The
ctive site amino acids, which play a key role in catalysis and
inding to substrates, have also been identified by structural
nalysis of GH10 endo-�-1,4-xylanase-inhibitor crystals [14] and
ite-directed mutagenesis [15]. Based on these analyses, it is
elieved that differences in the substrate specificity of GH10 endo-
-1,4-xylanases are due to the unconserved topology of their
ubstrate-binding clefts [16], although these enzymes show the
ame gross fold.

In this study, we report the biochemical properties of a novel
H10 endo-�-1,4-xylanase (XylG) from the strain HY-15, a gut
acterium of Eisenia fetida, with a strong capacity to hydrolyze
-nitrophenylcellobioside (PNP-cellobioside), over-expressed in
scherichia coli BL21. In addition, the structural characteristics of
ylG predicted by homology modeling are described.

. Experimental

.1. Chemicals

�-1,4-d-Xylooligosaccharides of xylobiose to xylotetraose were
btained from Megazyme International Ireland Ltd. (Wicklow,
reland) and �-1,4-d-cellooligosaccharides of cellobiose to cel-
otetraose were provided from Seikagaku Biobusiness Co. (Tokyo,
apan). All other chemicals including xylose, PNP-sugar derivatives,
nd xylans from birchwood, beechwood, and oat spelt were pur-
hased from Sigma Chemical Co. (St. Louis, USA).

.2. Isolation and identification of a xylan-degrading
icroorganism

A xylanolytic exo-symbiont, strain HY-15, was isolated from the
igestive tract of an earthworm, E. fetida, using R2A solid medium
Scharlau Chemie S.A., Barcelona, Spain) that was supplemented
ith 0.5% (w/v) birchwood xylan, as described in our previous
aper [3]. Each liter of R2A solid medium contained 0.75 g pep-
one, 0.25 g tryptone, 0.5 g yeast extract, 0.5 g dextrose, 0.5 g soluble
tarch, 0.3 g sodium pyruvate, 0.3 g dipotassium hydrogen phos-
hate, 0.024 g magnesium sulfate, and 15 g agar. Heterotrophic gut
acteria were cultured on the agar plate for 48 h at 25 ◦C. Of the
ylanolytic microorganisms grown on the medium, strain HY-15
ormed a large translucent halo around its colony and was therefore
elected for further study. To identify the isolate, sequence analy-
is of its 16S rRNA gene was conducted as previously described
17]. The 16S rRNA gene sequence of strain HY-15 was aligned with
hose from strains of the genus Streptomyces based on similarities
n the primary and secondary RNA structures using the PHYDIT
rogram.

.3. Cloning of the XylG gene

To amplify a partial fragment of the XylG gene from
he genomic DNA, degenerate oligonucleotides were designed
ased on conserved regions (WDVVNE and VTELDI) in the

H10 endo-�-1,4-xylanases. The upstream primer (GF) was 5′-
GGGACGTCSTCAACGAG-3′ and the downstream primer (GR) was
′-GATGTCGAGCTCSGTGAC-3′, which produced a 351 bp DNA frag-
ent. The full XylG gene was cloned by repeated DNA walking and

ested PCR methods using a DNA Walking SpeedUpTM Premix Kit
Seegene Inc., Seoul, Korea).
lysis B: Enzymatic 62 (2010) 32–39 33

2.4. Overproduction and purification of XylG

To overproduce XylG, its encoding gene was cloned into the
NdeI/HindIII sites of a pET-28a(+) vector (Novagen, Darmstadt, Ger-
many). For this, the full XylG gene with NdeI and HindIII sites in
the N-terminus and the C-terminus, respectively, was amplified
by PCR using the genomic DNA of Streptomyces thermocarboxy-
dus HY-15 as a template. The primer sequences with the NdeI and
HindIII sites, respectively, are as follows: the upstream primer (F-
GN) was 5′-CATATGAGACCCCTTCGTTTCGC-3′ and the downstream
primer (R-GH) was 5′-AAGCTTTCAGTGCTTAGGGCCCTTCG-3′. The
PCR mixture (50 �l) consisted of a PCR buffer, 10 pmol of each
primer, 2.5 mM of each dNTP, 20 ng of template DNA, and 2.5 U
of FastStart Tag DNA polymerase (Roche Korea Co., Seoul, Korea).
A DNA thermal cycler (TaKaRa Korea Biomedical Inc., Seoul, Korea)
was used to amplify the XylG gene. The initial template denatu-
ration was conducted for 5 min at 95 ◦C. Subsequently, the profile,
30 s at 95 ◦C, 30 s at 53 ◦C, and 1 min 20 s at 72 ◦C, was repeated for
30 cycles. The amplified DNA fragment was separated on a 1.0%
agarose gel and purified using a HiYieldTM Gel/PCR DNA Extrac-
tion Kit (Real Biotech Co., Taipei County, Taiwan). The purified PCR
products were cloned into a pGEM-T easy vector (Promega, Madi-
son, USA), and the target gene fragment was sequenced. Next, the
pGEM-T easy/xylG vectors were digested with NdeI and HindIII,
after which the resulting xylG fragments with the corresponding
sticky ends were isolated using a HiYieldTM Gel/PCR DNA Extraction
Kit (Real Biotech Co., Taipei County, Taiwan). To overexpress and
purify the XylG, the generated xylG fragments were ligated into a
pET-28a(+) vector with the same ends, followed by transformation
of the resulting pET-28a(+)/xylG into E. coli BL21. Overproduction
of the XylG was then conducted by cultivating the recombinant
E. coli BL21 cells harboring pET-28a(+)/xylG using a 2 l baffle-flask
that contained 500 ml of Luria-Bertani broth, in a rotary shaker
(180 rpm) for 8 h at 30 ◦C. The expression of the xylG gene was
induced by the addition of 1 mM IPTG after the absorbance of the
culture at 600 nm reached approximately 0.4. Following cultiva-
tion, the cells were harvested by centrifugation (5000 rpm) and
then stored at −20 ◦C for 1 h. Cell lysis was then conducted using
a BugBusterTM Protein Extraction Reagent (Novagen, Darmstadt,
Germany), according to the manufacturer’s instructions. Following
centrifugation (12,000 rpm) for 15 min at 4 ◦C, the soluble fraction
containing the recombinant XylG proteins was collected and then
directly used as the crude enzyme source. In this study, enzyme
purification was conducted using a HisTrapTM HP (GE Healthcare,
Sweden) (5 ml) column and a HiPrepTM 16/10 DEAE FF (Amer-
sham Biosciences, Sweden) column attached to an FPLC system
(Amersham Pharmacia Biotech, Sweden). The affinity column chro-
matography was performed according to the standard protocol
provided by the manufacturer, after which the recombinant pro-
teins were eluted using a linear gradient of 0.02–0.5 M imidazole
at a flow rate of 1 ml/min. The active fractions were then recovered
and desalted with a HiPrepTM 26/10 desalting column (Amersham
Biosciences, Sweden) using 20 mM Tris–HCl buffer (pH 7.6) as the
mobile phase. For further purification, the resulting enzyme prepa-
ration was re-applied to a HiPrepTM 16/10 DEAE FF column that had
been pre-equilibrated with 20 mM Tris–HCl buffer (pH 7.6). The
recombinant enzyme was then eluted with a gradient of 0–0.5 M
NaCl that was applied at a flow rate of 2.0 ml/min. Finally, the active
fractions were collected, desalted, and subjected to further analy-
sis.
2.5. Protein analysis

The relative molecular mass of the denatured XylG was deter-
mined by SDS-PAGE on a 12% gel. The separated proteins were
stained with Coomassie brilliant blue R-250. The protein concentra-
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Table 1
Effects of metal ions (1 mM) and chemical reagents (5 mM) on XylG
activity.

Compound Relative activity (%)

None 100
HgCl2 0
CaCl2 93
NiSO4 103
CuCl2 23
ZnSO4 104
MgSO4 100
MnCl2 142
SnCl2 99
BaCl2 98
CoCl2 127
FeSO4 116
N-Bromosuccinimide 0
Iodoacetamide 41
Sodium azide 57
N-Ethylmaleimide 51
EDTA 41
Dithiothreitol 123
4 D.Y. Kim et al. / Journal of Molecular

ions were determined using the Bradford reagent (Bio-Rad Korea
td., Seoul, Korea).

.6. Enzyme assays

Endo-�-1,4-xylanase activity was assayed by measuring the
mount of reducing sugars produced from birchwood xylan by
he 3,5-dinitrosalicylic acid (DNS) method [18] using xylose as a
tandard. The standard assay mixture (0.5 ml) consisted of 1.0%
irchwood xylan and suitably diluted enzyme solution (0.05 ml)

n a 50 mM sodium phosphate buffer (pH 6.0) and the enzyme
eaction was conducted at 50 ◦C for 15 min. One international unit
IU) of endo-�-1,4-xylanase activity for xylans was defined as the
mount of enzyme required to produce 1 �mol of reducing sugar
er min under standard assay conditions. Sugars (5 mM) substi-
uted with p-nitrophenol (PNP) were employed to assay other
ydrolytic activities of the purified enzyme. The activity assay of
ylG toward PNP-sugar derivatives was conducted under the same
onditions used in the standard assay of xylanolytic activity. One
nternational unit (IU) of endo-�-1,4-xylanase activity for PNP-
ugar derivatives was defined as the amount of enzyme required
o produce 1 �mol of PNP per min under standard assay condi-
ions.

.7. Effects of pH, temperature, and chemicals on the
ndo-ˇ-1,4-xylanase activity

The optimal pH of the purified XylG was evaluated at a range of
.5–10.5 using the following buffers (50 mM) at 50 ◦C for 15 min:
odium citrate (pH 3.5–5.5), sodium phosphate (pH 5.5–7.5),
ris–HCl (pH 7.5–9.0), and glycine–NaOH (pH 9.0–10.5). The effect
f temperature on the maximum activity of XylG was determined
t 37, 45, 50, 55, 60, 65, and 70 ◦C under the standard assay condi-
ions. To evaluate the thermostability of XylG, it was pre-incubated
t the corresponding temperature for 10, 30, and 60 min in 50 mM
odium phosphate buffer (pH 6.0), after which the enzyme reac-
ion was initiated by adding the substrate to the reaction mixture.
he removal of remaining metal ions in the purified enzyme sam-
le was initially conducted by treatment with 20 mM EDTA for 1 h
t 4 ◦C, after which XylG was selectively recovered by a column
hromatography using a HiPrepTM 26/10 desalting column (Amer-
ham Phamacia Biotech, Sweden). This enzyme preparation was
irectly used in the experiments to evaluate the effect of metal

ons on the XylG activity. To evaluate the effects on the endo-�-
,4-xylanase activity of metal ions (1 mM) and chemical reagents
5 mM or 0.5%), XylG was pre-incubated at 50 ◦C for 10 min in
0 mM sodium phosphate buffer (pH 6.0) containing the compound
f interest (Table 1) at the indicated concentration. The enzyme
eaction was then started by adding the substrate to the reaction
ixture. Approximately 2 �g XylG and 1.0% birchwood xylan were

sed for the reactions.

.8. Identification of the hydrolysis products

To identify the hydrolysis products, enzymatic degradation of
irchwood xylan (10 mg) was conducted using the purified XylG
2 �g) in 0.5 ml of 50 mM sodium phosphate buffer (pH 6.0) for
h at 37 ◦C, during which time the enzyme remained fairly sta-
le. The reaction was then heated to 100 ◦C for 5 min to stop
he enzyme reaction. Similarly, xylooligosaccharides (xylobiose to
ylotetraose, each 1 mg) were digested under the same hydrolytic

onditions for 3 h. The hydrolysis products were then analyzed by
iquid chromatography/tandem mass spectrometry (LC–MS/MS).
PLC analysis was conducted using a Finnigan SurveyorTM Mod-
lar HPLC systems (Thermo Electron Co., Waltham, USA) equipped
ith a Asahipak NH2P-50 2D column (5 �m, 2.0 mm × 150 mm,
2-Mercaptoethanol 105
Triton X-100 (0.5%) 142
Tween 80 (0.5%) 138

Shodex) that was operated using the Xcalibur software (version
1.3 SP2, Thermo Electron Co., Waltham, USA). Mobile phase A con-
tained water and 0.05% formic acid, while mobile phase B consisted
of acetonitrile and methanol at a ratio of 6:4 in addition to 0.05%
formic acid. The gradient elution, which was conducted at a flow
rate of 0.25 ml/min was as follows: 0–15 min 85–80% B (linear
gradient) and 15–20 min 60% B (isocratic). LC–MS was performed
using a Finnigan LCQ Advantage MAX ion trap mass spectrometer
(Thermo Electron Co., Waltham, USA) equipped with an electro-
spray ionization (ESI) source. The mass spectra were obtained in
the range m/z 100–1000 in negative ion mode. Data-dependent tan-
dem mass spectrometry (MS/MS) experiments were controlled by
the menu-driven software provided with the Xcalibur system. All
experiments were performed under automatic gain control condi-
tions.

2.9. Homology modeling and structural analysis

The 3D structure of the XylG from S. thermocarboxydus HY-15
was generated using the Modeler [19] and Minimization [20] in Dis-
covery Studio 2.0 (Accelrys Inc., San Diego, CA, USA). Comparative
modeling was then used to generate the most probable structure of
the query protein by alignment with template sequences, simulta-
neously satisfying spatial restraints, and local molecular geometry.
A BLAST search of the PDB database using the XylG sequence exhib-
ited the highest homologies with two endo-�-1,4-xylanases (1E0V
and 1V0K) from Streptomyces lividans. As a result, these endo-�-
1,4-xylanases were utilized as templates for homology modeling
after alignment using the Clustal W program. The generated struc-
ture was then improved by refinement of the loop conformations
by assessing the compatibility of an amino acid sequence with
known PDB structures using the Protein Health module in Dis-
covery Studio. All simulation experiments were conducted using
an HP XW6200 Workstation with dual Intel Xeon 3.2 GHz proces-
sors.

2.10. Nucleotide sequence accession number
The 16S rDNA sequence of the isolate was deposited in Gen-
Bank under accession number EU850809. The nucleotide sequence
of XylG gene was deposited in GenBank under accession number
EU880430.
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. Results

.1. Identification of a xylanolytic isolate

Phylogenetic analysis of the nucleotide sequence of the strain
Y-15 16S rRNA gene revealed that it was closely related to S. ther-
ocarboxydus NBRC 16323T, with a sequence similarity of 99.8%.
ased on this result, the isolated strain HY-15 was identified as S.
hermocarboxydus and deposited in the Korean Collection for Type
ultures under code no. S. thermocarboxydus HY-15 KCTC 19532.

.2. Genetic characterization of XylG gene

The XylG gene isolated in this study contained a 1182 bp open
eading frame (ORF) that encodes a protein of 393 amino acids
Fig. 1). A deduced molecular mass (Mr) and a calculated pI of
ylG were estimated to be 43,962 Da and 6.74, respectively. It
as predicted that the signal peptide cleavage site of premature

ylG was between Ala27 and Ala28, which may generate a mature
ylG of 366 amino acids with a deduced Mr of 41,354 Da and a
alculated pI of 6.46. When the XylG sequence was aligned with
ther endo-�-1,4-xylanases available in the NCBI database, it was
ound to possess the molecular features of an endo-�-1,4-xylanase

ig. 1. Alignment of the deduced amino acid sequence of GH10 endo-�-1,4-xylanase f
equences (GenBank accession number): Sth, S. thermocarboxydus HY-15 endo-�-1,4-x
adiotolerans SRS30216 endo-�-1,4-xylanase (ABS02039); Tfu-2, T. fusca YX endo-�-1,4-
he identical and similar amino acids are shown by black and grey boxes, respectively. The
sed in the design of degenerate oligonucleotides for PCR reaction are marked by arrow
eaction are indicated by asterisks. GH10 domain is shown by solid-line box.
lysis B: Enzymatic 62 (2010) 32–39 35

with a sequence similarity similar to that of the GH10 endo-�-
1,4-xylanases. However, the sequence similarity levels of XylG
with the endo-�-1,4-xylanases in GH family 10 were relatively
low. Specifically, the highest sequence similarity was 69%, and this
was obtained when XylG was compared to the primary structure
of Thermobifida fusca YX endo-�-1,4-xylanase (GenBank accession
no.: AAZ56824). In addition, XylG was also 69, 59, and 43% iden-
tical to Kineococcus radiotolerans SRS30216 endo-�-1,4-xylanase
(ABS02039), T. fusca YX endo-�-1,4-xylanase (ABL73883), and
Acidothermus cellulolyticus 11B endo-�-1,4-xylanase (ABK52146),
respectively. The results of a protein BLAST survey revealed that
XylG contained one putative conserved GH10 domain (from Tyr81
to Leu372) that was most similar to the domain structure of GH
family 10 (pfam00331). In XylG, the two putative catalytic residues
of Glu181 (acid/base catalyst) and Glu289 (catalytic nucleophile),
which likely take part in the double-displacement of retaining gly-
coside hydrolases as indicated by MacLeod et al. [21], were found
in highly conserved regions of the active site (Fig. 1).
3.3. Purification and molecular mass of recombinant XylG

In this study, we purified the recombinant XylG to elec-
trophoretic homogeneity by an affinity chromatography and an

rom S. thermocarboxydus HY-15 with those of other GH10 endo-�-1,4-xylanases.
ylanase (EU880430 ); Tfu-1, T. fusca YX endo-�-1,4-xylanase (AAZ56824); Kra, K.
xylanase (ABL73883); Ace, A. cellulolyticus 11B endo-�-1,4-xylanase (ABK52146).
predicted signal peptide is indicated by a black bar. The internal peptide sequences

s. Highly conserved amino acid residues that play an essential role in the catalytic
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Fig. 3. Effects of pH (a) and temperature (b) on the endo-�-1,4-xylanase activity
of XylG and effect of temperature on the stability of XylG (c). The optimal pH of
the enzyme was evaluated using the following buffers (50 mM): sodium citrate (�),
ig. 2. SDS-PAGE of the purified XylG: lane S, standard marker proteins; lane 1, the
oluble cell lysate after IPTG induction; lane 2, purified XylG.

nion exchange chromatography (Fig. 2), as described in Section
. The recombinant enzyme was released from the HisTrapTM

P column when imidazole was applied at concentrations of
50–200 mM. Additionally, it was also eluted from the DEAE-
epharose resins when NaCl was applied at concentrations of
50–300 mM. The binding affinity of the recombinant enzyme to
he anion exchangers indicates that it is an acidic protein. After the
wo purification processes, the enzyme was purified 8.5-fold with
n overall yield of 56.4%. The Mr of the XylG was estimated to be
pproximately 40 kDa, as determined by SDS-PAGE (Fig. 2).

.4. Properties of XylG

The highest catalytic activity of XylG toward birchwood xylan
as measured at pH 6.0 (Fig. 3a) and 55 ◦C (Fig. 3b), and it retained

ver 85% of its maximum activity at a pH range of 5.0–6.5 (Fig. 3a).
owever, the hydrolytic ability of XylG for the same substrate was

emarkably reduced when the enzyme reaction was conducted at
Hs <pH 5.0 or >pH 7.0. Although the XylG retained over 80% of

ts original activity at temperatures below 45 ◦C for at least 1 h,
ts activity was greatly reduced when exposed to temperatures
bove 55 ◦C for 10 min (Fig. 3c), indicating that the enzyme reaction
hould not be performed at 55 ◦C. Therefore, all subsequent enzyme
ssays in this study were conducted at 50 ◦C. At 50 ◦C, the half-life
f XylG was estimated to be approximately 40 min (Fig. 3c).

The XylG completely lost its xylanolytic activity in the presence
f Hg2+ (1 mM) and N-bromosuccinimide (5 mM), indicative of its
igh sensitivity to these compounds (Table 1). The strong inhibitory
ffect of XylG exerted by N-bromosuccinimide (5 mM) suggests that
ydrophobic Trp residues in the active site may play an important
ole in substrate binding and catalysis. Actually, XylG retained more
han 65% of its original catalytic activity when the enzyme assay
as conducted in the presence of N-bromosuccinimide (5 mM)
ithout pre-incubation with the same inhibitor for 10 min (data
ot shown). It is likely that the partial inhibition of XylG by N-

romosuccinimide occurred because considerable amounts of the
nzyme in the reaction mixture were bound to the substrate (birch-
ood xylan) prior to exposure to the chemical reagent. Apparently,

f XylG is bound to the substrate, the important Trp residues in
ts substrate-binding site will be protected from modification by

sodium phosphate (©), Tris–HCl (�), and glycine–NaOH (�).
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Table 2
The hydrolysis activity of XylG for different substrates.

Substrate Specific activity (IU/mg)a

Birchwood xylan 70.3 ± 2.3
Beechwood xylan 37.5 ± 1.8
Oat spelt xylan 87.3 ± 3.2
PNP-cellobioside 474 ± 2.5
PNP-glucopyranoside <0.3
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Fig. 4. LC–MS analysis of the hydrolysis products of birchwood xylan: (a) total ion
chromatogram of the standards [xylobiose (a peak with a retention time of 3.60 min),
xylotriose (a peak with a retention time of 4.34 min), and xylotetraose (a peak with a
PNP-xylopyranoside <2.3

a Specific activity was obtained from the three repeated experiments.

-bromosuccinimide. A significant inhibitory effect (>40% of its
riginal activity) on the enzyme activity was also observed when
he enzyme was incubated with Cu2+ (1 mM), EDTA (5 mM), and the
ulfhydryl reagents (each 5 mM), such as iodoacetamide, sodium
zide, and N-ethylmaleimide. Of the metal ions evaluated, man-
anese ion (Mn2+) was found to induce an approximately 42%
ncrease in enzyme activity, which is similar to other endo-�-1,4-
ylanases [22,23]. In fact, treatment with Ni2+ at a concentration of
mM had almost no effect on the xylanolytic activity of recom-
inant enzyme. The catalytic activity of the recombinant XylG

ncreased by approximately 1.4-fold when the enzyme assay was
onducted in the presence of nonionic detergents (0.5%) such as
ween 80 and Triton X-100.

.5. Substrate specificity and kinetic analysis

When compared to xylans (≥90% xylose) from beechwood and
irchwood, oat spelt xylan, which consists of xylose (≥70%), glucose
≤15%), and arabinose (≤10%), was most efficiently decomposed by
he XylG (Table 2). In this case, the specific activity of the enzyme
or oat spelt xylan was determined to be approximately 87.3 IU/mg,
hich was higher than that of birchwood xylan (70.3 IU/mg) and

eechwood xylan (37.5 IU/mg). Based on the results, the suscep-
ibilities of xylosic materials to the XylG were determined to be
s follows: oat spelt xylan > birchwood xylan > beechwood xylan.
onversely, glucose-based polysaccharides such as avicel, car-
oxymethylcellulose (CMC), or soluble starch were not susceptible
o XylG. It should be noted that the XylG exhibited high activity
473.5 IU/mg) toward p-nitrophenyl (PNP) cellobioside, which is
requently used as a chromogenic substrate to evaluate the exo-
ellobiohydrolase activity (Table 2). However, the hydrolysis of
NP-glucopyranoside and PNP-xylopyranoside by the enzyme was
egligible.

The Michaelis–Menten kinetic parameters (Vmax and Km) for
ifferent substrates, which were evaluated from Lineweaver-Burk
lots, were determined using xylan (0.2–1.5%) or PNP-cellobioside
2.5–10 mM) as a substrate. Of the polymeric substances evaluated,
ylG showed the highest Vmax value (approximately 127 IU/mg)
nd a Km value of approximately 2.51 mg/ml toward oat spelt xylan.
dditionally, the Vmax and Km values of the recombinant enzyme
ere 106 IU/mg and 2.11 mg/ml, respectively, for birchwood xylan

nd of 84 IU/mg and 1.97 mg/ml, respectively, for beechwood xylan.
he Vmax and Km values of XylG toward PNP-cellobioside were
etermined to be 782 IU/mg and 5.26 mM, respectively. The cat-
lytic efficiency (Vmax/Km) of XylG for oat spelt xylan was higher
y approximately 1.01- and 1.19-fold that for birchwood xylan and
eechwood xylan, respectively.

.6. Hydrolysis products of xylosic materials
LC–MS/MS analysis of the hydrolysis products of birchwood
ylan that were digested with XylG clearly revealed that the
nzyme primarily degraded the polymeric substrate to xylobiose
lthough the small amounts of xylotriose were also produced
retention time of 5.40 min)]; (b) total ion chromatogram of the hydrolysis products
(3 h reaction); (c) total ion chromatogram of the hydrolysis products (6 h reaction);
(d) mass spectrum of a peak with a retention time of 3.60 min; (e) mass spectrum
of a peak with a retention time of 4.34 min.

(Fig. 4b), but xylose was not appeared even at the end of hydrolysis
reaction (Fig. 4b). Specifically, the molecular ions with a m/z value
of 327 (Fig. 4d) and 459 (Fig. 4e) corresponded to the masses of an
adduct of formic acid with xylobiose and xylotriose, respectively. In
Fig. 4d, an ion fragment with a m/z value of 281 also represented the
molecular ion of xylobiose. Like birchwood xylan, it was found that
xylotriose and xylotetraose were readily degraded by the enzyme,
but xylobiose was not further hydrolyzed. It is interesting to note
that the XylG could not degrade cellotriose (Fig. 5c) or cellotetraose
(Fig. 5d) as well as cellobiose (Fig. 5b) even though it efficiently
hydrolyzed PNP-cellobioside, which is often employed as a sub-
strate of cellobiohydrolase. The molecular ions with a m/z value of
387 (Fig. 5e), 549 (Fig. 5f), and 711 (Fig. 5g) corresponded to the
masses of an adduct of formic acid with cellobiose, cellotriose, and
cellotetraose, respectively.

3.7. Structural characterization of XylG by homology modeling

The XylG showed the highest sequence identity (69%) with the
GH10 endo-�-1,4-xylanase (AAZ56824) of T. fusca YX, but no crys-
tal structure was available for this endo-�-1,4-xylanase. Therefore,
the homology model of XylG was generated using the crystal struc-
tures (1E0V and 1V0K) of S. lividans GH10 endo-�-1,4-xylanase as
the template, while they showed 40% identity with the XylG of
the present study. The homology model of XylG indicated that the
mature enzyme may form a (�/�) -barrel with active site loops
8
arranged to form a deep cleft, which is similar to other GH10
endo-�-1,4-xylanases [24]. As expected, two predicted catalytic
residues, Glu181 (catalytic acid/base) and Glu289 (catalytic nucle-
ophile), were located within the active site cleft in the model,
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Fig. 5. LC–MS analysis of the hydrolysis products of cellobiose to cellotetraose: (a)
total ion chromatogram of the standards [glucose (a peak with a retention time
of 3.83 min), cellobiose (a peak with a retention time of 5.09 min), cellotriose (a
peak with a retention time of 6.97 min), and cellotetraose (a peak with a retention
time of 10.19)]; (b) total ion chromatogram of the hydrolysis products of cellobiose;
(
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linkages in different xylosic compounds. The strong ability of the
c) total ion chromatogram of the hydrolysis products of cellotriose; (d) total ion
hromatogram of the hydrolysis products of cellotetraose; (e) mass spectrum of a
eak with a retention time of 5.14 min; (f) mass spectrum of a peak with a retention
ime of 7.19 min; (g) mass spectrum of a peak with a retention time of 10.27 min.

hich is in accordance with the catalytic apparatus of a retain-
ng glycoside hydrolase [25]. In addition, a disulfide bridge that
akes part in the stabilization of the tertiary structure was pre-
icted between Cys321 and Cys327. Furthermore, the residues of
lu95, Trp136, Ser138, Gln139, Asn180, Glu181, His260, Glu289,
sp291, Arg293, Trp333, Trp341, and Val342 in the active site of
ylG were predicted to be within 6 Å around the bound 2-deoxy-
-fluoro-�-d-cellobioside adopted from 1E0V, which is covalently

inked to Glu289 in the XylG. Some of these residues are expected
o participate in the catalytic reaction or substrate binding of the
ylG. However, the presence of the residues within 6 Å distance

rom the bound oligosaccharide does not necessarily mean that
he indicated residues take part in the catalytic reaction or sub-
trate binding because a real substrate (xylan) may have a different
rientation in the active site of XylG.

. Discussion

A number of xylanolytic microorganisms have been isolated and
dentified from various ecosystems and as a result, many endo-�-
,4-xylanases with distinct properties have been characterized to
he molecular level [26]. However, relatively few studies regard-
ng invertebrate-symbiotic xylanolytic bacteria and their related
nzymes have been conducted to date, despite that invertebrates
uch as insects and earthworms may contain a variety of bacteria
hat express novel fibrolytic enzymes in their guts [2].

In this study, XylG showed the sequence identities (≤69%)
hen compared to the primary sequences of other similar GH10

nzymes shown in Fig. 1. These low sequence identities indicate
hat XylG is a new GH10 endo-�-1,4-xylanase with a distinct
rimary structure that differentiates it from previously identi-
ed GH10 endo-�-1,4-xylanases. The molecular architecture of
ylG that consists of one functional GH10 domain (from Tyr81
o Leu372) was similar to that of GH10 enzymes from Clavibac-
er michiganensis (YP 001222417), Cellulosimicrobium sp. HY-12
EU179736), and A. cellulolyticus 11B (YP 872132). Conversely, the
H10 endo-�-1,4-xylanases of Cellulomonas fimi (M15824), Ther-
ysis B: Enzymatic 62 (2010) 32–39

mobifida alba (CAB02654), and S. lividans (P26514) are modular
enzymes that contain a carbohydrate-binding motif 2, cellulose-
binding domain II, and RICIN domain, respectively, as well as a
GH10 domain.

No report regarding thermophilic or cold-adapted endo-�-1,4-
xylanases from intestinal microorganisms has been published to
date. XylG was a typical mesophilic enzyme with the half-life of
40 min at 50 ◦C and its optimal pH (6.0) of XylG was similar to that
of endo-�-1,4-xylanases from insect-symbiotic microorganisms
[11,22,23] and a soil isolate, Streptomyces cyaneus SN32 [27]. How-
ever, many endo-�-1,4-xylanases from free-living microorganisms
exhibited the maximum catalytic activity at an acidic pH range of
4.0–5.5 or an alkaline pH range of 8.0–10.0 [6,26]. Similar to some of
endo-�-1,4-xylanases [28–31], XylG was also found to be greatly
inactivated by Hg2+. However, suppression of Bacillus halodurans
S7 GH10 endo-�-1,4-xylanase by Hg2+ was relatively insignificant
[32]. It is considered that the inhibition of XylG by the heavy metal
ion may be attributed to its interaction with the sulfhydryl group
of Cys380, which may participate in catalysis. This presumption is
in good agreement with the fact that XylG was also sensitive to
sulfhydryl reagents such as sodium azide, iodoacetamide, and N-
ethylmaleimide (Table 1) and three Cys residues (Cys321, Cys327,
and Cys380) are present in premature XylG (Fig. 1). Accordingly, the
formation of a disulfide bond between Cys321 and Cys327 residues
in the active site was predicted by the homology model of XylG.
In a previous paper, Roberge et al. [33] reported that three Trp
residues (W85, W266, and W274) in the active site of GH10 endo-�-
1,4-xylanase A from S. lividans were critically involved in stacking
interactions with xylan and the catalytic function of the enzyme.
In addition, the aromatic amino acids are highly conserved in other
GH10 enzymes [33] and correspond to the residues of W136, W333,
and W341 in premature XylG (Fig. 1). Based on these facts, the com-
plete inactivation of XylG by N-bromosuccinimide may be closely
related to the modification of the corresponding Trp residues in
the active site. N-Bromosuccinimide has also been found to have
significant negative effects on the hydrolytic activity of endo-�-
1,4-xylanases from Paenibacillus sp. HY-8 [22] and Arthrobacter sp.
MTCC 5214 [31]. Nonionic detergents such as Triton X-100 and
Tween 80 generally negatively influence the hydrophobic interac-
tion between an enzyme and a substrate. Indeed, the results of a
study we recently conducted showed that the wild type endo-�-
1,4-xylanase from Cellulosimicrobium sp. HY-13 KCTC 11302BP was
partially inhibited by these detergents [3]. However, the nonionic
detergents (0.5%) in this study induced an increase of the catalytic
activity of His-tagged XylG by approximately 1.4-fold. To the best
of our knowledge, this is the first report that describes a stimula-
tory effect of the nonionic detergents on the activity of His-tagged
endo-�-1,4-xylanase.

XylG is an endo-�-1,4-xylanase having broad substrate speci-
ficity that is able to efficiently decompose heteropolymeric oat
spelt xylan consisting of various constituents. However, the GH10
enzymes from Cellulosimicrobium acetobutylicum ATCC 824 [28]
and B. halodurans S7 [32] have been reported to be most efficiently
degrade birchwood xylan. The XylG did not show any detectable
hydrolysis activities toward cellooligosaccharides of cellobiose
to cellotetraose, carboxymethylcellulose (CMC), avicel, or soluble
starch, even though many microbial endo-�-1,4-xylanases have
been reported to have considerable endo-cellulolytic activities
[34]. Taken together, these findings indicate that the recombi-
nant enzyme is not a multi-functional endo-type hydrolase, but
a true endo-�-1,4-xylanase that only cleaves the �-1,4-xylosidic
XylG to hydrolyze the agluconic linkage of PNP-cellobioside is
unique because the known endo-�-1,4-xylanases that have been
evaluated to date have exhibited relatively weak (<10.0 IU/mg) or
no cleavage activity toward the same substrate [3,23,28,29]. The
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resent results clearly demonstrate that the recombinant enzyme
s able to cleave the agluconic bond between p-nitrophenol and
lucose moieties, but that they have no effect on the gluconic
ond. In a previous study, Haga et al. [8] demonstrated that a
H10 endo-�-1,4-xylanase from Cellvibrio gilvus had substrate
pecificities similar to those of XylG toward PNP-cellobioside and
ellooligosaccharides. However, the cleavage activity of C. gilvus
nzyme toward PNP-cellobioside was approximately 65-fold lower
han that of XylG toward the same substrate. The above results indi-
ate that the XylG is a peculiar cellulase-free endo-�-1,4-xylanase
hat has a strong ability to cleave the agluconic bond of PNP-
ellobioside in addition to the internal �-1,4-xylosidic bonds on
he xylan backbone. The strong PNP-cellobioside cleavage activity
ill be useful to differentiate a cellulase-free xylanase with high

NP-cellobioside-degrading activity from other structurally similar
H10 enzymes.

. Conclusions

The XylG from S. thermocarboxydus HY-15 is a novel GH10
ndo-�-1,4-xylanase that is distinguished from other enzymes in
H family 10 by its primary structure, susceptibility to chemical

eagents, and substrate specificities. Although the XylG showed a
trong capacity to degrade PNP-cellobioside when compared to
ther known endo-�-1,4-xylanases, the inability of the enzyme
o hydrolyze glucose-derived substrates such as CMC, avicel, cel-
otriose, and cellotetraose strongly indicates that it is a true
ellulase-free enzyme. Compared to some bacterial and fungal
ndo-�-1,4-xylanases exhibiting high hydrolytic activity toward
irchwood xylan (≥90% xylose) [28,32,35], XylG is more active
oward oat spelt xylan (≥70% xylose) composed of various con-
tituents. Because of its high substrate affinity to heteropolymeric
ylosic materials, the XylG will be useful in the development of a
trategy, which enables the efficient preparation of fermentable
ugars from a wide range of raw hemicellulosic plant biomass,
specially crops such as corn, which are used as sources for the
roduction of bioethanol. Furthermore, when compared to com-
ercial fungal endo-�-1,4-xylanases, which generally have an

ptimum pH in ranges of 4.0–5.5 [6], XylG has an optimum pH
f 6.0. Considering that cellulolytic and hemicellulolytic enzymes
n the rumen of herbivorous animals exhibit the highest catalytic
ctivity between pH 6.0 and 6.5 [36], XylG is a potential candi-
ate for the development of an effective feed additive that can
id in the digestion of hemicellulosic foods by herbivorous ani-
als.
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