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ABSTRACT Endoxylanases are important enzymes in bioenergy research because they
specifically hydrolyze xylan, the predominant polysaccharide in the hemicellulose frac-
tion of lignocellulosic biomass. For effective biomass utilization, it is important to under-
stand the mechanism of substrate recognition by these enzymes. Recent studies have
shown that the substrate specificities of bacterial and fungal endoxylanases classified
into glycoside hydrolase family 30 (GH30) were quite different. While the functional dif-
ferences have been described, the mechanism of substrate recognition is still unknown.
Therefore, a gene encoding a putative GH30 endoxylanase was cloned from Streptomy-
ces turgidiscabies C56, and the recombinant enzyme was purified and characterized.
GH30 glucuronoxylan-specific xylanase A of Streptomyces turgidiscabies (StXyn30A) showed
hydrolytic activity with xylans containing both glucuronic acid and the more common
4-O-methyl-glucuronic acid side-chain substitutions but not on linear xylooligosaccha-
rides, suggesting that this enzyme requires the recognition of glucuronic acid side
chains for hydrolysis. The StXyn30A limit product structure was analyzed following a sec-
ondary �-xylosidase treatment by thin-layer chromatography and mass spectrometry
analysis. The hydrolysis products from both glucuronoxylan and 4-O-methylglucuron-
oxylan by StXyn30A have these main-chain substitutions on the second xylopyranosyl
residue from the reducing end. Because previous structural studies of bacterial GH30 en-
zymes and molecular modeling of StXyn30A suggested that a conserved arginine resi-
due (Arg296) interacts with the glucuronic acid side-chain carboxyl group, we focused
on this residue, which is conserved at subsite �2 of bacterial but not fungal GH30 en-
doxylanases. To help gain an understanding of the mechanism of how StXyn30A recog-
nizes glucuronic acid substitutions, Arg296 mutant enzymes were studied. The glucuron-
oxylan hydrolytic activities of Arg296 mutants were significantly reduced in comparison
to those of the wild-type enzyme. Furthermore, limit products other than aldotriouronic
acid were observed for these Arg296 mutants upon secondary �-xylosidase treatment.
These results indicate that a disruption of the highly conserved Arg296 interaction leads
to a decrease of functional specificity in StXyn30A, as indicated by the detection of alter-
native hydrolysis products. Our studies allow a better understanding of the mechanism
of glucuronoxylan recognition and enzyme specificity by bacterial GH30 endoxylanases
and provide further definition of these unique enzymes for their potential application in
industry.
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IMPORTANCE Hemicellulases are important enzymes that hydrolyze hemicellulosic
polysaccharides to smaller sugars for eventual microbial assimilation and metabo-
lism. These hemicellulases include endoxylanases that cleave the �-1,4-xylose main
chain of xylan, the predominant form of hemicellulose in lignocellulosic biomass. En-
doxylanases play an important role in the utilization of plant biomass because in ad-
dition to their general utility in xylan degradation, they can also be used to create
defined compositions of xylooligosaccharides. For this, it is important to understand
the mechanism of substrate recognition. Recent studies have shown that the sub-
strate specificities of bacterial and fungal endoxylanases that are classified into gly-
coside hydrolase family 30 (GH30) were distinct, but the difference in the mecha-
nisms of substrate recognition is still unknown. We performed characterization and
mutagenesis analyses of a new bacterial GH30 endoxylanase for comparison with previ-
ously reported fungal GH30 endoxylanases. Our study results in a better understanding
of the mechanism of substrate specificity and recognition for bacterial GH30 endoxyla-
nases. The experimental approach and resulting data support the conclusions and pro-
vide further definition of the structure and function of GH30 endoxylanases for their ap-
plication in bioenergy research.

KEYWORDS glycoside hydrolase family 30, glucuronoxylan, Streptomyces
turgidiscabies, xylanase

Lignocellulosic biomass is a nonfood renewable resource currently receiving
increased attention for efficient bioconversion to value-added chemicals and

fuels. The second most abundant polysaccharide in lignocellulosic biomass is
hemicellulose, which constitutes between 20 and 30% (wt/wt) of the total mass.
Due to its chemical complexity and interactions within the woody lignocellulose
composite, efficient utilization of hemicellulose is not highly developed. Hemicel-
lulose is a heteropolysaccharide, and its carbohydrate composition varies depend-
ing on the plant origin and stage of tissue development (1, 2). In a typical
bioconversion process, hemicellulose is chemically degraded to monosaccharides
by sulfuric acid or water at high temperatures to extract it from the biomass.
Fermentation inhibitors produced under these severe hydrolysis conditions make it
difficult to utilize the resulting hemicellulose hydrolysate (3, 4, 5). For more efficient
utilization, hemicellulases, the enzymes that selectively degrade hemicellulose, may
be developed to target the production of specific sugar products from hemicellu-
lose. These enzymes have great potential to increase the efficiency of biomass
utilization because it is possible to regulate the structure and size of products
through an understanding of the substrate specificity of the endoxylanases em-
ployed.

Collectively, hemicellulose represents several types of noncellulose, biomass-derived,
polymeric sugars. Of these polysaccharides, xylan is the most abundant form of hemicel-
lulose found in all land plants and represents the second largest biomass resource next to
cellulose. Xylans consist of a backbone of �-1,4-linked xylopyranose units, which may be
substituted with acetyl (Ac), arabinofuranosyl, and glucuronosyl side chains (1, 2). Xylans
substituted with 4-O-methyl �-1,2-glucuronic acid (GlcA) groups are known as glucuron-
oxylans and are the primary hemicellulose type found in hardwoods and crop residues.
Substitution types are specific for the plant, and substitution characteristics depend on
plant age and the tissue source. Endoxylanases (EC 3.2.1.8), which randomly hydrolyze the
�-1,4-xylan backbone, are primarily classified according to the CAZy (Carbohydrate-Active
Enzymes) database (http://www.cazy.org/) (6, 7) as glycoside hydrolase family 10 (GH10)
or GH11 endoxylanases. Recently, new endoxylanases specific for glucuronoxylan have
been reported (8). These glucuronoxylan xylanohydrolases are classified into the GH30
family, recognize GlcA side chains of glucuronoxylan, and hydrolyze the glycosidic �-1,4
linkages of the xylan backbone in an endo-specific manner, as defined by the GlcA
position. The bacterial GH30 endoxylanases XynC from Bacillus subtilis (9), XynA from
Erwinia chrysanthemi (10), Xyn5B from Bacillus sp. strain BP-7 (11), Xyn30D from
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Paenibacillus barcinonensis (12), and Xyn30A from Clostridium thermocellum (CtXyn30A)
(13, 14) have been characterized. Interpretation of crystal structure data from XynC and
XynA indicates that the interaction with a GlcA side chain at the �2 subsite of the
catalytic cleft is the source of specific molecular contacts, which discriminate the
structure of glucuronoxylan (15, 16). These bacterial, glucuronoxylan-specific GH30
endoxylanases belong to subfamily 8 of GH30 (GH30-8) (17). In contrast, GH30 endoxy-
lanases from subfamily 7 (GH30-7) are derived primarily from fungi and display a variety
of �-1,4-xylanase-related functional properties. XYN IV from Trichoderma reesei is a
GH30-7 endoxylanase that shows both endo- and exoxylanase activities, not having any
detected specificity for GlcA appendages as observed for bacterial GH30-8 endoxyla-
nases. This unique xylanase can hydrolyze glucuronoxylan, arabinoxylan, and linear
xylooligosaccharide but has its highest observed rate of hydrolysis on rhodymenan an
algal �-1,3-�-1,4-xylan. Interestingly, the dual exo/endoxylanase functionality results in
the ultimate accumulation of xylose (X1) (18). T. reesei is also the source of a second
novel GH30-7 endoxylanase (19). XYN VI, recently characterized by Biely et al. (19),
preferentially degrades glucuronoxylan with a dependence upon the GlcA appendage.
For this GlcA-dependent endoxylanase, the specificity for glucuronoxylan was shown to
be nearly identical to that of the bacterial GH30-8 glucuronoxylanases. However, the
substrate specificity of XYN VI is somewhat different from that of bacterial GH30-8
endoxylanases, as it displayed a low level of activity for hydrolyzing linear neutral
xylooligosaccharides and arabinoxylan. Both of the unique T. reesei xylanases belong to
subfamily 7 of GH30 (17). The difference in the mechanisms of substrate recognition
between bacterial GH30 subfamily 8 and fungal GH30 subfamily 7 remains unknown.

In this study, to help understand the mechanism by which bacterial GH30-8 glucu-
ronoxylanases recognize GlcA substitutions for endohydrolysis of the xylan chain and
to establish the difference in substrate specificities between bacterial GH30-8 and
fungal GH30-7 endoxylanases, we cloned a GH30-8 endoxylanase from Streptomyces
turgidiscabies C56 (StXyn30A) and characterized the properties of the enzyme in the
hydrolysis of 4-O-methylglucuronoxylan (MeGXn), a 4-O-methylglucuronoacetylxylan,
and cotton-derived glucuronoxylan, which lacks the common 4-O-methyl modification
on the GlcA substitution. Mutations of Arg296 were utilized to establish the importance
of this amino acid as a portion of the overall GlcA binding motif of GH30-8 endoxyla-
nases. The functional specificities of StXyn30A and the Arg296 mutant forms on diverse
xylan substrates were characterized by utilizing thin-layer chromatography (TLC) and
matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) mass spectrom-
etry (MS). A secondary enzyme treatment was utilized to simultaneously simplify and
confirm our findings. The results show that a disruption of the dual-salt bridge/
hydrogen bond interaction predicted to occur in bacterial GH30-8 endoxylanases
involving the conserved arginine residue equivalent to Arg296 in StXyn30A results in
decreased activity and specificity, underscoring the importance of this specific inter-
action for GH30-8 functional specificity.

RESULTS
Cloning, expression, and purification of the GH30 glucuronoxylan-specific xyla-

nase from S. turgidiscabies C56. The gene Stxyn30A from S. turgidiscabies C56 is 1,254
bp and encodes 418 amino acids. Nascent StXyn30A consists of a 21-amino-acid signal
sequence at the N terminus and a 397-amino-acid catalytic domain belonging to GH30
subfamily 8. Comparison of amino acid sequences of StXyn30A with those of previously
studied xylanases such as XynC from B. subtilis (9) and XynA from E. chrysanthemi (10)
showed that StXyn30A is similar to XynC and XynA in overall length and had amino acid
sequence identities of 61% and 36% with these GH30-8 endoxylanase, respectively (Fig.
1). The acid/base catalyst and catalytic nucleophile glutamates, which are conserved in
GH30 enzymes, are also conserved in StXy30A (E165 and E254, respectively), and amino
acid side chains involved in GlcA coordination by GH30-8 endoxylanases were also well
conserved in StXyn30A (Fig. 1).
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The N-terminal signal sequence was removed by PCR amplification of the target
StXyn30A sequence and, following sequence verification, was cloned into pET30, fusing
the C-terminal reading frame to include the plasmid-encoded His tag and stop codon.
This construct was expressed in isopropyl-�-D-thiogalactopyranoside (IPTG)-inducible

FIG 1 Comparison of amino acid sequences of GH30 xylanases from S. turgidiscabies C56, E. chrysanthemi,
B. subtilis, T. reesei XYN VI, T. reesei XYN IV, Bispora sp. strain MEY-1, and Leptosphaeria maculans. Amino
acid sequences were aligned by using ClustalW software (37). Identical amino acids are shown in black
and gray boxes. �, catalytic residue; *, conserved arginine in bacterial GH30 enzymes. Amino acid
residues located at cleft region conserved in bacterial GH30 enzymes are boxed.

Maehara et al. Applied and Environmental Microbiology

February 2018 Volume 84 Issue 4 e01850-17 aem.asm.org 4

http://aem.asm.org


Escherichia coli Tuner(DE3) cells. The recombinant enzyme was purified by affinity
chromatography using the His tag encoded at the C terminus of the protein expression
product. The purified protein showed a single band on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels, with the expected molecular mass
of 42 kDa (Fig. 2).

The effects of pH and temperature on StXyn30A activity and stability were deter-
mined by using soluble birchwood xylan as the substrate. Maximal enzyme activity was
detected at pH 6.5 and at 55°C for a 10-min reaction time. StXyn30A was stable
between pH 4.0 and 10.0 at 55°C for 1 h and was also stable at temperatures of up to
40°C during 1 h of incubation at pH 6.5 (data not shown).

Substrate specificity and analysis of hydrolysis products. The activities of StXyn30A
on various polysaccharides and oligosaccharides were examined. StXyn30A showed
hydrolytic activity on beechwood, birchwood, oat spelt, and cotton seed xylans, which
have 4-O-methyl-glucuronic acid or glucuronic acid side chains, but showed no activity
on wheat arabinoxylan and �-1,3-xylan (Table 1). No hydrolysis products were detected
when StXyn30A was incubated with xylooligosaccharides (degree of polymerization
[DP], 2 to 6) (data not shown). The hydrolysis products of StXyn30A from birchwood
4-O-methylglucuronoxylan were analyzed by MALDI-TOF MS (Fig. 3A). A series of
oligosaccharides forming ion clusters was observed. Each cluster is formed from sodium
adduct ions, [M � Na]� and [M � 2Na � H]�. The difference of m/z values between
clusters was 132, which indicated the presence of xylooligosaccharides consisting of 3
to 15 xylopyranosyl residues containing a single 4-O-methyl-glucuronic acid (4-O-
methyl glucuronoxylan; MeGX3~MeGX15) in each residue. While MALDI-TOF MS is not

FIG 2 SDS-PAGE analysis of recombinant StXyn30A and enzymatic properties of StXyn30A. The molecular
mass for each band in the standard is shown to the left (in kDa). Lane 1, molecular mass marker (1 �g
each band); lane 2, purified StXyn30A (1 �g). SDS-PAGE was carried out with a 12% polyacrylamide gel
according to the method of Laemmli (29).

TABLE 1 Substrate specificity toward polysaccharidesa

Substrate Mean relative activity (%) � SD

Beechwood xylan 100 � 1
Acetylxylan 65 � 4
Birchwood xylan 44 � 9
Oat spelt xylan 10 � 2
Cotton seed xylan 7 � 0.3
Wheat arabinoxylan 0
�-1,3-Xylan 0
aThe reactions were performed with 50 mM acetate buffer (pH 6.0) containing 0.5% (wt/vol) substrate, 0.1%
(wt/vol) BSA, and 1 �M enzyme at 37°C for 16 h. The reaction was stopped by heating the solutions at
100°C for 20 min. The hydrolytic activity was determined by the amounts of reducing sugars by the
Somogyi-Nelson method (31). The assay was performed by using samples in triplicate.
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quantitative, it is interesting that the most intense peak is that of the aldouronate
MeGX5, indicating characteristics of the GlcA substitution pattern in birchwood glucu-
ronoxylan.

Next, in order to identify the location of GlcA substitutions on the generated
aldouronates, the StXyn30A hydrolysate was treated with a �-xylosidase of GH3 or an
endoxylanase of GH10, both of which have known functions, and these hydrolysates
were subsequently analyzed by TLC and MALDI-TOF MS. The �-xylosidase is known to
hydrolyze the individual xylose residues from the nonreducing terminus up until a
substituted xylose, and the GH10 endoxylanase is known to accommodate a GlcA
substitution linked to a xylose positioned in its �3 and �1 subsites. The products of
birchwood 4-O-methylglucuronoxylan hydrolysis by StXyn30A and �-xylosidase were
xylose and MeGX2 (Fig. 3D, lane 5, and see Fig. 7BI). MeGX2 was confirmed by
MALDI-TOF MS analysis. This result indicated that the birchwood xylan hydrolysate of
StXyn30A having an aldouronate mixture of MeGX3�MeGX15 as detected by MALDI-
TOF MS has a GlcA substitution at the second xylopyranosyl residue from the reducing
terminus. Similarly, two hydrolysis products, xylose and glucuronosyl-xylobiose (GX2),
were detected when the hydrolysate of cotton seed xylan was hydrolyzed by the

FIG 3 Analysis of the xylan hydrolysate of StXyn30A and SoXyn10A or �-xylosidase. (A to C) MALDI-TOF MS analysis of the xylan hydrolysate following a 2-day
digestion with StXyn30A or with StXyn30A and SoXyn10A. (A) Soluble birchwood xylan hydrolysate with StXyn30A. (B) Soluble birchwood xylan hydrolysate with
StXyn30A and SoXyn10A. (C) Cotton seed xylan hydrolysate with StXyn30A and SoXyn10A. Intens., intensity; a.u., arbitrary units. (D and E) Thin-layer
chromatography analysis of the xylan hydrolysate following a 2-day digestion of StXyn30A with �-xylosidase or SoXyn10A. (D) Hydrolysis of 4-O-
methylglucuronoxylan (birchwood xylan); (E) hydrolysis of glucuronoxylan (cotton seed xylan). Lane 1, xylose standard of xylose (X1), xylobiose (X2), xylotriose
(X3), and xylotetraose (X4); lane 2, aldotriouronic acid (MeGX2); lane 3, birchwood xylan; lane 4, hydrolysis product with StXyn30A; lane 5, hydrolysis product
with StXyn30A and �-xylosidase; lane 6, hydrolysis product with StXyn30A and SoXyn10A. StXyn30A was mixed with 0.5% (wt/vol) soluble birchwood xylan,
acetyl xylan, or 2.5% (wt/vol) cotton seed xylan in 50 mM acetate buffer (pH 6.0) containing 0.1% (wt/vol) BSA. After incubation at 37°C for 20 h, GH3
�-xylosidase or SoXyn10A (20) was added to the reaction mixture, and the mixture was incubated at 37°C for 2 days.
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�-xylosidase (Fig. 3E, lane 5). These results indicate that glucuronic acid substitutions in
cotton seed xylan were not methylated and that the 4-O-methyl group of glucuronic
acid does not affect the function of StXyn30A.

Next, the StXyn30A hydrolysate was hydrolyzed by a Streptomyces olivaceoviridis
GH10 xylanase (SoXyn10A). The GH10 endoxylanase is known to accommodate a
GlcA substitution linked to a xylose positioned in its �3 and �1 subsites (20). When
xylans were digested by StXyn30A followed by SoXyn10A, the products X1, xylo-
biose (X2), xylotriose (X3), MeGX2, and MeGX3 (Fig. 3B and D, lane 6) and the
products X1, X2, X3, GX2, and GX3 (Fig. 3C and E, lane 6) were detected from
birchwood xylan and cotton seed xylan, respectively. Additionally, we determined
whether StXyn30A was able to hydrolyze acetylated MeGXn (MeGXxAcy, where the
subscript x and y represent the relevant X and Ac numbers) (Fig. 4A and B). As the
results show, StXyn30A is able to hydrolyze acetylated MeGXn, and mass peaks corre-
sponding to MeGX3Ac1�MeGX8Ac1, MeGX5Ac2, MeGX8Ac2, and MeGX5Ac3�MeGX8Ac3

were observed at m/z 669 (MeGX3Ac1-Na adduct), m/z 801 (MeGX4Ac1-Na adduct), m/z
933 (MeGX5Ac1-Na adduct), m/z 975 (MeGX5Ac2-Na adduct), m/z 1,017 (MeGX5Ac3-Na
adduct), m/z 1,065 (MeGX6Ac1-Na adduct), m/z 1,149 (MeGX6Ac3-Na adduct), m/z 1,197
(MeGX7Ac1-Na adduct), m/z 1,239 (MeGX7Ac2-Na adduct), m/z 1,281 (MeGX7Ac3-Na
adduct), m/z 1,329 (MeGX8Ac1-Na adduct), m/z 1,371 (MeGX8Ac2-Na adduct), and m/z
1,413 (MeGX8Ac3-Na adduct) (Fig. 4A). These peaks correspond to sodium-additive ions
of a few acetylated aldouronic acids. Peaks corresponding to nonsubstituted linear
acetylated xylooligosaccharides were not observed, and the peaks corresponding to
MeGX2, MeGX2Ac1, MeGX4Ac3, MeGX6Ac2, and MeGX6Ac3 were observed as the hydrol-
ysis products of StXyn30A and �-xylosidase.

Mutagenesis study of Arg296 in StXyn30A. Figure 5 shows a substrate binding
model of StXyn30A. For XynC from B. subtilis (9) and XynA from E. chrysanthemi (10), a
conserved GlcA coordination motif has been defined, which involves numerous amino
acid residues located in the substrate binding cleft. All these amino acid residues were
conserved in StXyn30A, including Trp52, Trp110, Tyr168, Trp172, Tyr229, Tyr256,
Trp292, Tyr293, Arg296, and Tyr298 (Fig. 1 and 5). Importantly, the arginine equivalent
to Arg296 in StXyn30A is required for the recognition of the glucuronic acid, as it
establishes a hydrogen bond and a salt bridge with the C-6 carboxylate of GlcA.
Interestingly, this arginine residue is not conserved in fungal GH30-7 xylanases shown
in Fig. 1 (glutamine [Q] in Leptosphaeria, glutamine in Trichoderma XYN IV, glutamic acid
[E] in Trichoderma XYN VI, and glutamic acid in Bispora). We thought that the presence
or absence of the positively charged arginine residue would affect the substrate
discrimination at subsite �2 and may explain the difference in substrate specificities
between bacterial GH30 xylanases and fungal GH30 xylanases. Therefore, we con-

FIG 4 MALDI-TOF mass spectra of hydrolysis products of acetylated xylan. (A) Acetylated glucuronoxylan hydrolysate of StXyn30A. (B) Acetylated glucuron-
oxylan hydrolysate of StXyn30A and GH3 �-xylosidase. Acetylxylan (0.5% [wt/vol]) was incubated with StXyn30A in 50 mM acetate buffer (pH 6.0) containing
0.1% (wt/vol) BSA at 37°C for 20 h. GH3 �-xylosidase was then added to the reaction mixture, and the mixture was incubated at 37°C for 2 days.
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structed Arg296 mutants of StXyn30A, including R296A, R296E, R296K, and R296Q, and
their activities and hydrolysis products were compared with those of the wild-type
enzyme. As shown in Fig. 6, the hydrolysis activities of soluble beechwood xylan by
mutants were significantly reduced compared to those of wild-type StXyn30A. The
activity of the R296E mutant was barely detectable over a 60-min time course (Fig. 6),
most likely due to electrostatic repulsion between the C-6 carboxylate of GlcA and the
newly occurring glutamate amino acid side chain. To examine the structure of hydrol-
ysis products, soluble birchwood xylan was hydrolyzed completely by StXyn30A mu-
tants, and the products were digested by a �-xylosidase. These hydrolysis products
were then analyzed by TLC and MALDI-TOF MS (Fig. 7). Xylose and MeGX2 were
detected as the main products in all mutant hydrolysates by TLC analysis (Fig. 7A), and
the other products were also observed in the R296E mutant hydrolysate (Fig. 7A, lane
5). To investigate the size of hydrolysis products in more detail, we performed MALDI-
TOF MS analysis of the hydrolysis products of the mutants (Fig. 7B). The peaks of low
intensity of several 4-O-methylglucuronoxylooligosaccharides were detected in the
R296E (Fig. 7BIII) and R296Q (Fig. 7BV) mutants, together with xylose and MeGX2, which
were the products of wild-type StXyn30 following �-xylosidase treatment. MeGX3,

FIG 5 Model of the active site of StXyn30A with MeGX2. Blue, 4-O-methyl-glucuronic acid; yellow, xylose;
transparent red, Glu165 and Glu254, catalytic residues. Trp52, Trp110, Tyr168, Trp172, Tyr229, Tyr256,
Trp292, Tyr293, Arg296, and Tyr298 are conserved in bacterial GH30 enzymes. Two dashed lines indicate
the salt bridge between the Arg296 side chain and 4-O-methyl-glucuronic acid of MeGX2. The homology
model structure of StXyn30A with the substrate was modeled on the basis of the crystal structure of XynC
from B. subtilis (9) (PDB accession number 3KL5) using the software Modeller (https://salilab.org/
modeller/) (36).

FIG 6 Activities of StXyn30A mutants. A 1% soluble beechwood solution in 50 mM acetate buffer (pH 6.0)
was incubated with StXyn30A (closed circles) and the R296A (closed squares), R296E (open circles), R296K
(open triangles), and R296Q (closed triangles) mutants at 37°C. Hydrolytic activity was determined by the
amounts of reducing sugars according to the Somogyi-Nelson method (31).
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MeGX4, and MeGX5 were observed as products of the R296E mutant, and MeGX3 and
MeGX4 were observed as products of the R296Q mutant.

DISCUSSION

It is known that the substrate specificities of canonical bacterial GH30-8 enzymes
and fungal GH30-7 enzymes are significantly different, although these enzymes belong
to the same family of glycoside hydrolases. However, the difference in the mechanisms
of substrate specificity between these enzymes has been unclear. In this study, we
performed a detailed analysis of mutant enzymes and evaluated the mechanism of the
substrate specificity of StXyn30A.

We cloned and expressed the bacterial GH30 xylanase from S. turgidiscabies C56
(StXyn30A). The optimum pH for StXyn30A (pH 6.5) was similar to that for Xyn30D from
P. barcinonensis (12). The optimum temperature for StXyn30A (55°C) was lower than
those for XynC (65°C) and CtXynGH30 (70°C) and higher than those for Xyn30D (50°C)
and XynA (35°C) (data not shown). StXyn30A exhibits hydrolysis activity toward 4-O-
methylglucuronoxylans such as beechwood and birchwood xylans but had no activity
toward wheat arabinoxylan or linear xylooligosaccharides, thereby confirming that
StXyn30A is a glucuronoxylan-specific endoxylanase. In a previous study, Xyn30D from P.
barcinonensis did not hydrolyze oat spelt xylan, but StXyn30A was shown to have activity
with this substrate (Table 1). The reason for the difference in activity toward oat spelt xylan
is not clear, but oat spelt xylan is a 4-O-methylglucuronoarabinoxylan (21, 22), so our result
is reasonable. In addition, StXyn30A was able to hydrolyze cotton seed xylan. This type of
xylan has been reported to contain both 4-O-methyl-glucuronic acid and glucuronic acid
side chains (23). However, from our results, 4-O-methyl-glucuronic acid was not detected in
our prepared cotton seed xylan (Fig. 3C). The analytical results for the hydrolysates of
birchwood xylan and cotton seed xylan (Fig. 3B to E) indicate that StXyn30A recognizes the
glucuronic acid with or without methylation at the C-4 hydroxyl position and can therefore
hydrolyze glucuronoxylans not containing the 4-O-methyl-GlcA derivative.

In order to examine the oligosaccharide composition of the StXyn30A hydrolysate,
a �-xylosidase or endoxylanase (SoXyn10A) with known specificity was used. The
addition of a �-xylosidase or SoXyn10A to the StXyn30A hydrolysate simplified the
oligomeric structure of the hydrolysate. By analysis of the resulting hydrolysate, we
confirmed that the hydrolysis products generated by StXyn30A have a structure with
the glucuronic acid side chain located on the second xylopyranosyl residue from the
reducing end. This result indicated that StXyn30A had the same catalytic properties as
those of XynC from B. subtilis (9) and XynA from E. chrysanthemi (10).

In this paper, we also performed an analysis of the acetylated glucuronoxylan
hydrolysate of StXyn30A. As a result of MS analysis, acetylated MeGXn was digested by
StXyn30A, and peaks corresponding to MeGX3Ac1�MeGX8Ac1, MeGX5Ac2, MeGX8Ac2,
and MeGX5Ac3�MeGX8Ac3 were observed in the mass spectrum (Fig. 4A). These peaks
correspond to sodium-additive ions of a few acetylated aldouronic acids. In addition,
after digestion by GH3 �-xylosidase, MeGX2Ac1 (at m/z 537, suggested to be [M � Na]�)
was mainly observed. MeGX2 at m/z 495 ([M � Na]�), MeGX4Ac2 at m/z 843 ([M �

Na]�), MeGX4Ac3 at m/z 885 ([M � Na]�), MeGX6Ac2 at m/z 1,107, and MeGX6Ac3 at m/z
1,149 were slightly observed (Fig. 4B). Our finding that no linear acetylated xylooligo-
saccharides are detected during the hydrolysis of glucuronoacetylxylan by StXyn30A is
in contrast to the unexpected results recently reported by Busse-Wicher et al. showing
that an acetylated xylan lacking glucuronic acid was digested by the GH30-8 endoxy-
lanase XynA from E. chrysanthemi (24).

Whereas the bacterial GH30-8 endoxylanases specifically degrade glucuronoxylan,
fungal GH30-7 xylanases are not glucuronoxylan specific and degrade a variety of xylan
substrates (18, 19). T. reesei XYN IV belongs to GH30-7 and exhibits its highest rate of
hydrolysis toward rhodymenan, a linear, soluble �-1,3-�-1,4-xylan, and displays ex-
tremely low activity toward xylan containing glucuronoxylan. This enzyme has exo- and
endoxylanase activities and degrades glucuronoxylans, arabinoxylans, and also xylo-
oligosaccharides, producing xylose as its primary hydrolysis product. Although not
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considered for its role in the hydrolysis of rhodymenan, the GH30-7 endoxylanase from
Bispora has been reported (25). While that research was not as detailed as the studies
of T. reesei XYN IV, the finding that it works on all tested xylan substrates and releases
xylose as its major limit product suggests that this enzyme is similar to T. reesei XYN IV.

FIG 7 Analysis of birchwood xylan hydrolysates from StXyn30A mutants and �-xylosidase. (A) Thin-layer chromatography analysis. Sugars were developed on
a silica gel 60 TLC plate with an n-butanol–acetic acid–water (2:1:1 [vol/vol/vol]) solvent and detected by using N-(1-naphthyl)ethylenediamine dihydrochloride
(34, 35). Lane 1, xylose standard of xylose (X1), xylobiose (X2), xylotriose (X3), and xylotetraose (X4); lane 2, aldotriuronic acid (MeGX2); lane 3, hydrolysis products
of StXyn30A and �-xylosidase; lane 4, hydrolysis products of the R296A mutant and �-xylosidase; lane 5, hydrolysis products of the R296E mutant and
�-xylosidase; lane 6, hydrolysis products of the R296K mutant and �-xylosidase; lane 7, hydrolysis products of the R296Q mutant and �-xylosidase. (B)
MALDI-TOF MS analysis. Shown are the hydrolysis products of StXyn30A and �-xylosidase (I), the R296A mutant and �-xylosidase (II), the R296E mutant and
�-xylosidase (III), the R296K mutant and �-xylosidase (IV), and the R296Q mutant and �-xylosidase (V).
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Distinct from the other GH30-7 endoxylanases, XYN VI from T. reesei exhibits catalytic
properties similar to those of the bacterial GH30-8 GlcA-dependent endoxylanases (19).
However, this enzyme also exhibits low hydrolysis activity toward arabinoxylan and
rhodymenan. The catalytic features of fungal GH30 endoxylanases are strikingly differ-
ent from those of bacterial GH30 endoxylanases.

Urbániková et al. (16) noted that the interaction of the Erwinia GH30 enzyme with
the glucuronic acid side chain is stronger than that with the xylopyranosyl residues in
the �2 subsite, and ionic interaction with arginine residue and glucuronic acid is important
for the first contact of the enzyme and substrates. In bacterial GH30-8 endoxylanases, this
arginine residue is conserved, but it is not conserved in fungal GH30-7 endoxylanases (Fig.
1). Not having this conserved arginine residue may be one of the reasons why fungal
GH30-7 endoxylanases are not glucuronoxylan specific. To understand this further, we
performed a mutagenesis study of StXyn30A by creating four unique Arg296 mutants
(R296A, R296E, R296K, and R296Q). When Arg296 of StXyn30A was replaced with a
negatively charge glutamic acid (R296E), the hydrolysis activity toward glucuronoxylan was
remarkably reduced (Fig. 6, open circles). The results indicated that the interaction of
Arg296 with the carboxyl group of the glucuronic acid side chain is very important for the
strict substrate recognition of StXyn30A and suggested that substrate binding and discrim-
ination were changed in the R296E mutant by the replacement of the positively charged
arginine residue with the negatively charged glutamic acid residue. It was considered that
glucuronoxylan may not fit well into the substrate binding cleft of the R296E mutant due
to charge-charge repulsion. Actually, xylose, MeGX2, MeGX3, MeGX4, and MeGX5 were
observed when �-xylosidase was used to treat the hydrolysis product of the R296E mutant
(Fig. 7), indicating that the R296E mutant was not able to cleave xylan in the manner
expected for the wild-type enzyme form.

Furthermore, we examined whether mutants have activity toward other xylan types.
When xylooligosaccharides, arabinoxylan, and �-1,3-xylan were used as the substrates
for StXyn30A mutants, enzyme activity such as that seen in T. reesei XYN IV was not
observed (data not shown). This result suggested that the topologies of the substrate
binding cleft are basically different between fungal and bacterial enzymes.

In conclusion, we characterized the StXyn30A xylanase from S. turgidiscabies C56,
and we showed that the ionic interaction between the glucuronic acid substitution and
the Arg296 residue, which is conserved in canonical bacterial GH30-8 endoxylanases, is
very important for molecular interactions that control substrate specificity. Previous
studies using synthesized glucoxylans also revealed a large decrease in activity, indi-
cating a disruption of the ionic interaction between the C-6 carboxylate of GlcA and the
conserved arginine (26, 27). However, it was difficult to explain the difference in the
substrate recognition mechanisms between bacterial GH30 enzymes (subfamily 8) and
fungal GH30 enzymes (subfamily 7) by the absence or presence of an arginine residue.
Whereas the overall structures of bacterial and fungal GH30 endoxylanases are similar,
these enzymatic properties are completely different. In order to clarify the difference in
the substrate recognition mechanisms between bacterial and fungal enzymes, further
mutagenesis studies are needed.

MATERIALS AND METHODS
Cloning of StXyn30A and construction of StXyn30A mutants. The gene encoding a putative

glucuronoxylan-specific xylanase (Stxyn30A) was cloned from the genome of S. turgidiscabies C56. The
Stxyn30A gene was amplified by PCR with KOD-Plus-Neo (Toyobo, Osaka, Japan), using the following
primer pair: C56-F (5=-CATATGGCTCCGGCGACGGCCGCCGCC-3=) and C56-R (5=-GCGGCCGCGGTCGTCAC
GAACGTCGTCAC-3=) (the underlined sequences represent restriction sites). Before insertion of the PCR
products into the expression vector, the amplified fragment was subcloned by Target Clone-Plus
(Toyobo, Osaka, Japan) and was confirmed by sequencing with a 3130 genetic analyzer (Applied
Biosystems, Tokyo, Japan). The Stxyn30A gene was digested from the subcloned plasmid with NdeI and
NotI and cloned between the NdeI and NotI sites of pET30a (Novagen, Darmstadt, Germany). The
resulting pET30-stxyn30a recombinant plasmid was transformed into Escherichia coli Tuner(DE3) (Merck
KGaA, Darmstadt, Germany). The transformants were grown in Luria-Bertani medium (28) at 37°C with
shaking. IPTG was added to the culture at a final concentration of 0.1 mM when the optical density at
600 nm (OD600) reached 0.2. After the addition of IPTG, the cultures were grown at 25°C for 20 h. The cells
were collected and resuspended in 50 mM phosphate buffer (pH 7.2), followed by sonication for 5 min.
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The StXyn30A protein was purified by immobilized metal affinity chromatography using the vector-
derived C-terminal 6� histidine tag. This was subsequently dialyzed against distilled H2O. The purity of
the enzyme was determined by using SDS-PAGE with 12% cross-linking according to the method of
Laemmli (29). The protein was stained with Coomassie brilliant blue R-250 and then destained with 10%
acetic acid in 30% methanol. The molecular weight of the enzyme was determined by SDS-PAGE using
the SDS-PAGE Standard Low molecular weight marker (Bio-Rad, WA, USA).

Mutants were constructed by site-directed mutagenesis using the pET30-stxyn30a expression vector
as a template DNA and the following primer pairs: R296A-F (5=-TACATCCGGGCGAGTTACGGTCCG-3=) and
R296A-R (5=-GACCGTAACTCGCCCGGATGTACCA-3=), R296E-F (5=-TACATCCGGGAAAGTTACGGTCCG-3=)
and R296E-R (5=-GACCGTAACTTTCCCGGATGTACCA-3=), R296K-F (5=-TACATCCGGAAAAGTTACGGTCCG-
3=) and R296K-R (5=-GACCGTAACTTTTCCGGATGTACCA-3=), and R296Q-F (5=-TACATCCGGCAAAGTTACGG
TCCG-3=) and R296Q-R (5=-GACCGTAACTTTGCCGGATGTACCA-3=). Each mutant was purified as described
above for wild-type StXyn30A.

Substrates. 4-O-Methylglucuronoxylan from beechwood and birchwood and 4-O-methylglucuronoara-
binoxylan from oat spelt were obtained from Sigma Chemical Company (St. Louis, MO, USA). These
xylans were suspended in an appropriate amount of distilled water and incubated at 60°C for 1 day. Each
xylan solution was centrifuged, and the supernatant was recovered. The supernatant was lyophilized,
dissolved in distilled water, and used in this experiment as a soluble xylan. Xylobiose (X2), xylotriose (X3),
xylotetraose (X4), xylopentaose (X5), xyloheptaose (X6), and wheat arabinoxylan (low viscosity; 2 centi-
stokes [cSt]) were obtained from Megazyme International (Wicklow, Ireland). Cotton seed glucuronoxylan
was prepared as described previously (23). �-1,3-Xylan was prepared from the siphonous green alga
Bryopsis maxima according to the method of Iriki et al. (30), and acetylglucuronoxylan (acetylxylan) was
obtained from the Forest Products Laboratory (FPL) Collection.

Enzyme activity and substrate specificity. To evaluate the substrate specificity of StXyn30A for
polysaccharides, we selected wheat arabinoxylan, soluble oat spelt xylan, soluble birchwood xylan,
soluble beechwood xylan, acetylxylan, and �-1,3-xylan as the substrates. The reactions were performed
in 50 mM acetate buffer (pH 6.0) containing 0.5% (wt/vol) substrate, 0.1% (wt/vol) bovine serum albumin
(BSA), and 1 �M enzyme at 37°C for 16 h. The reaction was stopped by heating the solutions at 100°C
for 20 min. Hydrolytic activity was determined by the amounts of reducing sugars according to the
Somogyi-Nelson method (31). The effects of pH and temperature on enzyme activity and stability were
investigated as described previously (32). The assay was performed by using samples in triplicate.

Modes of action of xylans and xylooligosaccharides. StXyn30A was incubated with 0.5% (wt/vol)
xylooligosaccharide (X2, X3, X4, X5, or X6) in 50 mM acetate buffer (pH 6.0) at 37°C for 20 h. The hydrolysis
products were analyzed by high-performance anion-exchange chromatography with a pulsed ampero-
metric detection (HPAEC-PAD) system and a CarboPac PA1 column (4 by 250 mm) (Dionex Corp.,
Sunnyvale, CA), as described previously (33).

StXyn30A was mixed with 0.5% (wt/vol) soluble birchwood xylan, acetyl xylan, or 2.5% (wt/vol) cotton
seed xylan in 50 mM acetate buffer (pH 6.0) containing 0.1% (wt/vol) BSA. After incubation at 37°C for
20 h, GH3 �-xylosidase or SoXyn10A (20) was added to the reaction mixture, and the mixture was
incubated at 37°C for 2 days. The reactions were terminated by heating the mixtures at 100°C for 20 min,
and the mixtures were treated with Amberlite 200 and then filtered through a 0.22-�m filter.
�-Xylosidase was prepared from cellulase powder of Penicillium funiculosum (Sigma) by the following
method. Cellulase powder (2 g) was suspended in 100 ml of 50 mM phosphate buffer (pH 6.0) and
agitated overnight at 4°C. After centrifugation to remove insoluble materials, the supernatant was loaded
onto a Q-Sepharose column (16 by 100 mm) equilibrated with 50 mM phosphate buffer (pH 6.0) at flow
rates of 5 ml/min and eluted with a linear gradient of 50 mM phosphate buffer containing 250 mM NaCl
(pH 6.0). The recovered protein was loaded onto a 1-ml CM-Sepharose column equilibrated with 10 mM
acetate buffer (pH 4.0) and eluted with a linear gradient of 10 mM acetate buffer containing 500 mM NaCl
(pH 4.0) at flow rates of 1.0 ml/min. The eluted proteins were verified by SDS-PAGE.

Hydrolysis products were analyzed by TLC on silica gel 60 plates (Darmstadt, Germany, Merck). Sugars
were developed with an n-butanol–acetic acid–water (2:1:1 [vol/vol/vol]) solvent and detected by using
N-(1-naphthyl)ethylenediamine dihydrochloride (34, 35). Hydrolysis products were also analyzed by
MALDI-TOF MS on a Reflex II instrument (Bruker Daltonics) or a 4800 MALDI-TOF/TOF analyzer (Applied
Biosystems) in the positive-ion mode. The samples were diluted 10-fold with TA buffer (0.1% trifluoro-
acetic acid–acetonitrile [2:1]). One microliter of the diluted sample and 1 �l of 10 mg/ml 2,5-
dihydroxybenzoic acid (DHB) in 30% (vol/vol) ethanol were mixed and spotted onto the target plate. The
samples/matrix spots were analyzed by MALDI-TOF MS.

Molecular modeling. The homology model structure of StXyn30A with the substrate was
modeled on the basis of the crystal structure of XynC from B. subtilis (9) (PDB accession number
3KL5), using the software Modeller (https://salilab.org/modeller/) (36), and the bound aldouronate
MeGX2 was docked according to the structure of the B. subtilis XynC-MeGX2 complex (PDB accession
number 3KL5).
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