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Abstract: We functionally characterized the GH10 xylanase (SoXynl0A) and the GHI11 xylanase
(SoXyn11B) derived from the actinomycete Streptomyces olivaceoviridis E-86. Each enzyme exhibited
differences in the produced reducing power upon degradation of xylan substrates. SoXyn10A produced
higher reducing power than SoXynl1B. Gel filtration of the hydrolysates generated by both enzymes
revealed that the original substrate was completely decomposed. Enzyme mixtures of SoXyn10A and
SoXyn11B produced the same level of reducing power as SoXyn10A alone. These observations were in
good agreement with the composition of the hydrolysis products. The hydrolysis products derived from
the incubation of soluble birchwood xylan with a mixture of SoXynl0A and SoXynl1B produced the
same products as SoXyn10A alone with similar compositions. Furthermore, the addition of SoXyn10A
following SoXyn11B-mediated digestion of xylan produced the same products as SoXyn10A alone with
similar compositions. Thus, it was hypothesized that SoXyn10A could degrade xylans to a smaller size
than SoXynl1B. In contrast to the soluble xylans as the substrate, the produced reducing power
generated by both enzymes was not significantly different when pretreated milled bagasses were used as
substrates. Quantification of the pentose content in the milled bagasse residues after the enzyme
digestions revealed that SoXynllB hydrolyzed xylans in pretreated milled bagasses much more
efficiently than SoXyn10A. These data suggested that the GH10 xylanases can degrade soluble xylans
smaller than the GH11 xylanases. However, the GH11 xylanases may be more efficient at catalyzing
xylan degradation in natural environments (e.g. biomass) where xylans interact with celluloses and

lignins.
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INTRODUCTION

Plant cell walls are the most abundant renewable bio-
mass in nature. Polysaccharides such as celluloses and xy-
lans comprise the major portion of plant cell walls. Xylans
are referred to as hemicelluloses, which are the second
most abundant natural polysaccharide next to cellulose.?

T Corresponding author (Tel. +81-098-895-8814, Fax. +81-098-895—
8734, E-mail: sakaneko@agr.u-ryukyu.ac.jp).

Abbreviations: BSA, bovine serum albumin; CAZy, Carbohydrate-Ac-
tive enZymes; CBM, carbohydrate binding module; GH, glycoside hy-
drolase; GH10, glycoside hydrolase family 10; GH11, glycoside hydro-
lase family 11; HPAEC-PAD, high-performance anion-exchange chro-
matography with pulsed amperometric detection; SoXynl10A, xylanase
A from Streptomyces olivaceoviridis E-86 belonging glycoside hydro-
lase family 10; SoXyn11B, xylanase B from Streptomyces olivaceoviri-
dis E-86 belonging glycoside hydrolase family 11. This is an open-ac-
cess paper distributed under the terms of the Creative Commons Attri-
bution Non-Commercial (by-nc) License (CC-BY-NC4.0: https://creati-
vecommons.org/licenses/by-nc/4.0/).

The backbone of xylan, a -1,4-linked xylopyranose poly-
mer, is decorated at the O-2 and/or O-3 positions with ara-
binofuranose, acetyl, and 4-O-methyl-D-glucuronic acid
and/or D-glucuronic acid side chains.? Several types of en-
zymes such as endo-1,4-B-xylanases (E.C. 3.2.1.8), B-xylo-
sidases, (E.C. 3.2.1.37), o-L-arabinofuranosidases (E.C.
3.2.1.55), a-glucuronidases (E.C. 3.2.1.139), and acetyl xy-
lan esterases (E.C. 3.1.1.72) are necessary to completely
degrade xylans.® Previously, we have explored the sub-
strate specificities of these enzymes.¥397®

Our studies suggested that there are variations in the sub-
strate specificity of the enzymes that are dependent on the
structure of the xylan branches. These differences in the en-
zymes greatly affect xylan degradation. However, only
limited studies have explored xylan degradation based on
the substrate specificities of the enzymes for xylan branch-
es.

Endo-B-1,4-xylanases hydrolyze the xylan backbone, and
are members of the glycoside hydrolase (GH) families 10
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and 11 (CAZy website available at http://www.cazy.org/).”
To date, more than 600 xylanases (352 for GH10 and 272
for GH11) have been characterized, however many ques-
tions remain unanswered regarding the xylanolytic enzyme
systems that decompose biomass. For example, it has been
known that many organisms possess both GH10 and GH11
enzymes'? that differ in structure and produce distinct hy-
drolysis products.'D'? Several extensive reviews covering
characteristics of xylanases have been published, and some
of them are focused on the structure-function of xylanases
belonging to individual GH families.!?'¥'% However it is
not clear why these microorganisms possess two types of
xylanases, and how differences in substrate specificities be-
tween GH10 and GH11 enzymes affect xylan degradation.
We characterized two xylanases from Streptomyces oli-
vaceoviridis E-86 because this organism is a robust produc-
er of xylanases. One of the xylanases produced by S. oliva-
ceoviridis E-86 is SoXynl10A (formerly FXYN), which is
one of the most well-characterized xylanases.!¥19'? The
following functional properties of SoXynlOA have been
studied in detail: sugar-binding structures with various
kinds of xylooligosacchrides,'®'” mechanism of enzyme
catalysis,??292? topology of the substrate binding cleft,??¥
protein engineering??9?” and production of xylooligosac-
charides.2¥%393132 [n contrast, the other xylanase produced
by S. olivaceoviridis E-86 designated as SoXynl1B (for-
merly GXYN) has not been well-characterized.’® There-
fore, in this study, we functionally characterized SoXyn11B
in comparison to SoXynl0A. Differences in the xylan and
pretreated biomass hydrolytic activities between SoX-
ynl0A and SoXynl1B were detected. We also demonstra-
ted the effects of xylan structure and xylan substitutions on
the degradation by xylanases. These studies revealed novel
effective applications of substituted xylans for bioeconomy.

MATERIALS AND METHODS

Substrates. Birchwood xylan, a kind of glucuronoxylan,
was obtained from Sigma Chemical Company (St. Louis,
MO, USA). Insoluble materials were removed from birch-
wood xylan by centrifugation and the soluble fraction was
freeze-dried. The obtained powder was used as soluble
birchwood xylan. Arabinoxylan from wheat flour (low vis-
cosity) was purchased from Megazyme Co. Ltd (Wiscow,
Ireland). Sugarcane bagasse was kindly gifted from Mitsui
Sugar Co. Ltd. (Tokyo, Japan) and was milled to a length of
2 mm with a Force Mill FM-1 (ASONE Corp., Osaka, Ja-
pan). Pretreatment of milled bagasse with sodium chlorite
and acetic acid (Wise method*¥) was performed three times
with milled bagasses, the insoluble material was desiccated
in a dry oven at 60 °C. Pretreatment of milled bagasse with
sodium hydroxide was conducted with the following proto-
col: 2 g of milled bagasse was placed in a 100 ml screw-top
bottle and the inside of the bottle was replaced with nitro-
gen; next, 40 mL of a 180 mM NaOH solution was added
to the bottle and the mixture was heated at 85 °C for 24 h;
subsequently, the insoluble material was washed with distil-
led water until the pH reached 7.0; lastly, the insoluble ma-
terial was desiccated in a dry oven at 60 °C.

Preparation of SoXynl10A4 and SoXynlIB. SoXynl10A was
prepared as described previously.”® The pET expression
system (Novagen, Madison, WI, USA) was employed for
the expression of SoXynl1B in Escherichia coli followed
by purification of SoXyn11B. Recombinant SoXyn11B was
prepared with the following protocol: the gene encoding the
mature SoXynl1B was amplified from S. olivaceoviridis
E-86 genomic DNA by PCR using Phusion DNA polymer-
ase (Finnzymes, Espoo, Finland) with the primers forward,
5'-CAT ATG GCC ACG GTC ATC ACC ACC AAC CAG
ACC-3' (a Ndel site is underlined) and reverse, 5-AAG
CTT GCC GCT CAC CGT GAG GTT GGA GGA GCC
GCT-3' (a HindlII site is underlined); the amplified DNA
was then cloned into pET30(+) (Novagen, Darmstadt, Ger-
many) at the Ndel and HindIII restriction enzyme sites;
next, recombinant enzymes were expressed using the T7
expression system in E. coli BL21gold cells (DE3; Nova-
gen) and purified with a C-terminal histidine tag as descri-
bed in a previous report.” The purified protein showed a
single band on SDS-PAGE with the expected molecular
weight of 23,000, and displayed same optimal pH and tem-
perature as those for the native enzyme.

Xylan degradation. The enzyme assay mixture contained
300 pL of 50 mM acetate buffer (pH 6.0), 500 uL of 1 %
(w/v) soluble birchwood xylan or wheat arabinoxylan, 100
pL of 1 % (w/v) bovine serum albumin (BSA) and 100 pL
of the enzyme preparation (1 uM). The reactions were car-
ried out at 30 °C for up to 72 h, and were terminated by
heating at 100 °C for 20 min. The amount of reducing sug-
ars was determined by the Somogyi-Nelson method with
D-xylose as the standard.>® The protein concentration was
calculated as 1 mg/mL when the absorbance at 280 nm was
1 and then determined using the BCA Protein Assay Kit
(Pierce, Rockford, IL, USA) with BSA as the standard. The
milled bagasse degradation assay mixture contained 10 mg
of milled bagasse, 250 pL of distilled water, 200 pL of
Mcllvaine buffer (pH 7.0), and 50 pL of 0.5 mg/mL en-
zyme solution. The reactions were incubated at 40 °C for
72 h. Insoluble materials were collected by centrifugation,
washed three times with distilled water, then dried in the
dry oven. The pentose content remaining in the residue of
the enzyme reaction was quantified by the orcin-hydro-
chloride method®® after hydrolysis with 72 % sulfuric acid
as described previously.?”

Chromatography of the hydrolysis products of soluble
birchwood xylan. The hydrolysis products of soluble birch-
wood xylan formed in the reaction mixtures described
above were subjected to high-performance anion-exchange
chromatography and identified using pulsed amperometric
detection (herein referred to as the HPAEC-PAD system).
The samples were analyzed using a CarboPac™ PA1 col-
umn (4 X 250 mm, Dionex Corp., Sunnyvale, CA, USA)
and eluted with 0.1 M NaOH (0—5 min), followed by a line-
ar gradient (5-35 min) of sodium acetate (0-0.4 M) at a
flow rate of 1 mL/min. In contrast, for the analysis of the
size variation of the hydrolysis products, the mixture was
applied to a Superdex 75 HR 10/30 column (GE Healthcare
UK Ltd., Buckinghamshire, England), which had been
equilibrated with deionized water at a flow rate of 0.5
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Time course of xylan hydrolysis by SoXynl10A and SoXyn11B.
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A: soluble birchwood xylan (glucuronoxylan), B: wheat arabinoxylan, closed circle; SoXynl10A, open circle; SoXynl1B. The experiments
were performed in triplicate, and the value of average was plotted in the figure.

ml/min and identified using a Shodex RI-71 detector
(Showa Denko K.K., Tokyo, Japan).

RESULTS AND DISCUSSION

Effect of substitutions on the complete hydrolysis of sub-
stituted xylans.

The hydrolysis time course of soluble birchwood xylan
and wheat arabinoxylan by SoXyn10A and SoXynl11B are
shown in Fig. 1. SoXynl0A produced more than twice as
much reducing power from both substrates. In order to con-
firm whether this result was due to the difference in the de-
composition rate of xylans, soluble birchwood xylan and its
hydrolysates generated by SoXyn10A and SoXyn11B were
subjected to gel filtration chromatography (Fig. 2). The
peak corresponding to the original substrate disappeared
completely and low molecular size products were observed
in both SoXyn10A and SoXyn11B hydrolysates. Therefore,
it was concluded that the difference in the produced reduc-
ing power is not mediated by the differences in the decom-
position rate of xylans by both enzymes.

Next, we monitored the effects of a combination of SoX-
ynl0A and SoXyn11B on soluble birchwood xylan hydrol-
ysis. When soluble birchwood xylan was hydrolyzed by a
mixture of SoXynl0A and SoXynl1B, the rate of hydroly-
sis was almost the same as when hydrolyzed by SoXynl10A
alone (Fig. 3A). When SoXynl10A was added to the SoX-
ynl1B hydrolysate, a significant increase in reducing pow-
er was observed. In contrast, SoXynl1B addition to the
SoXynl0A hydrolysate did not result in an increase in re-
ducing power (Fig. 3B).

Based on the gel filtration results shown in Fig. 2, which
showed that SoXynl1B completely hydrolyzed original
substrate and the fact that the product of SoXynllB was
hydrolyzed by SoXynlOA, we hypothesized that SoX-
ynl0A and SoXynl1B generated distinct products. There-
fore, we analyzed the soluble birchwood xylan hydrolysis
products formed by SoXynlOA and SoXynllB by the
HPAEC-PAD system (Fig. 4). SoXynl10A mainly produced
xylose and xylobiose and produced minor amounts of xylo-
triose and substituted oligosaccharides (Fig. 4A). In con-
trast, SoXynl1B produced larger amounts of xylotriose
than SoXynl10A and two peaks of substituted oligosacchar-
ides were observed (Fig. 4B). The products generated by a
combined mixture of SoXynl10A and SoXynl1B enzymes
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Fig. 2.  Gel filtration chromatography of xylan hydrolysates gener-

ated by SoXyn10A and SoXynl1B.
A: soluble birchwood xylan, B: hydrolysates of soluble birchwood
xylan generated by SoXynl10A, C: hydrolysates of soluble birchwood
xylan generated by SoXyn11B.

were similar to those obtained with SoXyn10A alone (Fig.
4C). When the soluble birchwood xylan degradation prod-
ucts from SoXynl1B were hydrolyzed by SoXyn10A, one
of the two peaks of substituted oligosaccharides observed
in the SoXynl1B HPAEC-PAD product profile disap-
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Time course of xylan hydrolysis with a combination of SoXyn10A and SoXyn11B.

A: soluble birchwood xylan, closed circle; SoXyn10A, open circle; SoXynl1B, open triangle; SoXyn10A+SoXyn11B, B: soluble birchwood
xylan, closed circle; SoXynl10A, open circle; SoXynl1B, open square; SoXynl10A addition to SoXyn10A after 24 h, cross; SoXynl10A addition
to SoXynl1B after 24 h, C: wheat arabinoxylan, closed circle; SoXynl10A, open circle; SoXyn11B, open triangle; SoXyn10A+SoXynl1B, D:
wheat arabinoxylan, closed circle; SoXynl10A, open circle; SoXynl1B, open square; SoXynl0A addition to SoXynl0A after 24 h, cross; SoX-
ynl0A addition to SoXynl1B after 24 h. In case of B and C, each 100 pL of SoXynl10A or SoXynl1B was added to the 1 mL of corresponding
hydrolysate. The plotted reducing power was adjusted by account of volume of reaction mixture. The experiments were performed in triplicate,

and the value of average was plotted in the figure.

peared. Moreover, the addition of SoXynl0A resulted in a
decrease in xylotriose and an increase in both xylose and
xylobiose (Fig. 4D). Since the birchwood xylan is a glu-
curonoxylan, the substitution is at the O-2 position of the
xylan backbone harboring 4-O-methyl-D-glucuronic acid
side chains. Similar results were obtained utilizing arabi-
noxylan as the substrate (Figs. 3C and D), which suggested
that O-2 4-O-methyl-D-glucuronic acid and O-3 L-arabino-
furanose substitutions in xylans similarly affected the at-
tack of SoXynlOA and SoXynllB on the hydrolysis of
wheat arabinoxylan. Thus, the appearance that SoXynl10A
produced much amounts of reducing power than SoX-
ynl1B was not greatly influenced by the type of side chain.

Biely et al. analyzed the mode of action of xylanases be-
longing to GH10 (XInA) and GH11 (XInB, XInC) families
derived from Streptomyces lividans for various polysac-
charide and oligosaccharide substrates.® Their results are
in good agreement with our results. In their experiments,
GH10 also showed higher catalytic efficiency compared to
GH11, indicating the superiority of GH10 for xylan hydrol-
ysis. Bond-cleavage frequencies of these three xylanases
suggested that GH10 releases shorter oligosaccharides than
GHI11. They concluded that the differences in the catalytic
efficiency of the enzymes are due to the difference in the
mode of xylan degradation.

From these observations, it is apparent that the substrate
specificity of GH10 and GHI11 is different and GH10 is

more efficient at catalyzing xylan degradation. In addition,
these studies suggested that only GH10 is sufficient for xy-
lan hydrolysis. Indeed, genomewide analysis of polysac-
charide-degrading enzymes of wood-decay fungi demon-
strated that GH10 is conserved in all strains but GHI1 is
not.!” However, since many microorganisms have both
GH10 and GH11 xylanases, GH11 xylanase must have a
significant role in the natural environment. Therefore, the
biomass degradation activities of SoXynlOA and SoX-
ynl1B were compared.

Comparison of the hydrolytic activities of GHI0 and
GH11 xylanases for biomass xylans.

The time course of pretreated milled bagasse hydrolysis
by SoXynl0A and SoXynl1B is shown in Fig. 5. The ac-
tivities of both enzymes for chlorite treated milled bagasse
are lower than that for NaOH treated milled bagasse. In ad-
dition, SoXynl0A produced larger amounts of reducing
power from both substrates compared to SoXyn11B. Inter-
estingly, the produced reducing powers from SoXynl0A
and SoXynl11B hydrolysates of pretreated milled bagasses
were not significantly different compared to the reducing
powers from SoXynl0A and SoXynl11B hydrolysates from
soluble xylans.

Accordingly, we determined solubilized pentose from
pretreated bagasses and remaining pentose in each hydroly-
sis residues. We found that the hydrolysis rates estimated
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A: milled bagasse treated three times with sodium chlorite, B: milled bagasse treated with 180 mM NaOH. closed circle; SoXyn10A, open
circle; SoXynl1B. The experiments were performed in triplicate, and the value of average was plotted in the figure.

from solubilized pentoses overestimate the recovery of sug-
ars, because total amounts of pentoses in every hydroly-
sates calculated from solubilized and remaining pentoses
were far more than 100 % despite the significant amount of
pentoses were detected in the each hydrolysis residues.
Thus, we estimated the hydrolysis rates from the remaining
pentose content in each hydorolysis residues. The remain-
ing pentose content in milled bagasse residues after 72 h of
hydrolysis by SoXynlOA and SoXynllB suggested that
SoXynl11B released larger amounts of xylans from pretrea-
ted milled bagasse than SoXynl10A (Table 1). Since chlor-
ite treatment removes lignins from biomass but maintains
xylan modifications (e.g. acetylation),’” the xylans in
chlorite treated milled bagasse are more similar to native
xylan than NaOH treated xylans. The fact that SoXynl11B
showed significantly higher activity for chlorite treated mil-
led bagasse than SoXyn10A may suggest that the GH11 xy-
lanases play a major role in biomass degradation. It is
known that the GH10 xylanase has a TIM-barrel structure
and GHI11 has a jellyroll structure,'V and the molecular

Table 1. Enzymatic hydrolysis rate of xylan in pretreated milled

bagasse
NaClO, treated (%) NaOH treated (%)
SoXynl0A 33.6+4.63 54.0+£4.10
SoXynllB 53.9+4.39 63.4+1.73

The hydrolysis rate was estimated by quantifying the amount of pen-
tose remaining in the each enzymatic hydrolysis residue. The experi-
ments were performed in triplicate, and the value of average was in-
dicated.

weights of the catalytic domains of SoXynl0A and SoX-
ynl1B are approximately 30,000 and 20,000, respectively.
The compact wide shallow structure of the substrate bind-
ing cleft of GH11 may facilitate more efficient substrate
binding compared to GH10. This difference in the efficien-
cy of substrate binding is crucial because of the complex
structure of lignin, cellulose and hemicellulose networks,
which are present in native plant cell walls. These observa-
tions are also supported by the genomes of Arabidopsis
thaliana and Oryza sativa. These plants possess GH10 xy-
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lanases, but there are no GH11 xylanase genes found in
these plant genomes (http://www.cazy.org/el.html).*® Even
though many microorganisms that actively decompose bio-
mass possess both GH10 and GH11 xylanases, plants may
not need both xylanases because they do not induce drastic
changes in their plant cell walls to oppose turgor pressure
and to protect against external attacks from microorganisms
and insects.

In this study, we functionally characterized GH10 and
GHI11 xylanases from S. olivaceoviridis E-86. We found
that the GH11 xylanase may be more efficient at catalyzing
biomass degradation than the GH10 xylanase. It is impor-
tant to note that there are many biomass-degrading organ-
isms that contain different types of GH10 and GH11 xyla-
nases, which harbor different carbohydrate-binding mod-
ules (CBMs). This suggests that different organisms have
distinct mechanisms to degrade biomass. Therefore, by
comparing additional types of xylanases from various ori-
gins, the mechanism of biomass degradation by each mi-
croorganism will become clear and the strategy used to effi-
ciently degrade biomass will be elucidated.
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