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Abstract

Wheat bran is an effective raw material for preparation xylooligosaccharides; however, current research mainly focuses
on alkali extraction and enzymatic hydrolysis methods. Since ester bonds are destroyed during the alkali extraction
process, xylanase and arabinofuranosidase are mainly used to hydrolyze xylooligosaccharides. However, alkali extrac-
tion costs are very high, and the method also causes pollution. Therefore, this study focuses on elucidating a method
to efficiently and directly degrade destarched wheat bran. First, an acidic acetyl xylan esterase (AXE) containing a
carbohydrate-binding module-1 (CBM1) domain was cloned from Talaromyces leycettanus JCM12802 and successfully
expressed in Pichia pastoris. Characterization showed that the full-length acetyl xylan esterase AXE+ CBM1 was similar
toe uncovered AXE with an optimum temperature and pH of 55 °C and 6.5, respectively. Testing the acetyl xylan
esterase and xylanase derived from Neocallimastix patriciarum in a starch-free wheat bran cooperative experiment
revealed that AXE+ CBM1 and AXE produced 29% and 16% reducing sugars respectively, compared to when only
NPXYN11 was used. In addition, introduced the CBM1 domain into NPXYN11, and the results indicated that the CBM1
domain showed little effect on NPXYN11 properties. Finally, the systematically synergistic effects between acetyl xylan
esterase and xylanase with/without the CBM1 domain demonstrated that the combined ratio of AXE +CBM1 coming
in first and NPXYN11 -+ CBM1 s increased reducing sugars by almost 35% with AXE and NPXYN11. Furthermore, each
component’s proportion remained the same with respect to xylooligosaccharides, with the largest proportion (86%)

containing of 49% xylobiose and 37% xylotriose.
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Introduction

Plant cell wall is mainly composed of cellulose, hemicel-
lulose and lignin (Bastawde 1992). Xylan is an important
component of hemicellulose in plant cell wall and makes
up approximately 35% of the dry weight of the cells
(Chakdar et al. 2016). It is the second most renewable
organic carbon source in nature next to cellulose. Xylan
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and indicate if changes were made.

is a kind of complex polysaccharide, and its main chain
is a plurality of pyran xylose residues linked by 5-p-1,4
glycosidic bonds (Biely et al. 1997). However, xylan is a
highly polymerized polysaccharide with a wide range of
structural changes and branched heteropolysaccharides
(Peralta et al. 2017). Different sources of xylan, yield
different degrees of branching. Its side chains usually
have different substitution groups, such as ferulic acid,
O-acetyl, coumaric acid, and pyran glucuronic acid (Biely
et al. 1985). Acylated xylan is common in hardwoods,
and the degree of acylated xylan C-2 and C-3 in the main
chain can reach between 50 and 70%, while most of the
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hydroxyl groups of xylose residues are esterified by acetic
acid. Therefore, in the process of biodegradation of xylan,
the degradation of acetyl groups with high contents
of substituents is particularly important (Collins et al.
2005). Acetyl xylan esterase hydrolyzes the O-acetylated
glycosaminoglycan on the C-2 and/or C-3 residues of
acylated xylan (Biely et al. 1985). The acetyl group inter-
feres with the access of the main chain enzyme in terms
of space; therefore, acetyl group removal may enhance
the affinity between the enzyme and xylan, thus promot-
ing the effect of xylanase.

Xylooligosaccharides are composed of 2-7 xylose
subunits linked by -1,4 glycosidic bonds. Compared to
other oligosaccharides, xylooligosaccharides have many
unique functions. They have good acid stability com-
pared to oligofructose, and are extremely resistant to
high temperatures (Chen et al. 2009). They also have a
strong function in the proliferation of intestinal probiot-
ics, including the highly selective proliferation effect on
bifidobacteria, lactic acid bacteria, and other probiotics.
In vivo experiments in rats showed that xylooligosaccha-
rides could not only increase the proliferation of probi-
otics, but also prolong their survival time. In addition,
in vitro experiments showed that all bifidobacteria could
utilize xylo-disaccharides and xylo-trisaccharides. And
these molecules improved ecological balance of micro-
organisms in animal intestines, producing organic acids
and other beneficial substances and reducing the pro-
duction of ammonia and other decay substances in feces,
preventing environmental pollution (Yang et al. 2018).
Experiments by Reddy SS and Krishnan C also proved
that xylooligosaccharides improved the metabolism and
enhanced the humoral immunity of poultry (Reddy and
Krishnan 2016).

Currently, the raw materials used to prepare xylooli-
gosaccharides include wheat bran and corncob. Wheat
bran accounts for 20% of wheat processing output as a
by-product that is of low economic value. It contains
approximately 40% xylan which can be divided into
water-soluble and water-insoluble xylan based on solubil-
ity, with the former constituting approximately 6% of the
xylan content in the bran and the xylan being insoluble
(Maes and Delcour 2002). Wheat bran xylan and other
components of the cell wall (such as lignin and cellulose)
are interconnected, and most can be extracted only in
alkali solution, as the amount of xylan obtained in direct
water extraction is very small. The commonly used meth-
ods for xylooligosaccharide extraction involve physi-
cal methods, such as hot water extraction, and steam
blasting and chemical methods, such as acid and alkali
extractions (Rastall 2010). When an ester bond encoun-
ters a strong base, it breaks itself. Therefore, many stud-
ies focused on the synergistic reaction between xylanase
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and a-L-arabinofuranosidase in production; however,
little work has been done on the synergistic effect of
acetyl xylan esterase and xylanase. Alkali extractions of
xylooligosaccharides have high recovery efficiency, how-
ever, due to the chemical extractions process, consumes
considerable amounts of acid, alkali, and ethanol, which
pollutes the environment. Since biological methods are
relatively safe, the introduction of acetyl xylan esterase
and xylanase together is of particular interest. The pre-
sent study aims to introduce the synergistic effect of xyla-
nase and acetyl xylan esterase on insoluble substrate, as
well as analyze of the products for xylooligosaccharides.
After acetyl xylan esterase was first discovered by Biely
in 1985 (Biely et al. 1985), different types of enzymes
have been increasingly discovered and studied. The
study by Selig showed that xylanase and acetyl xylan
esterase exhibited synergistic effects on the hydrolysis
of acetyl xylano (Selig et al. 2009). Puls found that the
addition of xylanase and acetyl xylan esterase in differ-
ent orders not only affected the degree of hydrolysis, but
also affected the composition of the hydrolyzed products
(Puls et al. 1991). Another study found that adding acetyl
xylan esterase can improve the solubility and degrada-
tion speed of xylan (Cybinski et al. 1999). In case of an
acetyl xylan esterase deficiency, it is difficult for xylanase
to move close to the main chain of the highly acetylated
xylan; due to reduced accessibility; however, application
of acetyl ester enzymes enhance the affinity of xylanase
for xylan (Mcdermid et al. 1990).

The xylooligosaccharides enzymatic production
method is safe and pollution-free, and the hydrolyzed
bran can be further recycled as a favorable feed material
(Rastall 2010). However, the recovery rate achieved using
this method needs to be improved. A previous study
showed that carbohydrate-binding module-1 (CBM1)
domain helped GH10 xylanase in hydrolyzing washed
corncob particles (Miao et al. 2017). Moreover, Cel5A-
CBM6 transgenic plants were 33% more efficient than
Cel5A transgenic plants in directly transforming native
tobacco cellulose into free sugars (Mahadevan et al.
2011). In this study, the acetyl xylan esterase gene cloned
from Talaromyces leycettanus JCM12802 was expressed
in a Pichia pastoris system, and the CBM1 domain was
introduced into the xylanase gene from Neocallimastix
patriciarum to investigate their synergistic effects on
starch-free wheat bran.

Materials and methods

Strains, vectors, plasmids, kits and culture conditions

The vector pPIC9 was used for construction of the gene,
and Pichia pastoris GS115 (Invitrogen, Carlsbad, CA,
USA) was used for host protein expression. Escheri-
chia coli Fastl-T1 (Vazyme, Nanjing, China) receptive
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cells were used for DNA cloning. T4 DNA ligase pur-
chased from New England BioLabs (Hitchin, UK), was
used to connect the genes and vector. Recombinant
Pichia pastoris was collected from minimal dextrose
solid medium (2% glucose, 2% agarose, 1.34% YNB and
4x107° % biotin) and placed into YPD medium (1%
yeast extract, 2% peptone, 2% glucose) for 2 days, then
saved in an equal volume of YPD and 40% (weight/vol-
ume, W/V) glycerol at — 80 °C. Recombinant P. pastoris
AXEs and NPXYN11 s were enriched in BMGY medium
(1% yeast extract, 2% peptone, 1% glycerol, 1.34% YNB
and 4 x 10™* % biotin) for 2 days at 30 °C with shaking
at 200 rpm, then the yeast harvested by centrifugation at
4500 rpm for 7 min and transferred to BMMY medium
(1% yeast extract, 2% peptone, 1.34% YNB and 4 x 107 %
biotin) for 2 days with 0.5% methyl alcohol added every
24 h.

Cloning of genes and sequence analysis of AXE+ CBM1

and NPXYN11

The SV Total RNA Isolation System (Promega, Tokyo,
Japan) was used for extracting the total RNA of the strain
Talaromyces leycettanus JCM12802 with 3-day-old myce-
lia in accordance with the specifications. The cDNA frag-
ment of acetyl xylan esterase gene axe+ cbml (GenBank
accession number MK138893) was used for reverse tran-
scription by the TransScript® One-Step gDNA Removal
and cDNA Synthesis SuperMix kit (TransGen, Beijing,
China). The peculiar primer sets with restriction sites
underlined (axe+ cbm1-F/R) were designed according to
the presumptive gene sequence and amplified from the
c¢DNA of the axe+ cbml gene (Table 1). In a similar way,
the xylanase npxynll gene (GenBank accession number
AF123252.1) from Neocallimastix patriciarum was syn-
thesized at Biomed (Beijing, China) by polymerase chain
reaction (PCR) with the specific primer mpxynil-F/R
(Table 1). The purified PCR product was connected to
the pEASY-T3 vector (TransGen) and transformed ther-
mally at 42 °C for 90 s into Escherichia coli Fast1-T1 cells.

Construction of mutants

Sequence and structural analyses (http://www.ncbi.nlm.
nih.gov/BLAST/) showed that the acetyl xylan ester-
ase AXE+ CBM1 from strain JCM12802 has a specific
sequence of the cellulose-binding module CBM1. Four
different protein domains are present in this enzyme: a
signal peptide (1-19 amino acids), a hydrolase domain
(20-309), a S/T-rich linker region (310-342) and a CBM1
domain (343-380). To explore the specific functions of
the CBM1 domain, introduced it to the C-terminal of the
xylanase NPXYN11. The chml sequence was removed
from the acetyl xylan esterase gene axe + cbml and added
to the xylanase gene npxynll using peculiar primer sets
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Table 1 Primers used in the study

Prime name Sequences (5’ — 3’)

GAATTCGTTGCGGTGGATCACGATG?
GCGGCCGCTCACAGACATTGATAATAGTAATCATTGAC?

axe+cbmi-F
axe+cbmi-R

axe-F GAATTCGTTGCGGTGGATCACGATG?

axe-R GCGGCCGCTCAAGCAAATCCAAACCATTCC?
comi-F GGTGAGTCTACTGGTGGCGGAA

cbmi-R TCACAGACATTGATAATAGTAATCATT
npxynli-F GAATTCCAAAGTTTCTGTAGTTCAGCTTCT®
npxynl1-R GCGGCCGCTCAATCACCAATGTA?

CAAAGTTTCTGTAGTTCAGCTTCT
ATCACCAATGTAAACCTTTGCGTATG

npxyniigene-F
npxyniligene-R

@ Nucleotides incorporated for restriction enzyme digestion are underlined.
EcoRI: GAATTC; Notl: GCGGCCG

with PCR formed the xylanase gene npxynll+ cbml
(GenBank accession number MK138894) (Table 1). The
annealing temperature is based on primers in the PCR.

Expression and purification of AXE+ CBM1, NPXYN11

and mutants

The recombinant plasmids were linearized by a FastDigest
BglIl restriction enzyme (Thermo Scientific, Waltham,
MA, USA), then purified using the Gel Extraction Kit
(Omega Bio-Tek, Norcross, GA, USA). The plasmid puri-
fications were performed utilizing the Gene Pulser Xcell
electroporation system (Bio-Rad, Hercules, CA, USA),
then transformed into P, pastoris GS115 competent cells.
Recombinant P. pastoris AXEs and NPXYN11 s proteins
were obtained by high-speed refrigerated centrifugation
(CR21GlIII, Hitachi, Japan) in clear liquid at 12,000 rpm
for 3 min at 4 °C, and a 10 kDa molecular weight cut off
PES (Sartorius, Germany) was used for ultrafiltration
and concentration. Before purifying the crude enzymes,
needed to desalinate them using 20 mM citric acid-
Na,HPO, (pH 6.9) for AXE+CBM1 s and 20 mM citric
acid-Na,HPO, (pH 7.7) for NPXYNI11 s. The desalted
enzymes AXE+CBM1 and NPXYN11 were equilibrated
with 20 mM citric acid-Na,HPO, (pH 6.9) and citric acid-
Na,HPO, (pH 7.7) and placed into a HiTrap Q Sepharose
XL 5-mL fast protein liquid chromatography (FPLC) col-
umn (GE Healthcare, Uppsala, Sweden). A flow velocity
of 1.5 mL min~' and a linear gradient of NaCl solution
(0-1.0 M) were used to elute enzymes. To respectively
use the acetyl xylan esterase enzyme activity and xyla-
nase enzyme activity for measuring their biochemical
characterization, sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) was employed including
a 12% separation gel and a 5% stacking gel for observing
their protein molecular weight and purity. An Easy Protein
Quantitative Kit (TransGen, Beijing, China) was used to
detect protein concentration.
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Substrates and enzyme activity assay
All samples were examined in triplicate. The substrate
used for xylanase enzyme activity was beechwood xylan
(Sigma, St. Louis, USA), and the standard reaction sys-
tem included placing 0.1 mL appropriately diluted
enzyme appropriately and 0.9 mL of 0.5% (w/v) beech-
wood xylan in 0.1 M citric acid-Na,HPO, (pH 6.0) in a
65 °C thermostatic water bath for 10 min. Afterwards,
1.5 mL 3, 5-dinitrosalicylic acid reagent (DNS) was added
and a 5-min immersion in boiling water for the sake of
termination reaction. The control samples were added
to the enzymes after the addition of DNS, and cooled to
room temperature, next all samples were examined using
spectrophotometer at 540 nm absorbance. Under the
conditions assayed in this study, the per-minute quan-
tity released by the enzyme of 1 pmol reducing sugar was
defined as one unit of xylanase enzyme activity.
4-Nitrophenyl acetate (pNPA, Sigma, St. Louis, USA)
was used as the substrate for the acetyl xylan ester-
ase enzyme, and the pNPA solution was prepared
from 0.09 g pNPA dissolved in 5 mL dimethyl sulfox-
ide (DMSO, Sigma) in this study. The accurate reaction
system contained 0.1 mL appropriately diluted enzyme,
0.04 mL pNPA solution and 20 mM citric acid-Na,HPO,
(pH 6.0) placed at 55 °C in a thermostatic water bath for
10 min, after which added to 1 mL absolute ethyl alco-
hol was added to end the reaction. Under the standard
assay conditions, one unit of xylanase enzyme activity
was defined as the quantity of 1 umol of p-Nitropheno
released by the enzyme per minute. The substrate spe-
cificities of acetyl xylan esterase enzyme activity were
4-Nitrophenyl acetate (C2), 4-Nitrophenyl butyrate (C4),
4-Nitrophenyl octanoate (C8), 4-Nitrophenyl decanoate
(C10) and 4-Nitrophenyl decanoate (C12) from Sigma.
7-Aminocephalosporanic acid (7-ACA) also purchased
from Sigma and prepared in a 1%0 7-ACA solution with
0.2 M citric acid-Na,HPO, (pH 8.0).

Biochemical characterization and kinetic parameters assay
For the xylanase enzyme activity assay, the buffers used
are listed as follows: 100 mM glycine-HCl (pH 2.0),
100 mM citric acid-Na,HPO, (pH 3.0-8.0), 100 mM
Tris—HCl (pH 8.0-9.0), and 100 mM glycine-NaOH
(pH 9.0-12.0). The optimum temperature for xylanase
enzymes were determined by measurement at the opti-
mal pH from 45 to 75 °C incremented by 5 °C. By the
same token, the optimum pH was found by measure-
ments in the range of 3.0-8.0 at optimal temperature.
The pH stability of xylanase was examined by placing the
enzymes in a water bath at 37 °C for 1 h in the above-
mentioned buffer, then assaying appropriately diluted
enzyme at the optimal conditions of 60 °C and pH 5.5
for 10 min. The controls used uninsulated enzymes. To
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determine the temperature stability, samples were culti-
vated at the optimal pH for 0, 5, 10, 20, 30, and 60 min at
65 °C, 75 °C and 80 °C, then placed into ice. The control
sample was the 0 min cultivation into ice, and residual
enzyme activities were calculated at optimal conditions.
Through different catalytic concentrations of beechwood
xylan at 10 mg mL™!, 8 mg mL~}, 6 mg mL ™}, 5 mg mL™,
4 mg mL™}, 2 mg mL™" and 1 mg mL "}, the Lineweaver—
Burk equation (x-axis gyroscope as the reciprocal of the
substrate concentration, y-axis gyroscope as the recipro-
cal of the enzyme reaction velocity) was used to calculate
the Michaelis—Menten constant (K,,), catalytic rate con-
stant (k) and maximal velocity (V,,,,) under the optimal
conditions in triplicate.

To determine the acetyl xylan esterase enzyme activity,
buffers were prepared as shown: 20 mM glycine—HCI (pH
2.0), 20 mM citric acid-Na,HPO, (pH 3.0-8.0), 20 mM
Tris—HCI (pH 8.0-9.0), and 20 mM glycine—NaOH (pH
9.0-12.0). The optimum temperature for acetyl xylan
esterase enzymes was determined by measurements at
the optimal pH up 20 °C to 80 °C by 10 °C increments.
The optimum pH was then determined by measurements
in the range of 3.0-8.0 at the optimal temperature, but
1 mM pNPA was used as the substrate for pH 7.0-8.0,
and the pNPA concentration was 1 mM for the rest of the
conditions. The same procedure was used for the opti-
mum temperature measurements in the range from 20 °C
to 80 °C per 10 °C under pH 6.0. For pH and tempera-
ture stability assessments, the same procedure was used
as that implemented for the xylanase enzyme activity
assay, only different in that the samples were cultivated
at the optimal pH for 0, 5, 10, 20, 30, and 60 min at 55 °C
and 65 °C. Similarly used 0.5 mM, 1 mM, 2 mM, 3 mM,
4 mM, 6 mM and 8 mM pNPA were used to measure the
K, ke and V. values. The calculation of k_,/K,, for the
substrate of 7-ACA was determined by consulting the
method of Matsui’s research using high performance liq-
uid chromatography (HPLC) (Matsui et al. 1991).

ax

Fabrication of starch-free wheat bran at collaborative
experiment

Approximately 500 g dry wheat bran was weighed, and
washed twice in pure water. Then the cleared wheat bran
was placed in 2 L pure water in a pot and heated until
boiling, then let cool slightly before adding 1 mL thermo-
stable amylase. The above steps were three times. Finally
the wheat bran was placed into the stove at 60 °C over-
night. Afterward, the wheat bran was processed with a
pulverized and sieved through 50 mesh sieve. Concentra-
tion of 2%, 5%, 10% starch-free wheat bran were made by
weighing 0.4 g, 1 g and 2 g starch-free wheat bran and
dissolving in 20 mL 20 mM citric acid-Na,HPO, (pH 6.0)
in 100 mL triangular flasks.
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The xylanase solution was calibrated by units of
enzyme activity, diluted and put into different test tubes
to achieve 25 U, 50 U, 100 U, 200 U, 400 U, 800 U and
1600 U solutions. The reaction system included 0.4 g
starch-free wheat bran, 19 mL pure water and 1 mL
NPXYNI11 at 50 °C for 1 h and 100 rpm. After the reac-
tion, 1 mL of the supernatant of the appropriate dilution
ratio was collected, and 1.5 mL DNS was added to detect
the reducing sugar content. The addition of xylanase was
determined in the early stage by adding different units (0
U, 25U, 50 U, 100 U and 200 U) of acetyl xyaln esterase
AXE+CBM]1, and afterwards, increments of reducing
sugar content were used to ensure the addition of acetyl
xylan esterase. After determining the amount of xylanase
and acetyl xylan esterase, the order of addition and the
influence of substrate concentration on the synergistic
effect were examined.

The hydrolysis products of starch-free wheat bran were
obtained by adding 50 U acetyl xylan esterase AXE or
AXE+CBM1 first, then 200 U xylanase NPXYN11 and
NPXYN11+CBMl1, followed by incubation at 50 °C
for 1 h. For detection of the main hydrolysis products,
high-performance anion-exchange chromatography
(HPAEC) DIONEX ICS-5000 (Thermo Scientific, Sun-
nyvale, USA) was used with a CarboPac PA200 analysis
column (3 mm x 250 mm) and 1 mol L™! NaOH eluant.
The standard substances for the products were xylose
(Sigma), xylobiose, xylotriose, xylotetraose, xylopentaose,
and xylohexaose from Megazyme, Ireland.

Result

Gene cloning and sequence analysis of axe + cbm1,
npxyn11 and their mutants

The full-length ¢cDNA of the acetyl xylan esterase gene
axe+cbml was 1083 bp in length according to the dis-
play of SnapGene software and was cloned from the
c¢DNA of JCM12802. The CBM1 domain mainly consists
of one linker domain and one mature CBM1 domain. In
this study, the meaning of the CBM1 domain includes
the linker and the mature CBM1. The full-length CBM1
was 213 bp in length. The mature AXE+CBM1 and
AXE protein have an isoelectric point of 4.88, and their
molecular were 38.4 kDa and 31.3 kDa, respectively, as
obtained from the prediction of Vector NTI software.
Purified proteins all displayed the same molecular mass
on SDS-PAGE (Fig. 1).

Basic properties of AXE+ CBM1 and its mutant, AXE

AXE+ CBMI and its mutant AXE had the optimal tem-
perature of 55 °C, as well as residual 80% enzyme activity
for AXE+ CBM1 and 60% enzyme activity at the range of
30-60 °C for AXE for the substrate of pNPA (Fig. 2a). If
the pNPA concentration is too high, the reaction solution
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Fig. 1 SDS-PAGE analysis of the purified protein NPXYN11,
NPXYNT1+CBM1, AXE and AXE +CBM1. Lane M, the standard
protein molecular weight markers; lane 1, the purified AXE+ CBMT;
lane 2, the purified AXE; lane 3, the purified NPXYN11; lane 4, the
purified NPXYN11 4+ CBM1

will increasingly grow yellow in portions, which could
not be read in the microplate reader at 410 nm, even if
the solution was a blank control at alkaline conditions.
Hence, the current experiment selected a 4 mmol con-
centration of pNPA within pH 4.0—-6.5. On account of pH
stability, AXE+ CBM1 and AXE exhibited quite broad
range of pH 3.0-11.0 and retained more than 60% of the
initial enzyme activity (Fig. 2c). AXE+ CBM1 and AXE
already showed favorable stability at 55 °C within 1 h, but
at 65 °C for 1 h, acetyl xylan esterase enzyme activities
were lost completely. However, AXE+ CBM1 retained
80% of its enzyme activity and AXE retained 60% under
the condition of 65 °C for half an hour (Fig. 2d).

When pNPA was used as the substrate, AXE+ CBM1
and AXE had light differences in terms of the K, V.«
and k., (Table 1). Though AXE showed lower k_ /K,
and K, values than AXE + CBM1, its V., and k_,, values
were higher than did AXE +CBM1 (Table 2). The figures
indicate that the CBM1 domain of acetyl xylan esterase
was conducive to compatibility between the enzyme and
substrate.
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Fig. 2 Characterization of the purified AXE and AXE + CBM1. a Effect of temperature on the AXE and AXE+CBM1 activities. b Effect of pH on
the AXE and AXE + CBM1 activities. ¢ Stability of pH on the AXE and AXE 4+ CBM1 activities. d Thermostability assay on the AXE and AXE + CBM1

Table 2 Kinetic values of acetyl xylan esterase and xylanase

Protein K (mM) Vmax (WMol min™ mg™) kege (s keat/Key (sT' mM™T)

AXE 0.72£0.03 625421 32617 453+18

AXE+ CBM1 0.5£0.02 455+19 3069 612+12

Protein K., (mgmL™") Vnax (Mol min~" mg™") kege (s K at/Kpy (mLs™!
mg~)

NPXYNT1 45+06 5128+£166 2085+£26 459+£9

NPXYN11+CBM1 58+£0.7 65364191 3437419 58448

Compared to experiments using pNPA, AXE + CBM1
and AXE demonstrated extremely low k_/K, values
with the substrate 7-ACA. The earlier experiment used
PNPA as the substrate to calibrate the enzyme activi-
ties of AXE+CBM1 and AXE. Upon on the addition
of identical active units of AXE+ CBM1 and AXE and
reacting with 1%o0 7-ACA for 1 h, the value of k_/K,

of AXE+ CBM1 was slightly larger than AXE, with the
value of 17.45 mmol™ min~! and 15.04 mmol™ min~!

respectively. This result expressed that the CBM1 domain
was related to the catalytic efficiency of AXE+CBM1.

At the optimum conditions of temperature and pH,
the efficiency of hydrolysis of acetyl xylan esterase
AXE+CBM1 and 4-Nitrophenyl acetate was the high-
est. In addition, acetyl xylan esterase AXE+CBM1 and
4-Nitrophenyl butyrate (C4) only retained approximately
15% of the enzyme acyivity compared to the sample with
the substrates of 4-Nitrophenyl acetate. Nevertheless
4-Nitrophenyl octanoate (C8), 4-Nitrophenyl decanoate
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(C10), 4-Nitrophenyl decanoate (C12) as the substrate
respectively, enzyme activities were not entire detected. In
general, acetyl xylan esterase AXE+CBM1 was more in
favor of short-chain fatty acids than pNP-ester substrate.

Basic properties of NPXYN11 and its mutant
NPXYN11+CBM1

The optimal temperatures of NPXYNI1l and its
mutant NPXYN11+CBM1 were both 65 °C, and
NPXYN11+CBM1 retained 90% of its enzyme activ-
ity or more within the range from 60 to 70 °C (Fig. 3a).
NPXYNI11 and NPXYN11+CBM1 retained more than
70% enzyme activities at pH 4.0-6.0, and 5.0 was the
optimal pH for both (Fig. 3b). From the diagram results,
the thermal stability of NPXYN11+4CBMI1 was a little
better than NPXYN11. Within the range of pH 4.0-11.0
for 1 h, NPXYN1l and NPXYN11+4+CBM1 retained
more than 80% of their enzyme activities compared
with untreated protein. Furthermore they had approxi-
mately 100% enzyme activities at pH 5.0-8.0 for 1 h
(Fig. 3c). After incubation at 65 °C for 1 h, NPXYN11 and
NPXYN11+ CBM1 were stable and retained 95% enzyme
activities. At 75 °C and 80 °C for 1 h, NPXYN11 + CBM1
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maintained 65% and 43% residual enzyme activities
respectively, while NPXYN11 had 58% and 40% (Fig. 3d).

When beechwood xylan was used as the substrate for
NPXYNI11 and NPXYN11+CBMl, the values of V.,
ke and k., /K, all were on the rise (Table 2). From the
data in the table, Vmax, k., and k_ /K, of NPXYN11
were slightly less than those of NPXYN11+ CBM]1, indi-
cated that the CBM1 domain was beneficial to the bind-

ing of xylanase NPXYN11 and substrate.

The synergistic reaction with xylanase and acetyl xylan
esterase

Xylanase solution was calibrated using units of enzyme
activity, diluted and put into different test tubes to
achieve different enzymatic units from 25 U-1600 U.
Basic of the result in the table below, reducing sugar
increment was approximately proportional to the
amount of addition at the range of 25-200 U (Fig. 4a).
When the additive amount of xylanase was 200 U, the
yield of reducing sugar was 6 pumol mL™! approximately,
and when the addition amount of xylanase was increased
exponentially, but the amount of reducing sugars was not
doubled. This result was the reason why NPXYN11 or

Fig. 3 Characterization of the purified NPXYN11 and NPXYN11+ CBM1. a Effect of temperature on the NPXYN11 and NPXYN11+ CBM1 activities. b
Effect of pH on the NPXYN11 and NPXYN11 4+ CBM1 activities. ¢ Stability of pH on the NPXYN11 and NPXYN11 4 CBM1 activities. d Thermostability
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Fig. 4 Determined addition of acetyl xylan esterase and xylanase in starch-free wheat bran experiment as reducing sugar. a The content of
reducing sugar produced by xylanase NPXYN11 in different units of activity to the starch-free wheat bran. b Reducing sugar content on the basic of
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Addition of acetyl xylan esterase (U)

NPXYN11+ CBM1 were added at 200 U in the collabo-
rative experiment below using acetyl xylan esterase and
xylanase.

The addition of xylanase was determined in the early
stage by adding different units of acetyl xylan esterase
AXE + CBM1. Afterwards the increment of reducing
sugar content was used to ensure the addition of acetyl
xylan esterase. According to the following result, the
reducing sugar increment was approximately propor-
tional to the amount of addition within the range of
25-50 U (Fig. 4b). When the addition of AXE + CBM1
exceeded 50 U, the increment of reducing sugar was
less. It was the reason why AXE 4+ CBM1 or AXE was
added 50 U in the collaborative experiment of below
acetyl xylan esterase and xylanase.

In the early grouping, the addition amounts of acetyl
xylan esterase and xylanase were determined and it is

found that acetyl xylan esterase was conducive to xyla-
nase activity in the degradation of insoluble substrates.
By means of different orders of addition of acetyl xylan
esterase and xylanase, single-enzyme and double-
enzyme reactions and the adding order were explored
for the collaborative experiment. The experimental
results show that the most appropriate solution was the
addition of xylanase after acetyl xylan esterase, and the
reducing sugar content from this method was the maxi-
mum (29%) under similar conditions (Table 3).

If other conditions were exactly the same, the higher
was the substrate concentration or the longer was the
reaction time, the more obvious was the promotion of
reducing sugar content (Table 4). Compared with xyla-
nase alone, the addition of double-enzymes had a similar
effect (Table 5). In terms of the results, the CBM1 domain
of acetyl xylan esterase or xylanase was favorable for pro-
ducing more reducing sugars. Under the comprehensive

Table 3 Order of addition about acetyl xylan esterase and xylanase on starch-free wheat bran

Order AXE and NPXYN11 AXE + CBM1 and NPXYN11
Reducing sugar content Percentage of promotion Reducing sugar content Percentage
(umol mL™") with order 2 (%) (umol/mL) of promotion

with order 2 (%)

1° ND ND

2° 59740.18 59740.18

3¢ 691£0.11 16 7.72+£021 29

49 6.21£0.17 6.33£0.19 6

5¢ 6.51£0.11 6.69+0.02 12

2 Only added 50 U acetyl xylan esterase at 50 °C water bath for 100 rpomat 1 h
5 Only added 200 U xylanase at 50 °C water bath for 100 rom at 1 h

¢ Added 50 U acetyl xylan esterase first at 50 °C water bath for 100 rpm at 1 h. Then boiled 5 min for deactivation and added 200 U xylanase next for reaction at 50 °C

for 100 rpmat 1 h

4 Added 200 U xylanase first at 50 °C water bath for 100 rpm at 1 h. Then boiled 5 min for deactivation and added 50 U acetyl xylan esterase next for reaction at 50 °C

for 100 rpmat 1 h

¢ Simultaneously added 50 U acetyl xylan esterase and 200 U xylanase for reaction at 50 °C water bath at 1 h for 100 rpm
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Table 4 The impact of starch-free wheat bran concentration about acetyl xylan esterase and xylanase

Protein Starch-free wheat bran concentration Reducing sugar content at 60 min Percentage
(%) (umol mL™") of promotion

(%)

NPXYNT1 2 5.56+£0.03

NPXYNT1 5 892+£0.11

NPXYNT1 10 15.71£0.16

NPXYNT1+CBM1 2 6.03£0.04 8

NPXYNT1 4 CBM1 10.19£0.12 14

NPXYNT1+CBM1 10 19.01+0.21 21

Table 5 The influence of the CBM1 domain with/without acetyl xylan esterase and/or xylanase on starch-free wheat bran

Protein Starch-free wheat bran Reducing sugar content Percentage
concentration (%) (pmol mL~") of promotion

(%)

AXE and NPXYNT11 2 6.94£0.03

AXE and NPXYN11 5 10.28 £0.09

AXE and NPXYN11 10 17.40£0.04

AXE+CBM1 and NPXYN11 4 CBM1 7.66+0.1 10

AXE+CBM1 and NPXYNT1 4 CBM1 5 12.27+£0.07 19

AXE+CBM1 and NPXYN11 4 CBM1 10 23.18+0.08 34

consideration, the cooperative experiment used the
combination NPXYN114+CBM1 and AXE+CBMI1
with combination NPXYN11 and AXE to degrade 10%
starch-free wheat bran at 50 °C and 100 rpm for 1 h. The
result showed that reducing sugar content was ultimately
increased 34% when then reaction was performed with
the addition of NPXYN11+ CBM1 and AXE + CBM1.

Discussion

Xylooligosaccharides are functional oligosaccharides
with unique physiological activities, linked with mul-
tiple xylose molecules via B-1,4-glycosidic bonds. Due
to their remarkable functional benefits in feed produc-
tion, xylooligosaccharides have been extensively studied
by increasing numbers of scholars. A study showed that
day-old, healthy Arbor Acres broilers that were fed a
basal diet (maize—soybean meal) containing 10 g kg™! of
xylooligosaccharides were observed to gain 9.44% more
weight on the 59th day when compared to the control
group that did not have xylooligosaccharides in their diet
(Sun et al. 2013). Moreover, the avian influenza H5N1
virus incidence was significantly higher (by 33.78%) than
in the control group by 33.78% for when compared to
the treatment group with that had the same amount of
xylooligosaccharides added to their feed. The solubility of
the bone mineral bioapatite was also found to be lower
and the crystallinity was found to be higher (leading to
improved bone mineralization) than in the experimental

group after adding 0.1-0.5 g kg~ of xylooligosaccharides
during the growing and fattening stage in pigs when com-
pared to that of the control group (Wang et al. 2017). In
mice with adenine-induced chronic kidney disease, xylo-
oligosaccharides interfered with the reduction process of
six out of nine bacterial genera in chronic kidney diseases
(Yang et al. 2018). Xylooligosaccharides also have impor-
tant roles in increasing intestinal probiotics and improv-
ing the intestinal microecological environment (Ho et al.
2014). A study in male Sprague—Dawley rats showed that
the serum triglyceride concentrations were reduced by
34% when mice were supplemented with 60 g kg™* xylo-
oligosaccharides in their feed after 35 days, and that Bifi-
dobacterium levels increased and Escherichia coli levels
decreased in cecal microbiota (Hsu et al. 2004). Adding
xylooligosaccharides to the feed effectively reduce its
feed production coefficient, improved the growth per-
formance of poultry, and improve animal immunity and
metabolic functions.

Preparation methods using corncobs, the main raw
material for xylooligosaccharide production, mainly
include acid-base extraction (Quinones et al. 2015),
hot water hydrolysis (Vazquez et al. 2000), steam explo-
sion (Shimizu et al. 1998) and enzymatic hydroly-
sis (Strelova and Chuvina 2008). However, the high
costs involved in alkali extraction (Qi et al. 2009) and
the need for a series of complex processes, such as
ethanol dissolution, precipitation, desalination and
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decolorization limit its efficient utilization. For exam-
ple, xylanase is used to decompose the xylan backbone,
and coenzymes such as acetyl xylan esterase and a-L-
arabinofuranosidase are used to degrade side chains
in the enzymatic degradation of xylan from corn cobs.
However, the enzymatic hydrolysis of corn husks and
corn cobs is extremely inefficient. Surprisingly, direct
hydrolysis of wheat bran and corn husks by xylanase
resulted in 7-8 times (data not shown) more product
from the wheat bran reducing sugar content when com-
pared to the same in the corn husk. Therefore, one-step
enzymatic hydrolysis provides a possibility for produc-
ing xylooligosaccharides. Although it is inefficient, one-
step enzymatic hydrolysis is environmental-friendly.
Thus, it is a good strategy to research the synergistic
effects of enzymes and to improve the binding ability of
enzymes for insoluble substrates.

Carbohydrate-binding modules (CBMs) exist in many
glycoside hydrolases including xylanases, and are inde-
pendent and non-catalytic areas of the structure (Antoine
et al. 2004; Rodriguez-Sanoja et al. 2009). Because of its
significant role in improving the catalytic efficiency of
enzymes, many researchers have studied and reported on
this module. While comparing the kinetic constants of
CBM1, CBM2, CBM3, CBM4, CBM10, CBM72 in cellu-
lase Umcel9A and CBM-chimeric Umcel9A, the k_,/K,,
values of the chimeric enzymes were 1.09-4.44 times
more than those of the wild-type (Duan et al. 2017). Fur-
thermore, the catalytic efficiency of acetyl xylan esterase
AnAXE-CtCBM3 was approximately 5% more than that
of wild-type AnAXE towards pNPA (Mai-Gisondi et al.
2015). While comparing of the acetyl xylan esterase prop-
erties of AXE 4+ CBM1 and AXE from Talaromyces leycet-
tanus JCM12802, the optimum conditions were found to
be uniform and the pH stability was equally broad as well.
This result indicated that the elimination of the CBM1
structural domain had no effect on the basic enzymatic
properties of AXE. To study xylanase, NPXYN11 (Gen-
Bank: AF123252.1) from Neocallimastix patriciarum
and belonging to the GH11 family was used. Because of
its excellent thermal stability and high specific activity,
many scholars, such as Bu et al. (2018), Chen et al. (2001),
Malunga and Beta (2015), and Krause et al. (2001), have
conducted detailed studies with respect to this xylanase
in recent years. Although it has satisfactory industrial
application prospects, NPXYN11 has not a CBM domain
and therefore, the CBM1 domain was introduced at the
C-terminal of the protein. Upon comparing the basic
nature of NPXYN11 and NPXYN11+ CBM]1, their tem-
perature and pH of optimum and stability were found to
basically be the same. This means that the addition of an
exogenous CBM1 domain did not affect the basic proper-
ties of NPXYN11. However, the deletion and addition of
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the CBM1 domain was found to influence kinetic param-
eters (Table 2). When the k_,/K},, values for AXE+ CBM1
and NPXYN114+CBM1 were compared with those
of AXE and NPXYN11 respectively, a rising trend of
approximately 25%—35% was observed.

Furthermore, acetylation was shown to limit the deg-
radation of acylated xylanase (Selig et al. 2009); however,
the addition of acetyl xylan esterase solved this problem.
The synergistic reaction was reflected as follows: acetyl
xylan esterase helped xylanase to degrade xylan in order
to produce more reducing sugars, and xylanase assisted
acetyl xylan esterase in removing acetylates in order to
generate acetic acid. The a-L-arabinofuranosidase is an
assistant enzyme responsible for xylan depolymeriza-
tion, and is widely studied because it can assist xylanase
during reactions (Goncalves et al. 2012). The amounts of
reducing sugars produced by a-L-arabinofuranosidase
and xylanase from oat-spelt xylan were confirmed to
be greater by about approximately 30% when com-
pared with the amount from single xylanase (Huang
et al. 2017). The outstanding synergistic effects of a-L-
arabinofuranosidase Ac-Abf51A and xylanase XynBE18
was observed to increase by 2.92 folds during water-sol-
uble wheat arabinoxylan degradation (Yang et al. 2015a).
However, only a few studies exist on the synergistic
effects of acetyl xylan esterase and xylanase, especially
with respect to wheat bran as a natural substrate. After
previous exploration, 200 U of xylanase 50 U of acetyl
xylan esterase were found to exert the maximum effect
(Fig. 4). Moreover, the addition of acetyl xylan esterase
and xylanase, in that order, produced the largest amount
of reducing sugars (Table 3). The synergistic effect was
also observed to be the best when the auxiliary enzyme
first reacted with the substrate and then added to the
main chain enzyme. This was consistent with the 1.2-fold
increase found in the study showed the synergistic effect
of xylanase and a-L-arabinofuranosidase on birchwood
xylan (Yang et al. 2015b). When AXE+CBM1 or AXE
was added first, the respective reducing sugar content
were 29% or 16% higher than that produced when only
xylanase was reacted. Since side chain groups are steri-
cally hindered by the degradation of main chain enzymes,
acetyl groups may affect the degradation of xylan struc-
tures via xylanase. Therefore, the removal of side chain
substituent via side chain enzyme is more conducive to
the degradation activity of the main chain enzyme. It was
speculated that acetyl xylan esterase excised the acetyl
group on the side chain of xylanase, which allowed xyla-
nase to move closer to the main chain of xylan. Nota-
bly, the effect of xylanase with the CBM1 domain was
more obvious at higher substrate concentrations. The
amount of reducing sugars were also observed to be
slightly higher when AXE or AXE+ CBM1 were added
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later when compared to xylanase, the content of reduc-
ing sugar contents were 4% or 6% higher than that pro-
duced when only xylanase was added. The reason for
this phenomenon may be because the main chain deg-
radation of xylan by xylanase generates different sizes
of fragments, then acetyl xylan esterase effects on these
fragments, resulting in a small amount of reduction
and thus, so a small increase reducing sugars increased
less (Zhu et al. 2016). When all conditions were opti-
mal, NPXYN11+CBM1 and AXE+4CBM1 produced
34% more reducing sugars than NPXYNI11 and AXE
independently.

Both xylobiose and xylotriose are basic components of
xylooligosaccharides. Interestingly higher are the activ-
ity and purity of xylooligosaccharide products are cor-
related with higher xylobiose and xylotriose contents
(Antoine et al. 2004). In addition, xylobiose is an alterna-
tive healthy sweetener that helps avoid obesity. A study
by Soo-min Lim showed that adding 10% of xylobiose
to mouse diets effectively suppressed fat accumulation
in the mesenteric (29%), subcutaneous (22%), and peri-
renal (16%) deposits (Lim et al. 2018). Furthermore, the
expressed recombinant xylanase Xyn2 in P. pastoris and
its products from hydrolyzed oat-spelt xylan were mostly
xylotriose, and supplementation with 500 U kg ™! of Xyn2
on average produced a daily body-weight gain of 16.9%
in weaned pigs (He et al. 2009). In this study, the results
showed that when wheat bran was used as a substrate,
not only did acetyl xylan esterase and xylanase together
with the CBM1 domain produce nearly 35% more reduc-
ing sugars than enzyme reactions without the CBM1
domain, but the introduction of xylanase into the CBM1
domain also did not change the composition of xylose,
the highest proportion of which was 86%, that consisted
of 49% xylobiose and 37% xylotriose.
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