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Abstract

The production of xylo-oligosaccharides from xylan using an optimal immobilized catalyst of xylanase from Aspergillus niger is presented. The enzyme extract
has several xylanases with different properties doing necessary the development of cheap and simple methods to purify them at industrial scale. The enzyme was
successfully purified, immobilized and highly stabilized using a simple protocol. The principal purified xylanase was a 34 KDa protein corresponding with 50% of the
endo-xylanase activity of the total strain. Among the different immobilization assayed protocols, the use of aldehyde support allowed the complete immobilization of
this fraction keeping 80% of its initial catalytic activity. An optimization of this method promoted a stabilization factor of around 1100-fold more stable than soluble
enzyme. The use of the optimal catalyst allowed a maximum hydrolysis degree of 73.4%. The optimization of the reaction conditions (different time and temperature)
allowed producing 62% (11.93 mg/mL) of interesting xylooligo-saccharides (XOS2-XOS6) (Figure 1).
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Figure 1. Graphical abstract

Introduction

The xylan represents the most abundant natural polysaccharide in
nature after cellulose. The xylan consists of a linear polymer of B-(1-

*Correspondence to: Cesar Mateo, Instituto de Catalisis y Petroleoquimica,
CSIC, Marie Curie 2, 28049, Cantoblanco, Madrid, Spain, Tel: 34915854768;

4)-D-xylopyranosyl units which can be substituted with 4-O-methyl-a-
D-glucuronopyranosyl units, acetyl groups or a-L-arabinofuranosyl in
variable proportions [1].

Xylan is mainly hydrolyzed by endo-xylanases to produce xylo-
oligosaccharides (XOS) mixtures, which are considered as emerging
prebiotics. Among the health benefits attributed to XOS, the increase
of bifidobacteria and Lactobacillus, the decrease of pathogenic and
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putrefactive bacteria, the improvements in bowel function and calcium
absorption, the immunological properties, and antioxidant , anti-
inflammatory or antiallergic activities are included [2]. The conversion
of the oligosaccharides into xylose can be catalyzed by p-xylosidases.
Xylose can be used such as carbon source in ethanol production or can
be chemically or enzymatically transformed into other products such
as xylitol, which is an important non-caloric sweetener, using a xylose
reductase [3].

There are reported endo-xylanases from different sources such as
fungi or bacteria and usually can be inducted when microorganisms
are grown using xylan as carbon source. An industrially attractive
alternative is the use of abundantly available and cost-effective
agricultural residues (wheat bran, corn cobs, corn stover, rice bran,
rice husk, etc.) to obtain the enzyme with reduction of the overall
manufacturing cost [4].

The crude strains obtained after culture of different carbon sources
are usually composed of different endo-, exo-xylanases and other
enzymes that can catalyze the transformation of the desired products
into other different compounds; even the use of a mixture of endo-
xylanases difficult the control of the process because the properties of
the global catalyst (activity, stability and selectivity) are a mixture of
those of all the enzymes.

On the other hand, Aspergillus niger is able to produce up to 15
different xylanases depending on the fermentation conditions [5]. This
makes necessary the design of easy purification processes. Considering
that the use of soluble enzyme at industrial level is in many cases
expensive, it is usually convenient the use of the enzyme as immobilized
preparation in order to reuse the catalyst improving the productivity
and permitting an easier design of the reactors, avoiding expensive
purification processes. Due the importance of immobilizing the
enzyme, it is also highly interesting using the immobilization processes
to produce more stable biocatalysts. This may permit catalyzing the
hydrolysis of agricultural wastes into prebiotics with added value
minimizing the cost of the process.

Especially in the last decade, xylanases from different sources
have been immobilized using different protocols allowing different
improvements on their operational properties (Table 1) [6-32].

Therefore, in this work, a simple protocol for the purification,
immobilization and stabilization of two different xylanases from A.
niger is presented. The optimal catalyst was used to study and optimize
the reaction of hydrolysis of xylan into different oligosaccharides with
industrial interest.

Materials and methods

Materials

Endo-1,4-B-xylanase was produced by A. niger. Agarose 10
BCL was purchased from Agarose Bead Technologies (Madrid,
Spain). Epichlorhydrine, iminodiacetic acid, p-aminophenyl boronic
acid, triethylamine, ethanolamine, polyethyleneimine, beechwood
xylan, xylose, glycidol, sodium borohydride, sodium periodate and
3-5’-dinitrosalicylic acid were obtained from Sigma-Aldrich Co (St.
Louis, United States). Powdered corncob was kindly donated by Rasul
(Andird, Brazil). Carboxymethyl-sepharose fast flow, Q-sepharose
fast flow, CNBr-activated 4B sepharose and SDS-PAGE low molecular
weight standards were purchased from GE Healthcare Life Sciences
(Uppsala, Sweden), and the xylo-oligosaccharides standards (X2-X6)
from Megazyme (Bray, Ireland). All reagents were of analytical grade.
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Methods
Endo-1,4-B-xylanase production

Aspergillus niger was used for xylanase production. Cultures were
grown on 2% (w/v) agar and 4% (w/v) oat flour at 40°C for four days.
Enzyme production was performed as described by Benedetti et al.
[33], with powdered corncobs as carbon source. The crude extract was
filtered through filter paper under vacuum and lyophilized.

Enzyme assay and protein determination

Reducing sugar released after enzymatic hydrolysis of xylan was
colorimetrically determined by reaction with 3-5’-dinitrosalicylic
acid (DNS), according the described method [34]. Xylose was used as
standard reducing sugar for calibrations.

Soluble substrate was prepared mixing 40 mg/mL of beechwood
xylan in 100 mM sodium acetate at pH 5. The mixture was stirred for 30
minutes at 25°C and centrifuged for 20 minutes at 5,000 g. The soluble
fraction was separated and used as substrate for the reaction. Thus, the
final substrate concentration used in this study was 20 mg/mL. The
assay was performed at 25°C with mild stirring. This temperature was
chosen against the optimal (around 55°C) to facilitate the measures
in standard conditions and eliminating the possibility of inactivation
at higher temperatures by long time reactions. One enzyme unit (U)
was defined as the amount of enzyme capable of producing 1 pumol of
reducing sugar per minute in these conditions.

Protein was determined with the Bradford’s method [35] using
bovine serum albumin (fraction V) as the protein standard.

Preparation of immobilization supports

Glyoxyl supports were obtained after activation of agarose 10
BCL with aldehyde groups as previously described by Guisan [36].
Polyethylenimine-agarose (PEI-agarose) support was prepared
according to Mateo et al. [37] using glyoxyl agarose supports as starting
material. Iminodiacetic acid-agarose (IDA-agarose), boronate-agarose
and amino-agarose supports were prepared as described by Mateo et
al. [38] using epoxy-activated agarose as base support. Cu**-chelate-
agarose was prepared by incubating the support previously activated
with iminodiacetic acid in a 20 mM solution of CuSO, for 30 minutes
and then washed with distilled water [39].

Enzyme purification and immobilization

The different preparations were all performed with a low enzymatic
load in order to avoid possible mass limitation transfers.

Purification: The preparation of the enzyme using the crude
strain as starting material was performed depending on the support
used. Thus, 2 mg of xylanase (measured by the Bradford method)
containing 2 U/mg was solubilized in sodium phosphate buffer at
pH 7 (5 mM phosphate for immobilizing on ion-exchange supports;
50 mM phosphate for immobilization on boronate support and 100
mM for use with Cu?*-chelate agarose). Then, the immobilization on
different supports was performed by adding 1 g of support in 10 mL of
the enzyme solution at 25°C. The enzyme adsorbed on the Cu**-chelate
agarose was desorbed with 20 mM imidazol.

Immobilization: 2 mg of pure xylanase (containing 16.8 U/
mg) was diluted in 10 mL of the buffer solution (100 mM sodium
bicarbonate pH 10 or 100 mM sodium phosphate pH 7) and offered
to 1 g of glyoxyl agarose or CNBr-activated Sepharose supports. When
the immobilization was completed the glyoxyl derivative was reduced
by adding 1 mg/mL of solid NaBH, for 30 minutes and then washed
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Table 1. Immobilization of endo-xylanases reported in the literature

N Molecular |Type of Recovered activity® Immobilization yield® -
Xylanase source Support / activation mass (kDa) immobilization |(%) (%) Stability factorc  References
Armillaria gemina Silicon oxide nanoparticles 47 Covalent 117 69.2 4.5 (50°C) [6]
Aspergillus niger Eudragit L-100 24 Adsorption 60 93 nd [7]
Aspergillus niger Stztccl)]san treated with dialdehyde g Covalent 60.8 712 3(55°C) 8]
. . Alginate beads treated with o
Aspergillus niger glutaraldehyde 32 Covalent nd 94.6 1.5 (55°C) 9]
Aspergillus niveus expressed in 5
Aspergillus nidulans Glyoxyl-agarose 36 Covalent 83 100 8.5 (70°C) [10]
Aspergillus sp. (strain 44) Eudragit S-100 nd Adsorption 80 100 2.5 (60°C) [11]
Aspergillus sp. (strain 5) Eudragit S-100 nd Adsorption 70 99 2 (60°C) [11]
Aspergillus tamarii Duolite A147 treated with nd Covalent 542 48.4 13 (60°C) [12]
Spergiis glutaraldehyde ovaie ) ’ ’
Aspergillus terreus E-413 Porous glass beads treated with | 4 Covalent nd 100 nd [13]
3-aminopropyltriethoxysilane
Aspergillus versicolor Glyoxyl-agarose 21 Covalent 84 88 700 (60°C) [14]
Bacillus halodurans Lewatit MonoPlus MP64 45 Adsorption nd 60.2 nd [15]
Bacillus pumilus MK001 Q-Sepharose nd Adsorption 45 15.8 nd [16]
Bacillus pumilus MK001 HP-20 beads nd Covalent 42 18 nd [16]
Bacillus pumilus SV-205 MTCC | Aluminum oxide treated with o
0862 glurataldehyde nd Covalent 83.6 nd 1.2 (70°C) [17]
NS50014 (Novozymes) Epoxy-chitosan nd Covalent 64 100 1.3 (75°C) [18]
NS50014 (Novozymes) Glyoxyl-agarose (after enzyme | 4 Covalent nd 100 40 (70°C) (18]
amination)
Pholiota adiposa Silicon oxide nanoparticles 37 Covalent 144 66 nd [19]
Pulpzyme HC (Novozymes) Cellulose acetate membranes nd Covalent nd nd nd [20]
Streptomyces halstedii Glyoxyl-agarose 32.6 Covalent 65 95 200 (60°C) [21]
‘;’_r;g tomyces olivaceoviridis g 4o00it 5100 47 Adsorption 92 99.5 1.6 (60°C) [22]
. Gelatin treated with o
Talaromyces thermophilus glutaraldehyde nd Covalent 100 98.8 1.5 (100°C) [23]
Thermomyces lanuginosus Nanoporous gold 25 Covalent nd nd nd [24]
Thermomyces lanuginosus SSBP | Eudragit S-100 24 Adsorption 75 100 nd [25]
Thermotoga maritima (XynB) |Nickel-chelate Eupergit C 250L 40 ég\sl(;{s;lton / 76.3 98.7 nd [26]
Thermotoga sp. (strain o
FiSS3-B.1) Porous glass beads 31 Covalent nd 85 5(105°C) [27]
Trichoderma reesei Polysulfone acrylate membranes nd Covalent nd nd nd [28]
Trichoderma reesei Eudragit L-100 nd Adsorption / 59 69 nd [29]
Covalent
Trichoderma viride UV-curable polymeric support nd Covalent nd nd nd [30]
Trichoderma viride Chitosan-xanthan hydrogels nd Covalent 177 92 nd [31]
Trichoderma viride Polyaniline treated with nd Covalent nd nd nd [32]
glutaraldehyde

nd: not determined

“Recovered activity refers to the activity observed in the derivative compared with the activity bound to the support. ®* Immobilization yield refers to the percentage of activity bound to
the support compared to the total activity offered to it. © Stability factor refers to the ratio between the half-life values of the derivative and the soluble enzyme, at the specific temperatures

described in parentheses.

with water. The immobilization on CNBr-support was performed
at 4°C for 15 minutes and then blocked with 1 M ethanolamine at
pH 8 for 2 hours. Finally derivative was washed with water. The
purification-immobilization in one step was also performed using
agarose heterofunctional supports activated with Cu?*-chelate groups
and glyoxyl groups. For this, the first adsorption step was performed
as was described above for monofunctional Copper activated supports
and then the adsorbed enzyme was incubated at pH 10 during 2 hours.
Finally, the preparation was reduced with 1 mg/mL of solid NaBH, for
30 minutes and then washed with water.

In order to control the processes of purification and immobilization,
periodically, samples of the supernatant (enzyme solution without the
support) and suspension (the whole mixture) were withdrawn, and the
enzyme activity was measured.

Integr Food Nutr Metab, 2018 doi: 10.15761/IFNM.1000225

The yield of immobilization (YI) and the expressed activity (EA)
were determined as:

Y1 (%) = Total activity offered to support - unbound enzyme activity 100
V) =
Total activity offered to support

Total activity observed on the derivatives N

EA (%) = 100

Total activity offered to support

The total activity offered to support is the total number of units
(U) added to the support for immobilization, and the unbound enzyme
activity refers to the number of units (U) found in the supernatant at
the end of the immobilization process.
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Thermal stability studies

Thermal inactivation was carried out at different temperatures,
with 1 g of immobilized derivative suspended in a 10 mL solution of 0.1
M acetate buffer at pH 5. Periodically samples of the suspension were
withdrawn and their activities were tested as was described above. The
initial activity was considered as 100%.

Inactivation was modeled based on the deactivation theory
proposed by Henley and Sadana [40]. Inactivation parameters were
determined from the best-fit model of the experimental data which
was the one based on two-stage series inactivation mechanism with
no residual activity. According to it, biocatalyst inactivation proceeds
through two sequential steps of progressively less active enzyme species
until a final completely inactive species is obtained, as represented in
the following scheme:

kl k2
F——FE —E;
where k and k, are first-order transition rates constants, E, E, and

E, are the corresponding enzyme species. The mathematical model
representing this mechanism is:

a= (1 + a(ikzk_‘ i D exp R0 [a(kzk—lkl D exp(_ k2-1) @

where a represents the residual activity at time t and a is the ratio of
specific activity of enzyme species E, with respect of that of the native
enzyme species E.

Considering only one step mechanism of enzyme inactivation
(k,=0), and residual activity (a#0), the model is first order inactivation
with residual activity, represented by:

(' k, J

+a @

a= (l - a)exp

Inactivation parameters were determined from the best-fit model
of the experimental data. Half-life (time at which the residual enzyme
activity is half of its initial value; t ) was used to compare the stability
of the different biocatalysts, being determined by interpolation from
the respective models described by Eq. (1) or Eq. (2).

Influence of temperature on the activity of immobilized
xylanase

The activity of glyoxyl-agarose preparation or the soluble enzyme
was assayed at different temperatures by diluting 2 mg of soluble or 1 g
of the derivative in 10 mL of 100 mM sodium acetate buffer at pH 5. The
activity was measured as previously described.

SDS-PAGE

Samples were submitted to denaturing electrophoresis, based on
the method described by Laemmli [41], using 12% polyacrylamide
gel. Molecular mass standard consisted on phosphorylase b (97 kDa),
bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic
anhydrase (30 kDa), trypsin inhibitor (20.1 kDa) and a-lactalbumin
(14.4 kDa). Gels were stained with Coomassie brilliant blue or with
silver nitrate, according to Heukeshoven and Dernick [42].

High-Performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) analysis

Xylose and xylo-oligosaccharides (XOS) were analyzed by HPAEC-
PAD using an ICS2500 Dionex system consisting of GP50 gradient
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pump, and ED50 electrochemical detector with a gold working electrode
and Ag/AgCl reference electrode. Analyses were carried out at 25°C on
a CarboPac PA-1 column (250x4 mm) in combination with a CarboPac
PA-1 (50x4 mm) guard column. Separations were performed at a
flow rate of 1 mL/min as previously described [21]. Quantification of
xylose and XOS was performed by external calibration using standard
solutions (XOS1 to XOS6).

Results and discussion

Preparation of xylanase catalyst

Purification and immobilization: The strain from A. niger was
grown with powdered corncobs as carbon source. The obtained culture
was composed by different proteins (Figure 2, lane 2). High enzymatic
activity was detected when xylose was used as substrate confirming
the production of endo-xylanases; on the opposite, activity was not
detected when avicel, carboxymethylcellulose and p-nitrophenyl-
B-D-xylopyranoside were used as substrates suggesting that these
activities were not significantly produced in the conditions of the strain
growing. Due that several xylanases were produced, a purification
step is necessary. When the catalytic properties were evaluated, the
obtained values represented an average of the individual properties of
each enzyme, making difficult to find stability in production during the
process. Thus, purification of the target enzymes was performed using
different supports activated with groups capable of physically adsorb
proteins, as cationic or anionic, metal chelate and phenyl boronate
groups (Table 2). The amount of xylanase adsorbed varied depending
on the used support. The maximal adsorption (50%) was produced
when Cu?*-chelate support was used for the purification. The adsorbed
fraction was desorbed with 20 mM imidazole and analyzed by SDS-
PAGE, showing a single 34 kDa-protein with xylanolytic activity (Figure
2, lane 4). This enzyme, here named xylanase I (xyl I), corresponds with
the 50% of the total endo-xylanase activity. The purification factor was
4.14 (Table 3).

The use of enzymes in industrial processes makes necessary its
immobilization to be used as heterogeneous catalysts. Considering
that the enzyme was selectively adsorbed and purified by adsorption
on metal-chelate supports, the first tried strategy consisted in using a

=

97.0kDa >

66.0kDa =>||

45.0kDa >

; < endo-xylanase
- ¥

30.0kDa >

20.1kDa >|
1 2 3 4

Figure 2. SDS-PAGE gel of the endo-1,4-B-xylanase purification. Lanes: (1) molecular
weight markers; (2) crude protein extract from Aspergillus niger; (3) proteins non-adsorbed
on Cu-chelate agarose support; (4) endo-1,4-B-xylanase after desorption from Cu-chelate
agarose with 20mM imidazole. Experiment was performed as described in Methods
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Table 2. Adsorption of xylanase from A. niger on different supports

Activated supports Yield of immobilization (%)

Carboxymethyl-sepharose 11

IDA-agarose 17
Q-sepharose 13
PEI-agarose 8
Amino-agarose 3
Cu?*-chelate agarose 50
Boronate-agarose 5

Table 3. Protein and activity values after purification of the endo-1,4-B-xylanase from
Aspergillus niger on Cu**-chelate agarose

Total protein | Total activity Specific activity | Yield | Purification

(mg) L) (U.mg") (%) factor
Crude extract 26 52,8 2,03 100 1,00
Endo-xylanase I 2,7 22,7 8,41 43 4,14

heterofunctional metal-aldehyde activated support. This support is able
to covalently immobilize the selectively adsorbed enzyme through an
increase of the incubation pH that increase the nucleophilicity of the
amine moieties of the enzyme improving the covalent immobilization to
the aldehyde groups on the support surface [38]. The use of this support
may permit the purification and covalent immobilization of the enzyme
in only one step. The enzyme was immobilized at neutral pH and then
the pH was increased to 10 to favor the covalent immobilization.
Finally, a reduction process to convert the process into irreversible
was performed. This process allowed the complete immobilization of
xylanase I (50% of the total xylanase activity) and no leakages were
detected after measuring the amount of proteins by the Bradford’s
method, confirming that the enzyme was covalently immobilized.
However, this protocol (incubation at alkaline pH plus reduction step)
yielded inactive derivatives. Considering that a blank of soluble enzyme
was active in alkaline conditions as well as in the presence of reductor,
the inactivation has to come from the rigidification produced by the
covalent multi-interaction with aldehyde groups of the support.

Thus, a protocol in two steps was tried. In a first step the enzyme
was purified using Cu**-activated supports as was described above and
then the enzyme was immobilized. Considering that supports activated
with different ionic exchangers or others as boronate activated supports
were not able to immobilize this protein during the purification, the
immobilization was tried using as aldehyde activated support. The
immobilization on this support has to be performed at pH 10. This
permits the immobilization through the richest region in deprotonated
amine groups that corresponds with the richest place in lysines [43].
The purified Xyl I was rapidly immobilized, in fact in 15 minutes more
than 80% of this enzyme was bound to the support resulting completely
immobilized after 2 hours (Figure 3). Finally the preparation was
reduced to stabilize the linkages. The final expressed activity was
around 80% compared with that of the soluble enzyme. The observed
activity was 13 U/g of derivative.

The fraction of enzymes with xylanase activity not adsorbed to
Cu?*-support was also offered to glyoxyl support. The immobilization
resulted very slow, in fact, after 2 h it was not detectable and only after
48 hours 70% of this fraction was covalently attached to support. This
result confirms that the xyl Il is an enzyme with different characteristics.
Xyl I and xyl II were the two main xylanases in the extract and were
the candidates to be studied in later studies. Both proteins were also
immobilized using a highly reactive support as CNBr-activated
Sepharose. This support is able to immobilize through few linkages
having similar properties to that of the soluble enzyme [43]. Using

Integr Food Nutr Metab, 2018 doi: 10.15761/IFNM.1000225

short immobilization times (around 15 minutes) only about 30% of
each enzyme (xyl I and xyl II) were separately immobilized keeping
unaltered the initial activity.

The thermal stability of the different preparations was evaluated.
After incubation at 60° C the half-life of the soluble enzymes xyl I and
xyl I was around 18 and 7 minutes respectively. The stabilization factor
of the CNBr derivatives was 6 and 5.5 fold compared with the respective
soluble enzymes. The activity of the preparations immobilized on
glyoxyl-agarose supports remained almost unaltered (Figure 4A). The
incubation at higher temperature (75° C) promoted the inactivation
of the glyoxyl derivatives with a half-life of 3.5 and 0.8 hours for xyl I
and II respectively (Figure 4B). The thermal stabilities of the different
preparations of both enzymes suggested again that they were different
enzymes.

Optimization of the stability of xyl I-glyoxyl-agarose derivative:
Xyl I-glyoxyl derivative immobilized for 2 hours at alkaline pH resulted
the most stable derivative. However, the increase of the incubation
time at alkaline pH of different enzymes with glyoxyl supports produce
derivatives with a higher number of covalent linkages resulting in
preparations with different stabilities [36]. Considering this, the just
immobilized enzyme was incubated with the support during different
times before reduction and then the thermal stability was evaluated.
The stability of the different derivatives increased with the incubation
time. The maximal stability was obtained after incubation for 20
hours (Figure 5A). Longer incubation time did not yield more stable
derivatives (data not shown).

The optimal preparation was compared with the soluble xyl I at 60°
C (Figure 5B). While the half-life of the soluble enzyme was around 18
minutes, the optimal preparation had a half-life of around 13.8 days.
This resulted in a preparation with a stabilization factor of around 1100
fold compared with the soluble enzyme.

Activity of the optimal catalyst in different temperatures: The
activity of the optimal immobilized preparation compared with the
soluble enzyme (xyl I) was measured at different temperatures. The
maximal activity of the soluble enzyme was shown at 55° C and then
a decay of the activity was produced until less than 20% at 82° C. The
maximal activity of the optimal derivative was obtained at 65° C. The
activity was around 50% when it was measured at 82° C (Figure 6). This
fact was related with the higher thermal stability of the immobilized
preparation compared with the soluble enzyme.

100 - * .
I T
— 80 - 1
X >
>
x
2 60
=
(%]
L]
S 40
]
‘@
o
&£ 20 4
0 T T T |
0 0.5 1 15 2
Time (h)

Figure 3. Immobilization of Xylanase I from 4. niger on glyoxyl-agarose. Soluble enzyme
(#) supernatant (m) and suspension (A ). The reaction was performed in 100 mM sodium
bicarbonate buffer pH 10 at 25°C
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Figure 4. Thermal inactivation courses of different preparations of xylanase I and xylanase II. Soluble Xyl I (o), Soluble xyl I (A ), CNBr-xyl I (¢), CNBr-xyl II (m), Glyoxyl-xyl I (o) and

Glyoxyl-xyl II (e). Experiments were carried out at 60°C (A) and 75°C (B) and pH 5
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Figure 5. A) Thermal inactivation of Xyl I glyoxyl agarose preparations immobilized incubated for 2 hours and then incubated for different times at pH 10. Derivatives obtained with no extra
incubation (#) and after 5h (m) and 20h (A) of incubation. Experiments were carried out at 70°C and pH 5. B) Thermal inactivation of xyl I immobilized on glyoxyl-agarose and incubated
at pH 10 for 20 h (#) and the soluble enzyme (A ). Experiments were carried out at pH 5, at 60°C
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Figure 6. Influence of temperature on the enzymatic activity of xyl I soluble (A) and immobilized on glyoxyl-agarose (4)

Hydrolysis of xylan by the optimal glyoxyl derivative

Hydrolysis of beechwood xylan catalyzed by the optimal
preparation of endo-1,4-B-xylanase (xyl I) immobilized-stabilized on
glyoxyl-agarose was performed at different temperatures (4, 25 and
55°C) and measured using the detection of reducing sugars (Figure 7).
As expected the reaction rate strongly depended on the temperature.
However the reaction rate is strongly decreased, the maximal conversion
was the same independent of the conditions. This conversion value
was the maximal using this preparation due that the derivative was
performed with a pure endo-xylanase and it is not able to hydrolyze
other esterifications with arabinose, glucuronic or acetylations in
different positions. In order to compare the reaction curses at different
temperatures this value was considered as 100% (maximal conversion
measured by DNS method).

Integr Food Nutr Metab, 2018 doi: 10.15761/IFNM.1000225

The different compounds produced at different times and
temperatures were also studied (Table 4). Interestingly, the composition
of the different reactions was different depending on the temperature
which it was performed. Lower temperatures favored the appearance
of compounds with 1-3 units of xylose. The formation of XOS with
higher degree of polymerization (DP> 4 units of xylose) was favored by
the increase of temperature. For instance, when the conversions were
around 42-45% of the maximal obtained with this catalyst, the total
amount of XOS 1-XOS 3 was 3.02, 1.64 and 1.18 mg/mL for 4, 25 and
55 °C, respectively and at 90% conversion, the amount of xylose was
higher at 25 than at 55°C (1.17 and 0.3 mg/mL respectively); contrarily,
the production of XOS 4-XOS 6 was 0.78, 0.91 and 1.06 mg/mL when
the reactions were performed at 4, 25 and 55° C respectively. When 90%
conversion was obtained, the amount of xylose was higher at 25 than
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at 55°C (1.17 and 0.3 mg/mL respectively). Contrarily, the production
of X4-X6 was 0.78, 0.91 and 1.06 mg/mL when the reactions were
performed at 4, 25 and 55° C respectively (Table 4).

Considering that the initial concentration of xylan solution was 20
mg/mL, the highest yield of production of xylose (X1) and XOS (XOS

2-XOS 6) was obtained when the reaction was performed at 55° C and
at 100% of xylan conversion, achieving values of 73.4% (14.68 mg/mL),
11% (2.20 mg/mL)corresponding to xylose (Figure 8). However, when
the conversion was 96.8%, the production of xylose decreased to 5%
(0.98 mg/mL), and 62% (11.93 mg/mL) of prebiotic XOS (X2-X6) was
obtained This is a very high conversion considering that in the extract

Relative conversion (%)

0 20 40 60

80 100 120 140

Time (h)

Figure 7. Hydrolysis course of beechwood xylan (20 mg/mL) by the xylanase I immobilized on glyoxyl-agarose at 4°C (4), 25°C (m) and 55°C (A) followed by measurement of reducing

power (DNS method). Experiments were carried out at pH 5

Table 4. Xylose and xylo-oligosaccharides (XOS) production after hydrolysis of beechwood xylan (20 mg/mL) by the xylanase immobilized on glyoxyl-agarose, at different temperatures

Temperature C]:::faetrl:ifm Time Xylose and XOS (mg/mL)

¢O (%) (h) X1 X082 XO0S3 X4 X5 X6 Total
Control (xylan) 45 - 0.00 0.00 0.00 0.09 0.03 0.04 0.16
53 0.5 0.00 0.00 0.00 0.10 0.03 0.04 0.17

6.1 1 0.00 0.00 0.00 0.11 0.04 0.05 0.20

4 343 24 0.04 0.90 0.58 0.44 0.17 0.10 223

449 50 0.10 1.77 1.15 0.53 0.16 0.09 3.80

55.5 75 0.20 2.61 1.46 0.50 0.13 0.08 4.98

61.5 125 0.37 3.65 1.64 0.36 0.08 0.06 6.16

8.6 0.5 0.00 0.00 0.00 0.12 0.05 0.05 0.22

12.1 1 0.00 0.05 0.04 0.16 0.07 0.06 0.38

25 42.7 24 0.01 0.89 0.74 0.53 0.24 0.14 2.55

75.7 32 0.43 4.65 1.88 0.32 0.06 0.06 7.40

90.9 125 1.17 6.69 1.26 0.15 0.04 0.05 9.36

17.3 0.5 0.00 0.08 0.08 0.20 0.11 0.09 0.56

28.0 1 0.00 0.24 0.27 0.31 0.18 0.13 1.13

e 44.4 2 0.00 0.56 0.62 0.53 0.32 0.21 2.24

89.6 10 0.30 5.36 2.99 091 0.13 0.07 9.76

96.8 24 0.98 8.50 3.10 0.22 0.05 0.06 1291

100.0 100 2.20 11.17 1.05 0.14 0.05 0.07 14.68

X1) xylose, XOS: 2 xylobiose, 3 xylotriose, 4 xylotetrose, 5) xylopentose, 6) xylohexose. Experiments were performed as described in the Methods section.
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Figure 8. HPAEC-PAD chromatograms of products of hydrolysis of the soluble beechwood xylan (20 mg/mL) by the derivative xyl I-glyoxyl-agarose, after [A] 2 h (44% conversion) and
[B] 100 h (100% conversion) of hydrolysis, both at 55°C. 1) xylose, 2) xylobiose, 3) xylotriose, 4) xylotetrose, 5) xylopentose, 6) xylohexose, 7) other XOS of DP>6. Experiments were

performed as described in the Methods section
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apparently there are not another enzymes such as esterases and others
and the rest of linkages with other sugars as arabinose or acetylations
cannot be hydrolyzed.

Conclusion

The extracellular xylanase from A. niger produced with corncob as
carbon source was easily purified, immobilized and stabilized in only
two steps. The glyoxyl-derivative was around 1100 times more stable
than soluble enzyme at 60°C.

The optimal biocatalyst herein described presented qualities that
allow the production of functional XOS with high added value from
lignocellulosic materials. The high stability of the optimal catalyst
allowed performing the hydrolysis at higher temperatures, increasing
the rate of reaction and avoiding possible microbial contaminations.
The final profile of XOS could be controlled by varying the temperature
and time used in the process. The use of the developed process allowed
producing 62% of oligo-saccharides of alimentary interest (X2-X6)
from soluble xylan.
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