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The thermophilic biomass-degrading fungus Thielavia terrestris
Co3Bagl produces a hyperthermophilic and thermostable
B-1,4-xylanase with exo- and endo-activity
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Abstract A hyperthermophilic and thermostable xylanase
of 82 kDa (TtXynA) was purified from the culture superna-
tant of T. terrestris Co3Bagl, grown on carboxymethyl cel-
lulose (CMC), and characterized biochemically. TtXynA
showed optimal xylanolytic activity at pH 5.5 and at 85 °C,
and retained more than 90% of its activity at a broad pH
range (4.5-10). The enzyme is highly thermostable with a
half-life of 23.1 days at 65 °C, and active in the presence of
several metal ions. Circular dichroism spectra strongly sug-
gest the enzyme gains secondary structures when tempera-
ture increases. TtXynA displayed higher substrate affinity
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and higher catalytic efficiency towards beechwood xylan
than towards birchwood xylan, oat-spelt xylan, and CMC.
According to its final hydrolysis products, TtXynA displays
endo-/exo-activity, yielded xylobiose, an unknown oligo-
saccharide containing about five residues of xylose and a
small amount of xylose on beechwood xylan. Finally, this
report represents the description of the first fungal hyper-
thermophilic xylanase which is produced by T. terrestris
Co3Bagl. Since TtXynA displays relevant biochemical
properties, it may be a suitable candidate for biotechnologi-
cal applications carried out at high temperatures, like the
enzymatic pretreatment of plant biomass for the production
of bioethanol.

Keywords Thielavia terrestris - Endo-xylanase/exo-
activity - Hyperthermophilic xylanase - Thermostable
xylanase - Thermophilic fungus - Circular dichroism

Introduction

After cellulose, hemicellulose is the most abundant poly-
saccharide comprising about 25-35% of most plant
materials, including forest and agricultural residues
(Deutschmann and Dekker 2012). This polysaccharide is
a branched heteropolymer consisting of pentose (b-xylose
and p-arabinose) and hexose (D-mannose, D-glucose and
D-galactose) sugars (Juturu and Wu 2012). Xylan is the
major component of hemicellulose and is comprised of
a backbone of xylose residues joined by $-1,4 glycosidic
bonds (Ravanal et al. 2013). Because of its heterogeneous
structure, xylan degradation requires an enzyme complex,
but the key enzymes involved are endo-f-1,4-xylanases
(EC. 3.2.1.8) and B-xylosidases (EC 3.2.1.37) (Polizeli
et al. 2005).
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Filamentous fungi are particularly remarkable producers of
xylanases from an industrial point of view, owing to the fact
that they secrete xylan-degrading enzymes into the medium,
thus avoiding cell disruption. Furthermore, the xylanase levels
obtained from fungal cultures are typically much higher than
those obtained from yeast or bacteria. In addition, fungi typi-
cally produce several auxiliary enzymes that are necessary for
debranching of the substituted xylans (Haltrich et al. 1996).

The mesophilic fungi belonging to the genera Aspergil-
lus and Trichoderma are preeminent in xylanase production
(Polizeli et al. 2005; Goluguri et al. 2012). It is well known
that carbohydrate-active enzymes secreted by these fungi
exhibit N-linked and O-linked glycosylation, which can
impart stability against protein aggregation and enhance
thermal stability (Beckham et al. 2012).

In recent years, thermophilic enzymes are gaining wide
industrial and biotechnological interest, because they gen-
erally are better suited for processes carried out under harsh
conditions and because they have numerous advantages,
including rapid kinetics, better mass transfer, reduced risk
of contamination, and increased opportunity for enzyme
recycling (Turner et al. 2007; Viikari et al. 2007). Thus,
xylanases from thermophilic fungi that are active at higher
temperatures are receiving considerable attention for indus-
trial applications (Maheshwari et al. 2000; Polizeli et al.
2005; Lee et al. 2009; Maalej et al. 2009).

In this context, the thermophilic ascomycete fungus
Thielavia terrestris is of great interest, since it breaks down
lignocellulosic biomass and is a source of thermostable
enzymes (Langston et al. 2012). The genome sequence of
T. terrestris NRRL 8126 was reported and compared to that
of Myceliophthora thermophila. Both fungi were grown
on alfalfa straw, barley straw, or glucose as the sole carbon
sources; then, the identity and expression levels of a num-
ber of enzymes in the fungal secretomes were reported for
each substrate (Berka et al. 2011). Furthermore, it has been
reported that 7. terrestris 255B expresses two major xyla-
nases (xylanase I and II) when it is grown on oat-spelt xylan
as carbon source; where xylanase II displayed optimal activ-
ity at pH 3.64.0 and at 60-65 °C (Gilbert et al. 1992). How-
ever, little is known about the xylanolytic activity of T. fer-
restris Co3Bagl and about the biochemical characteristics of
enzymes involved in the xylan breakdown by this fungus.

Hence, the general aim of this work was to purify and bio-
chemically characterize a xylanase from T. terrestris Co3Bagl.

Materials and methods
Chemicals

Culture media were obtained from JT Baker (USA). Car-
boxymethyl cellulose (CMC), Avicel (crystalline cellulose),
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beechwood xylan, oat-spelt xylan, birchwood xylan, and
Bradford reagent were purchased from Sigma-Aldrich
(USA). Chromatographic media and all the chemicals used
in the SDS-PAGE analysis, including the protein molecu-
lar weight (MW) markers, were purchased from Bio-Rad
(USA). Xylose was obtained from Difco™ (USA). Xylo-
biose, xylotetraose, and xylohexose were purchased from
Megazyme (Ireland). Silica gel 60 plates were purchased
from Merck (Germany). All other used chemicals were of
analytical grade and were purchased from Sigma-Aldrich
(USA) and JT Baker (USA), unless otherwise specified.

Microorganisms and growth conditions

Thielavia terrestris Co3Bagl was obtained from the
CDBB Culture Collection, CINVESTAYV, México (Acces-
sion number CDBB-H-1938). The Co3Bagl strain used
in this study was isolated from sugar-cane bagasse com-
post by the research group of Dr. Sergio R. Trejo-Estrada,
and taxonomically identified as Thielavia terrestris by
Charles River Laboratories International, Inc. (USA).
Spores were obtained by culturing the fungus at 45 °C in
solid medium described by Tien and Kirk (1988). Growth
kinetics and xylanolytic activity measurements were car-
ried out by inoculating 1 x 10° spores in 125 mL Erlen-
meyer flasks with 50 mL of the basal medium as described
(Zouari-Mechichi et al. 2006), containing: 5 g/L. pep-
tone, 1 g/L yeast extract, 2 g/ ammonium tartrate, 1 g/L
KH,PO,, 0.5 g/L MgSO,-7H,0, 0.5 g/L KCl, and 1 mL of
trace elements solution. Basal medium was supplemented
with 1% (w/v) xylan or 1% (w/v) CMC as carbon source.
Flasks were incubated at 45 °C while shaking at 120 rpm
for 10 days. Every 24 h, each flask was assayed for bio-
mass (dry weight) and xylanase activity. The results pre-
sented are expressed as mean = standard deviation of three
replicates.

Xylanase assay and zymogram analysis

Xylanase activity was routinely determined, unless other-
wise stated, as follows: 0.1 mL of enzyme preparation was
added to 0.9 mL substrate solution, containing 0.3% (w/v)
beechwood xylan in 50 mM citrate buffer, pH 5.5. After
15 min incubation at 85 °C, the amount of reducing sug-
ars released was measured by the 3,5-dinitrosalicylic acid
(DNS) method (Miller 1959) using xylose as standard. The
results are expressed as the mean & standard deviation of
three independent experiments. One unit of xylanase activ-
ity was defined as the amount of enzyme liberating 1 pmol
of reducing sugars per minute. Zymogram analyses were
carried out on polyacrylamide gels co-polymerized with
0.1% (w/v) Remazol Brilliant Blue-Xylan as previously
described (Schwarz et al. 1987).
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SDS—polyacrylamide gel electrophoresis and protein
assay

Proteins were analyzed on 10% SDS-PAGE gels, according
to the method of Laemmli (1970). Proteins in the gel were
visualized by Coomassie Brilliant Blue R-250 staining.
Protein molecular weight (MW) was estimated using broad
range MW protein standards as reference. Images of gels
were recorded and analyzed using a gel documentation sys-
tem (DigiDoc-It Imaging System, UVP, USA). Protein con-
centration was determined as described (Bradford 1976),
using bovine serum albumin (Pierce, USA) as standard.

Xylanase purification

For xylanase production, a total of twenty 125 mL Erlen-
meyer flasks containing 50 mL of the basal medium as
described (Zouari-Mechichi et al. 2006), was supple-
mented with 1% (w/v) CMC as carbon source, where each
inoculated with 1 x 10° spores. Cultures were incubated
at 45 °C for 10 days and shaken at 120 rpm. The myce-
lium was removed by vacuum filtration and the culture
supernatant, named crude extract, was used as a source of
xylanase activity. The total protein from the crude extract
was precipitated at 80% (NH,),SO, saturation overnight
at 4 °C. Then, the pellet was recovered by centrifugation
(8800x g, 4 °C, 20 min), suspended in 5 mL of 50 mM cit-
rate buffer, pH 5.5, and dialyzed against Buffer A (25 mM
KCl, 50 mM Tris—HCI, pH 7.5). The dialyzed protein was
loaded onto an anionic exchange chromatography column
(UNOsphere Q, Bio-Rad, USA), previously equilibrated
with Buffer A. Proteins bound to the column were eluted
by applying a linear gradient of KCIl (0.25 mM-1 M) in
Buffer A, at a constant flow rate of 2 mL/min, and 2.0 mL
fractions were collected. Fractions with the highest xyla-
nase activity were pooled and concentrated threefold using
a filtration device with a 10 kDa cutoff (Pall Corporation,
USA). This xylanase preparation was loaded onto a gel
filtration column (Bio-Gel P-100, Bio-Rad, USA), equili-
brated with Buffer A. The gel filtration chromatography
was carried out at a constant flow rate of 0.25 mL/min,
and 1.0 mL fractions were collected. Fractions manifest-
ing xylanase activity were analyzed by 10% SDS-PAGE;
subsequently, fractions of purified xylanase were stored at
4 °C for further study.

Glycosylation of TtXynA

The glycosylated nature of TtXynA was determined by
periodic acid-Schiff staining, following the method previ-
ously described (Segrest and Jackson 1972), and its carbo-
hydrate content was assessed by anthrone assay (Dimler
et al. 1952).

Optimal pH and pH stability assays

The optimal pH was determined by measuring the xylanase
activity of TtXynA at different pH values, ranging from 3
to 10.5, using 50 mM citrate—phosphate buffer (pH 3-7);
50 mM citrate buffer (pH 4-6), 50 mM phosphate buffer
(pH 6-8), and 50 mM glycine-NaOH buffer (pH 8.5-10.5).
Each buffer contained 0.3% beechwood xylan. Reaction
samples were incubated at 70 °C for 15 min.

For pH stability, samples of the purified enzyme were
incubated at 25 °C for 2 h at different pH values, ranging
from 4.0 to 10.5, using 50 mM citrate buffer (pH 4-6),
50 mM phosphate buffer (pH 7-8), 50 mM Tris—HCl buffer
(8.5-9), and 50 mM glycine-NaOH buffer (pH 9.5-10.5).
Then, the residual xylanase activity was measured under
standard conditions.

Optimal temperature and thermal stability assay

The optimal temperature was determined by measuring the
xylanase activity of TtXynA in 50 mM citrate buffer, pH
5.5, containing 0.3% beechwood xylan, over a temperature
range of 25-90 °C for 15 min. To evaluate thermal stability,
TtXynA was incubated at 85, 75, and 65 °C without sub-
strate. Aliquots were withdrawn at different time intervals,
and the residual activity was measured under standard con-
ditions. The half-life (¢,/,), corresponding to the 50% of the
original activity, for each temperature, was calculated.

Circular dichroism (CD) analysis

Far-UV CD spectra were obtained using a Jasco J-815
Spectropolarimeter (Jasco Inc., Easton, MD). Scans were
taken between 210 and 250 nm using a 0.1 cm path-
length cuvette at a temperature range of 25-85 °C. Tem-
perature was regulated using a Peltier system. All samples
were prepared at a protein concentration of 0.18 mg/mL
in 5 mM citrate buffer (pH 5.5). CD data are reported as
mean residue ellipticity [6]yrw- Each spectrum presented
is an average of five scans. Thermal denaturation curves
were obtained by continuously monitoring the CD signal
at 230 nm for TtXynA and at 220 nm for XynllA,gx;,
as control protein, while the temperature of the sam-
ples was increased at a constant heating rate of 2 °C/min.
XynllA ,ox; corresponds to the xylanase XynllA from
Cellulomonas uda expressed in Pichia pastoris under the
control of AOX1 promoter (Cayetano-Cruz et al. 2016).

Kinetic parameters and substrate specificity
The effect of the concentration of beechwood xylan, birch-

wood xylan, oat-spelt xylan, CMC, and Avicel at concentra-
tions ranging from 0.25 to 6.0 mg/mL on xylanase activity
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Fig. 1 a Growth and xylano-
lytic activity kinetics of 7.
terrestris Co3Bagl. Cell mass
growth of T. terrestris Co3Bagl
in CMC (filled circle) and xylan
(line with triangle). Dotted lines
xylanolytic activity produced
on 1% (w/v) CMC (filled circle)
and on 1% (w/v) beechwood
xylan as carbon source (line

with triangle). b Zymographic
analysis of xylanase activity in
culture supernatant at 96 h
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was evaluated under optimal assay conditions (85 °C, pH
5.5, and 15 min). The maximum reaction velocity (V,,,,)
and affinity constant (K),) were estimated by linear regres-
sion from Lineweaver—Burk (or double reciprocal) plots,
and the turnover number (k) for each substrate was calcu-
lated using the data obtained from the corresponding enzy-
matic kinetic measurements.

Effect of metal ions and EDTA

The effect of different metal ions (Mn>*, Cu®*, Ca’t,
Co**, Zn®**, Hg?*, Ni**, Mg**, and Fe**) and EDTA was
examined by incubating TtXynA with each of the com-
pounds at concentrations of 1 and 5 mM under optimal
assay conditions (85 °C, pH 5.5, and 15 min). The activity
was expressed as the percentage of the activity observed in
the absence of any compound.

Analysis of hydrolysis products

To analyze the hydrolysis products of xylan, a reaction
mixture containing TtXynA (3.2 U), 1% (w/v) beechwood
xylan, and 50 mM citrate buffer pH 5.5 was incubated at
65 °C for 72 h. Aliquots were withdrawn at different time
intervals and were then analyzed by thin-layer chromatogra-
phy (TLC). Aliquots (2 pL) of each sample were loaded on
silica gel plates and then fractioned in a solvent system con-
taining butanol:ethanol:water (50:30:20, v/v.). The plate was
sprayed with 15% (v/v) H,SO, and heated at 90 °C until
spots became visible. Xylose, xylobiose, xylotetraose, and
xylohexose, at a final concentration of 3 mg/mL, were used
as standards. For the analysis of the hydrolysis products on
CMC, a reaction mixture containing TtXynA (3.2 U), 2%
(w/v) CMC, and 50 mM acetate buffer pH 5.5 was incu-
bated at 65 °C for 24 h. Hydrolysis products were fractioned
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in a solvent system containing ethyl acetate:water:methanol
(8:3:4, v/v.). Glucose and cellobiose at a final concentration
of 3 mg/mL were used as standards.

Identity of TtXynA

Purified TtXynA was partially sequenced by tandem mass
spectrometry (MS/MS) at the Proteomics Unit, National
Institute of Genomic Medicine (INMEGEN, Mexico). The
amino-acid sequence of peptides obtained was analyzed
for similarity using tools available at Expasy Bioinfor-
matic Resource Portal (https://www.expasy.org/) and NCBI
server (https://www.ncbi.nlm.nih.gov/).

Results

Kinetics of growth and xylanolytic activity of 7.
terrestris Co3Bagl

The ability of T. terrestris Co3Bagl to exhibit xylanolytic
activity was evaluated by growing the fungus in the liquid
media described by Zouari-Mechichi et al. 2006, and using
1% (w/v) beechwood xylan or CMC as carbon source.
The growth of the cell mass of T. terrestris Co3Bagl was
similar for both substrates (Fig. 1). Xylanase activity was
detected in both carbon sources; however, higher activity
was obtained when 7. terrestris Co3Bagl was grown on
CMC (1.6 U/mL) than on xylan (0.7 U/mL), after 96 h of
culture at 45 °C (Fig. 1).

Because of the xylanolytic activity was about 2.2-fold
higher on CMC than on beechwood xylan, CMC was cho-
sen as the carbon source to study the kinetic growth of T.
terrestris Co3Bagl. The onset of xylanolytic activity was
at 48 h of culture, while the highest activity (1.56 U/mL)
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Table 1 Purification summary of TtXynA from 7. terrestris Co3Bagl

Purification step Total activity (U)  Total protein (mg)  Specific activity (U/mg protein)  Yield (%) Purification (fold)
Supernatant culture 216 12 18 100 1
(NH,),S0O, fractionation (80%) 80.76 2.40 33.65 37.40 1.86
AIC? 33.50 0.59 56.42 15.50 3.13
MEC® 23.40 0.14 169.57 10.80 9.42
% Anionic interchange chromatography
® Molecular exclusion chromatography
was reached at 96 h of culture. After this time, the activ- A B
ity remained at about the same level for the next 6 days kDa 1 2 3 4 5 & 7
(Fig. 1a). The xylanolytic activity in the culture supernatant 200 = :
of T. terrestris Co3Bagl, grown on CMC at 96 h of cul- 97.4- - . L P—— TIXYnA
ture, was assessed by zymogram analysis using 1% (w/v) 66~
beechwood xylan as the substrate, and at least three bands - !
of xylanolytic activity were detected (Fig. 1b). .
Purification of TtXynA from T. terrestris Co3Bagl 31— :

) -
A xylanase was purified from the culture supernatant of 21.5= - -
T. terrestris Co3Bagl, grown on CMC as the only carbon
source. All the purification steps are summarized in Table 1. U=——

| —

The xylanase was purified to homogeneity with a 9.4-fold
purification factor and a recovery yield of 10.8%. SDS-
PAGE analysis of the purified enzyme showed a single band
with an estimated MW of 82 kDa (Fig. 2a) that displayed
xylanolytic activity by zymogram analysis (Fig. 2b).

Glycosylation of TtXynA

The glycosylated nature of TtXynA was assessed by
staining a semipurified preparation of the enzyme with
periodic acid-Schiff reagent (Fig. 3). A band with an esti-
mated MW of 82 kDa was positively stained, indicating
that the enzyme is a glycoprotein. The percentage of gly-
cosylated enzyme, determined by the Anthrone assay, was
20% = 0.36 of its total mass.

Optimal pH and pH stability

TtXynA showed maximal activity at pH 5.5, and exhib-
ited about 80% of its maximal activity at different pH
values ranging from 5 to 8, and more than 60% from pH
4-9 (Fig. 4). The pH stability assays showed that purified
enzyme retains more than 90% of its activity at a broad pH
range (4.5-10) after 2 h of incubation at 25 °C (Fig. 4B).

Optimal temperature and thermal stability

An increase in the xylanolytic activity of TtXynA was
observed as the temperature rises in the temperature range

Fig. 2 a Purification of TtXynA from the culture supernatant of 7.
terrestris Co3Bagl. Lane 1 MW marker; lane 2 culture supernatant;
lane 3 (NH,),SO, precipitate after dialysis; lane 4 fraction of anion
exchange chromatography; Lanes 5-7 purified xylanase. b Zymo-
graphic analysis of the purified xylanase

kDa
200=

116=

66= <« TtXynA

45=

3=

21.5=

Fig. 3 10% SDS-PAGE Coomassie blue and periodic acid-Schiff
staining. Lanes I and 4 MW markers; Lanes 2 and 5: commercial
preparation of invertase from Saccharomyces cerevisiae as positive
control; Lanes 3 and 6 fraction of semipurified TtXynA
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Fig. 4 pH activity (a) and stability (b) of the purified TtXynA. The influence of pH was determined at 70 °C, using 50 mM of different buffers.

The remaining activity was measured after incubation at 25 °C for 2 h

of 25-85 °C (Fig. 5). The enzyme shows optimal activity
at 85 °C and displays 70-80% of its maximum activity in a
temperature range of 65-80 °C and at 90 °C (Fig. 5a).

Thermal stability of TtXynA at 85, 75 (Fig. 5b), and
65 °C (Fig. 5c) was assessed. To determine the ¢, at 85
and 75 °C, the natural logarithm of percent remaining
activity at the temperature tested was plotted versus time,
as described (Atkins and de Paula 2006). The data fitted
first-order kinetics. The thermal inactivation function of
TtXynA at 85 °C was: ¥ = —0.022x 4 4.5455, R = 0.9444,
and at 75 °C was: ¥ = —0.0029x + 4.5517, R = 0.9810.
The rate constant of thermal inactivation at 85 and 75 °C is
0.022 and 0.0029 min~', respectively. Therefore, the t,/, of
the enzyme at 85 and 75 °C are 31.5 and 238.9 min (3.9 h),
respectively. At 65 °C, the data fitted second-order kinetics;
therefore, the data were linearized by plotting the inverse
of the activities versus time, as described (Atkins and de
Paula 2006). The thermal inactivation function at this tem-
perature was Y = 0.0752x + 1.8089, R = 0.9656. The rate
constant of thermal inactivation and ¢, at 65 °C are 0.0772
(U/ml)~! day~! and 23.1 days, respectively.

Changes on the TtXynA secondary structure

The effect of raising the temperature in increments on
the secondary structure of TtXynA was explored by CD
spectroscopy. Far-UV CD spectra of the enzyme at differ-
ent temperatures ranging from 25 to 85 °C are shown in
Fig. 6a. The spectrum of the enzyme at 25 °C showed a
negative peak centered around 228 nm, and when the tem-
perature of the sample was increased, this peak became
more negative, indicating that the xylanase gains second-
ary structures, probably P sheets. In contrast, there was
no change in the CD signal for the control protein, the
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moderately thermostable xylanase XynllA,gx;, when
temperature was increased (inner graphic in Fig. 6a).
These data were substantiated in subsequent experiments
where thermal transition profiles at 230 nm of TtXynA and
XynllA ok, (Fig. 6b) were in agreement to those previ-
ously observed for both enzymes.

Effect of metal ions and EDTA on TtXynA activity

The effect of metal ions and EDTA, at 1 and 5 mM each,
on the activity of TtXynA was evaluated, and a summary
of the results is presented in Table 2. The ions Ca’*, Fe?™,
Co**, and Zn** (1 mM) had no effect on the enzyme activ-
ity, whereas the presence of Co’* and Zn** (5 mM each)
leads to a reduction in the xylanolytic activity by 24 and
28%, respectively. The ions Cu?*, Mn?*, and Hg?>* (1 and
5 mM) showed the highest negative effect on xylanolytic
activity, reducing the enzyme activity by more than 50%.
The enzyme was completely inactivated by the Hg>* ion
(5 mM).

Kinetic parameters and substrate specificity

The kinetic parameters of TtXynA were assayed under
optimal pH and temperature conditions against several sub-
strates, including beechwood xylan, birchwood xylan, oat-
spelt xylan, CMC, and Avicel, at different concentrations
ranging from 0.25 to 6.0 mg/mL, and the results are shown
in Table 3. The enzyme shows the highest affinity towards
beechwood xylan (K, of 0.41 mg/mL), and the V_,, for
this substrate was 21.52 U/mg.

With respect to substrate affinity, TtXynA shows higher
affinity towards all of the tested xylan-rich substrates than
to CMC, while no activity was detected in the presence
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Fig. 5 Thermal activity (a) and stability at 85, 75 °C (b), and at 65 °C (c) of TtXynA. Thermal inactivation at 85 °C, Y = —0.022x + 4.5455,
R =0.9444; at 75 °C, Y = —0.0029x + 4.5517, R = 0.9810; and at 65 °C, Y = 0.0752x + 1.8089, R = 0.9656

of Avicel. In particular, the enzyme displayed the highest
affinity towards beechwood xylan, and this affinity was
39-fold higher than that observed for CMC (Table 3).

Analysis of the hydrolysis products

The hydrolysis products of beechwood xylan and CMC
yielded by TtXynA at different times of incubation were
analyzed by TLC. With regard to xylan, after 72 h of incu-
bation, the hydrolysis products released were mainly xylo-
biose, xylopentose, and a small amount of xylose (Fig. 7a);
whereas on the case of CMC, the enzyme released mainly
high MW cellooligomers (Fig. 7b). In other hand, the
hydrolysis products released by the action of TtXynA on
CMC were analyzed by TLC in acetate buffer, as described
above, due to no hydrolysis, products were detected when
the assay was carried out with citrate buffer.

Identity of TtXynA

TtXynA was identified by partial amino-acid sequenc-
ing, and the following peptides were obtained: AWDV-
VNEAIADDGTWR and TCQKLNDWYYQCL (Fig. 8).
Bioinformatic analysis of the amino-acid sequence of
the two peptides obtained showed 100% identity to
B-xylanase from 7. terrestris NRRL8126 (UniProtKB
accession number G2R5G6), belonging to the glycoside
hydrolase family 10 (GH10). Furthermore, the peptide
AWDVVNEAIADDGTWR showed 94% identity with
xylanase from Achaetomium sp. Xz-8 (UniProtKB acces-
sion number V9XZ28); while the peptide TCQKLNDW-
YYQCL showed 92% identity with p-xylanase from the
fungus Scedosporium apiospermum (Accession number
AOA084GHO3). Interestingly, the peptide TCQKLNDW-
YYQCL corresponds to the C-terminal end of B-xylanase
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Fig.6 a Far-UV CD spectra of the purified TtXynA and
Xynl1A ,ox; as control protein (inner a), at different temperatures,
as indicated. Spectra were recorded employing 0.1 cm path-length
cells, averaging 4.0 s at 0.5 nm intervals in the range of 250-210 nm,
and 1 nm bandwidth was used. Buffer baselines were subtracted from

Table 2 Effect of metal ions and EDTA on the activity of TtXynA

Relative activity (%)

Temperature (°C)

all spectra. b Thermal transition profiles of TtXynA (black line) and
Xynl1A ox; (red dashed line). CD signal was recorded at 220 and
230 nm, respectively. The samples were heated at constant rate of
2 °C/min

(UniProtKB accession number G2R5G6) (Fig. 8), and
Cel7A (UniProtKB accession number G2QZD9) from T.
terrestris NRRL8126; in addition, this peptide forms part

I mM 5 mM of the fungal-type carbohydrate-binding domain (CBM1).
Control® 100 100
CuSO, 4743 +£1.19 40.31 £ 0.29
CaCl, 99.05 + 1.62 9340+ 044  Discussion
FeSO, 99.08 £+ 3.12 98.76 £2.72
HeCl, 5476 + 3.85 0 Due to the importance that thermophilic and thermostable
MgCl, 69.42 4+ 2.07 sa24 4252  Xylanases have gained in recent years, we focused on the
NiCl, 76.54 + 8.29 5853+ 029  identification of at least one of the enzymes involved in
MnCl, 5797 4207 46.07 + 6,07  the xylanolytic activity from the thermophilic ascomycete
CoCl, 102.13 + 7.57 7529 +2.19 T. terrestris Co3Bagl. First, we assessed the xylanolytic
7nS0, 96.95 + 3.81 71594207  activity produced by this fungus in the presence of beech-
EDTA* 7832 4 1.62 7225 + 2,51 wood xylan or CMC, finding that the enzymatic activ-
ity was higher in the presence of the latter substrate. This

 Activity of purified TtXynA with no additions
%‘;{"y"ni Kinetic parameters of g pgrate Vo Umg™)  Ky(mgmL™) k(57 ke/Ky (mg/mL)ls™!

Beechwood xylan 21.52 £0.03 0.41 £0.04 479.41 1172.15

Birchwood xylan 20.86 £ 0.04 0.549 £0.06  464.85 846.72

Oat-spelt xylan 24.68 £ 0.02 0.575+£0.02  549.93 956.40

CMC 11.80 £ 0.02 6.62 + 0.07 262.87 39.70

Avicel 0 0 - -
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- W <—Xylobiose

Fig. 7 a TLC analysis of beechwood xylan hydrolysis by TtXynA.
Lane 1 Xylose; lane 2 xylobiose; lane 3 xylotetraose; lane 4 xylohex-
ose; lane 5 beechwood xylan; lanes 6—9 hydrolysis products at 24,

MRSQAVWAAILAPATVSATLNDLAVRAGLKYFGTCLSESYINSDSQYAALINDKT
EFGGLVPENGMKWDATEPSQGQFSFSQGDITANTAKKNGQVLRCHTLVWYSQ
LPGWVTSGSWTRSTLQSVMQTHITNVMGHYKGQCYAWDVVNEAIADDGTWR
TSVFYNTFSTDYIPLAFNIAKTADPNAKLYYNDYNLEYNGAKTDTAVQLVQLVQS
AGAPIDGVGFQGHLIVGSTPGRSSLATALKRFTALGLEVAYTELDIRHSSLPPSTS
ALATQGNDFANVVGSCLDVAGCIGVTVWGVTDKYSWIPQTFPGAGDALLYDDN
YNKKPAWTSVSSVLAAKATSPPASSSTTLTTVITTAPTSTPTSTTAPTTTSSSNGA
QQTHWGQCGGIGWTGATQCQSPYTCQKLNDWYYQCL

Fig. 8 Amino-acid sequence of the B-xylanase from T. terrestris
NRRL8126 (UniProtKB accession number G2R5G6). Two different
peptides, obtained after MS/MS partial sequencing of the purified
TtXynA from T. terrestris Co3Bagl, are highlighted in green

indicates that CMC is a better inducer of xylanase activity
than beechwood xylan, under the conditions tested. Inter-
estingly, in agreement to these results, it has been reported
that when Neurospora crassa was cultured with Avicel
as the only carbon source, both cellulase and hemicel-
lulases genes were induced, and the expression levels of
some hemicellulases genes were much higher than those
observed when N. crassa was cultured with xylan (Sun
et al. 2012; Amore et al. 2013). Moreover, the production
of xylanases by fungi grown on cellulose as the only car-
bon source has been previously reported. The fungus T.
reesei exhibits xylanolytic and cellulolytic activities in the
presence of cellulose, xylan, or mixtures of plant polymers
(Amore et al. 2013). Likewise, it has been reported that cel-
lulose, cellobiose, and even by heterodisaccharide consist-
ing of glucose and xylose induce the production of xylano-
lytic enzymes in Aspergillus terreus (Hrmova et al. 1989;
Amore et al. 2013).

TtXynA was purified from the supernatant culture of T.
terrestris Co3Bagl. Fungal xylanases with MW ranging

High MW
oligosaccharide

48, 72 and 144 h, respectively. b TLC analysis of the CMC hydrolysis
by TtXynA. Lane I glucose; lane 2 cellobiose; lane 3 CMC; lane 4-8
hydrolysis products at 1, 3, 5, 8, and 12 h, respectively

from 8.5 (Silva et al. 1999) to 253 kDa (Anthony et al.
2003) have been reported. TtXynA is a glycoprotein, with
a carbohydrate content of 20%. Most fungal xylanases are
glycoproteins with a diverse carbohydrate content (Wong
et al. 1988; Kulkarni et al. 1999), e.g., the carbohydrate
decoration on B-xylosidases contributes 10-30% of their
MW (Juturu and Wu 2012). In addition, it has been found
that extent and heterogeneity of glycosylation depend on
growth conditions and the presence of glycan trimming
enzymes in the secretomes of the producer microorganism
(Beckham et al. 2012).

Some biochemical characteristics of fungal xylanases
are compared with those of TtXynA in Supplementary
Table S1. The optimal pH assay showed that the enzyme
had maximal activity at 5.5, which is within the range of
optimal pH values for several fungal xylanases. An optimal
pH value of 5.5 was reported for a purified xylanase from
H. brevis var. thermoidea (Masui et al. 2012). Moreover,
the enzyme exhibited more than 60% of its maximal activ-
ity at pH values ranging from 4 to 9. Likewise, xylanases
from Chaetomium sp., which has more than 50% of its
maximal activity at pH values ranging from 4.5 to 11 (Jiang
et al. 2010), and Paecilomyces thermophile, which has 70%
of its maximal activity at pH values ranging from 5.0 to 9.5
(Li et al. 2006), have been described. However, TtXynA
was twofold more active at pH 7 than a xylanase produced
by A. ficuum AF-98, which has 30% of its maximal activity
at this pH value (Lu et al. 2008). The pH stability data of
TtXynA were similar to those reported for xylanases from
Chaetomium sp. (Jiang et al. 2010) and Paecilomyces ther-
mophile (Li et al. 2006), which were stable in a pH range
of 4-11 and 6.5-10.5, respectively; whereas a xylanase
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from 7. lanuginosus (Li et al. 2005) was stable only in a pH
range of 5-6.

Depending on their optimal temperature, enzymes can
be classified as mesophilic, thermophilic, and hyperthermo-
philic, with the last group of enzymes working optimally
at temperatures >80 °C (Vieille and Zeikus 1996; Polizeli
et al. 2005; Lee et al. 2009). According to these criteria,
TtXynA can be classified as a hyperthermophilic, being
the most thermophilic fungal xylanolytic activity reported
so far. To the best of our knowledge, the highest optimal
temperature for fungal xylanases is registered at 80 °C for
P. thermophile (Li et al. 2006) and L. sulphureus (Lee et al.
2009) xylanases (Supplementary Table S1), highlighting
the significance of our current findings. Xylanases with
optimal temperatures higher than 85 °C have been reported
for other non-fungal microorganisms, such as Dictyoglo-
mus thermophilum (Li et al. 2013) and Thermotoga mar-
itima (Jia et al. 2012).

The high thermal stability of TtXynA at 75 and 65 °C is
similar to those reported for xylanases isolated from 7. lanug-
inosus (Li et al. 2005), P. thermophile (Li et al. 2006), and
L. sulphureus (Lee et al. 2009). Furthermore, the purified
enzyme is notably more stable (#;, of 23.1 days at 65 °C)
than a xylanase produced by Chaetomium sp. (t,,, of 14.9 min
at 65 °C) (Jiang et al. 2010), and a xylanase produced by A.
Jjaponicus, which lost all its activity after 30 min of incuba-
tion at 55 °C (Wakiyama et al. 2010). Based on the obser-
vations that TtXynA is highly active at temperatures >75 °C
and highly stable at 65 and 75 °C, this enzyme could be very
useful in biotechnological processes that are carried out at
high temperatures. Circular dichroism spectra strongly sug-
gest that TtXynA gains secondary structures when tem-
perature increases. The changes in secondary structure were
mainly observed at temperatures ranging from 50 to 80 °C,
reaching the highest degree of ellipticity around 85 °C, which
coincides with the temperature at which the enzyme displays
optimal activity. The temperature-induced structural changes
observed can be attributed to conformational rearrangements
involving mainly B-sheet structures. Some other proteins have
been shown to gain ellipticity due to altering physicochemical
conditions. For example, decreasing pH is responsible for a
strong increase in the negative ellipticity of xylanase A from
the hyperthermophilic bacterium 7. maritima; in addition, the
cellulose-binding domain of this enzyme also gains elliptic-
ity as temperature increases (Wassenberg et al. 1997). On the
contrary, some other proteins, such as B-1,3-1,4-glucanase
(Lichenase) from P. thermophile, lose their regular secondary
structures as the temperature increases (Yuan et al. 2008).

It has been reported that some metal ions and reagents
significantly affect xylanase activities (Juturu and Wu
2012). Therefore, the effect of metal ions and EDTA on
the xylanolytic activity of TtXynA was evaluated. Inter-
estingly, the enzyme displayed 40-100% of its original
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activity in the presence of most of metal ions (Cu*", Ca®*,
Fe’t, Mg**, Nit, Mn**, Co?*, and Zn’>*) used in this
study, at concentrations of 1 and 5 mM each. However,
the enzymatic activity was partially (46%) and completely
inhibited by Hg*? 1 and 5 mM, respectively; thus suggest-
ing that the thiol groups of cysteine residues are present
in the vicinity of the active site, as has been pointed out
previously (Bastawde 1992; Knob and Carmona 2010). On
the other hand, the enzyme retained more than 70% of its
activity in the presence of EDTA (1 and 5 mM), suggest-
ing that no metal ions are required for its activity. Although
xylanases do not behave in the same way in the presence of
most metallic ions, findings here are similar to those pre-
viously reported for purified and characterized xylanases
from L. sulphureus (Lee et al. 2009), P. sclerotiorum (Knob
and Carmona 2010), A. gemina (Dhiman et al. 2013),
Achaetomium sp. (Zhao et al. 2013), Penicillium funiculo-
sum, and P. occitanis (Driss et al. 2013).

The kinetic parameters of TtXynA, Ky, and V,,, values,
determined for each of xylan substrates used in this study,
are in agreement with those obtained for other fungal xyla-
nases with Ky, values ranging from 0.15 to 49.5 mg/mL and
Viax Values ranging from 0.106 to 6300 U/mg (Beg et al.
2001; Knob and Carmona 2010). It has been reported that
over 90% of birchwood and beechwood xylan are com-
posed of xylose. In birchwood xylan, xyloses are joined
mainly by 1,4-linkages, whereas in beechwood xylan,
xyloses are mainly joined by both 2,4- and 1,4-linkages.
Most of the oat-spelt xylans contain xylose and arabinose,
as well as small amounts of glucose and galactose (Li et al.
2000; Lee et al. 2009). Hence, findings here suggest that
TtXynA has a higher affinity towards 1,4-linkages between
xyloses present in beechwood and birchwood xylans.
As the amount of xylose decreases, as in the case of oat-
spelt xylan, the affinity of the enzyme also decreases. On
the other hand, TtXynA showed a 16-fold lower affinity to
CMC than to beechwood xylan, which indicates that the
enzyme has a lower affinity for 1,4-linkages between glu-
coses than for 1,4-linkages between xyloses. This behavior
is characteristic of many xylanases that are active on CMC
and B-glucans (Kulkarni et al. 1999; Grishutin et al. 2004;
Viikari et al. 2007).

Since TtXynA, a putative member of GH10 family, is
able to hydrolyze xylan and CMC, its final hydrolysis prod-
ucts on both substrates were analyzed. Interestingly, in the
presence of xylan as the substrate, the enzyme shows exo-
and endo-xylanase activities due to its ability to release
xylopentose, xylobiose, and xylose from beechwood xylan.
Endo-xylanases that release xylose as one of their main
hydrolysis products have been previously reported. In
accordance with our findings, it has been reported that endo-
xylanases from Cryptococcus albidus and Streptomyces liv-
idans, belonging to GH10 family, display several catalytic



Extremophiles (2017) 21:175-186

185

activities, which are compatible with B-xylosidase enzymes
(Biely et al. 1997). Furthermore, the endo-xylanase XYNIV
from 7. reesei, belonging to GH30 family, shows exo- and
endo-xylanase activities, because its main hydrolysis prod-
ucts were xylose, xylobiose, aldotetraouronic acid, and
longer acidic xylo-oligosaccharides from xylan of different
sources (Tenkanen et al. 2013). While on CMC, the major
final product of TtXynA-mediated hydrolysis of CMC was
an unknown high MW oligosaccharide, suggesting that
the enzyme has endo-activity on p-1,4-glucanes. In agree-
ment to our data, a bifunctional xylanase/endoglucanase
(RuCelA) from yak rumen microorganisms, active against
xylan and CMC, has been described (Chang et al. 2011).

Hence, this work may represent the description of TtX-
ynA from T. terrestris Co3Bagl as the first fungal highly
thermophilic xylanase, which displays activity towards cel-
lulose, as well. Its biochemical characteristics, including
the ability to release xylo-oligosaccharides and cello-oli-
gosaccharides, for instance, during enzymatic pretreatment
of plant biomass for the production of bioethanol, could be
advantageous over glycoside hydrolases with a single activ-
ity. Moreover, the hyperthermophilic nature of TtXynA
may make it suitable for biotechnological processes carried
out at high temperatures.
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