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Xylanases catalyze the random hydrolysis of xylan backbone from plant biomass and thus, they have
application in the production of biofuels, Kraft pulps biobleaching and feed industry. Here, xylanases
derived from Orpinomyces sp. PC-2 were engineered guided by molecular dynamics methods to obtain
more thermostable enzymes. Based on these models, 27 amino acid residues from the N-terminal were
predicted to reduce protein stability and the impact of this removal was validated to two enzyme con-
structs: small xylanase Wild-Type (SWT) obtained from Wild-Type xylanase (WT) and small xylanase

;iejl':::;rsdes" Mutant (SM2) generated from M2 mutant xylanase (V135A, A226T). The tail removal promoted increase
Osr,pinomyces in specific activity of purified SWT and SM2, which achieved 5,801.7 and 5,106.8 U mg~! of protein, respec-

tively, while the WT activity was 444.1Umg"! of protein. WT, SWT and SM2 showed half-life values at
50°C of 0.8, 2.3 and 29.5 h, respectively. Overall, in view of the results, we propose that the presence of
non-structured amino acid in the N-terminal leads to destabilization of the xylanases and may promote
less access of the substrate to the active site. Therefore, its removal may promote increased stability and

Thermostability
Molecular dynamics simulation

enzymatic activity, interesting properties that make them suitable for biotechnological applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Xylanases (E.C.3.2.1.8) catalyze the random hydrolysis of xylan
backbone, a main constituent of plant biomass, in an endwise man-
ner to yield xylooligosaccharides [1]. Due to this remarkable role
in the deconstruction of xylan, these enzymes have aroused great
interest for the production of biofuels, biobleaching of Kraft pulps
and in the feed industry [2].

Xylanases are classified within glycoside hydrolase (GH) fami-
lies 5, 8,10, 11, and 30 according to Carbohydrate-Active enZymes
(CAZy) database (www.CAZy.org) based on similarities of the cat-
alytic domain sequences [3,4]. Compared to the other families,
GH11 xylanases have several interesting properties that make them
suitable for biotechnological applications, such as high substrate
selectivity, high catalytic efficiency, and activity in a broad ranges
of pH and temperature [2].

Xylanases from the same GH family show similar three-
dimensional structures, active-site geometries and conserved
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enzymatic mechanism. The xylanase family 11 present a compact
globular structure with a single a-helix and two extended pleated
[3-sheets forming a jelly-roll fold [5]. The main feature of this fam-
ily is the presence of a long cleft that spans the entire molecule.
This cleft contains the active site including two glutamate residues
that directly participate of xylan hydrolysis, in which one acting as
acid/base catalyst and the other as a nucleophile [5,6].

GH11 xylanase (XynA) produced by the anaerobic fungus
Orpinomyces sp. PC-2 showed higher specific activity compared
with equivalent enzymes from other sources [7]. This native
enzyme was most efficient in the pH ranging from 5.0 to 6.5 and
temperatures from 40 to 50 °C|[7,8]. However, more stable enzymes
are required for biotechnological processes, such as pulp and paper,
animal feed and biofuel industries. The xylanases must be suitable
for the pH and temperature conditions of these processes, exhibit-
ing high thermostability and wide pH adaptability [2,9].

In our previous work, the directed evolution methodology using
the mutagenic technique of error-prone PCR was carried out to
improve the thermostability of xylanases derived from Orpino-
myces XynA [9]. This methodology was effective to identify four
mutant xylanases, which exhibited higher thermostability at 60 °C
compared to the wild-type enzyme (WT XynA). However, these
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more thermostable mutant enzymes showed drastic reduction of
activity. An exception was the M2 mutant xylanase (V135A, A226T)
that exhibited a half-life of 33.2 min at 60 °C, approximately four
times higher than the wild-type enzyme (7.92 min) and maintained
similar activity. Therefore, the M2 mutant xylanase showed to be
most promising for future industrial application from the biotech-
nological point of view.

Several studies have demonstrated the impact of unstructured
amino acids, located in the N-terminal region, in the thermosta-
bility of xylanases [10,11]. The removal of N-terminal residues by
strategies of enzyme rational engineering could promote enhance-
ment of enzyme thermostability. In this work, Molecular Dynamics
(MD) approaches were taken to evaluate alterations in the N-
terminal region of WT xylanase derived from Orpinomyces XynA
that could potentially affect protein stability and activity in order
to generate improved xylanases and two enzyme constructs were
produced to validate the simulation results.

2. Material and methods
2.1. Strains, vectors and reagents

E. coli BL21-CodonPlus (DE3)-RIPL competent cells were pur-
chased from Stratagene (La Jolla, CA, USA) and used for protein
expression. The expression vector pET24(b) and the KOD DNA
polymerase kit were purchased from Novagen - EMD Millipore
(San Diego, CA, USA). The T4 DNA ligase kit and enzymes Ndel
and Xhol were purchased from Fermentas — Thermo Fisher Sci-
entific (Waltham, MA USA). The Gel Extraction DNA kit and DNA
plasmidial purification Miniprep kit were purchased from Qiagen
(Venlo, Germany). The E. coli strain DH5a (Stratagene) was used for
propagation and manipulation of plasmids. Beechwood xylan and
xylose were purchased from Sigma Chemical Co. (St. Louis, MO,
USA).

2.2. Prediction of signal peptides

The SignalP 4.0 server (http://www.cbs.dtu.dk/services/SignalP-
4.0/) [12] settled to Eukaryotes was used to predict export pep-
tide signal and cleavage site from Orpinomyces XynA xylanase and
the ProtParam tool (http://web.expasy.org/protparam/) [13] was
used to predict physical and chemical parameters of wilde-type
and mutant proteins.

2.3. Xylanase molecular dynamics

The Phyre2 web server (http://www.sbg.bio.ic.ac.uk/phyre2/)
[14] was used to obtain the 3D model of the WT XynA catalytic
domain and SWT xylanase. As in the previous work [9], the models
obtained were constructed based on the xylanase from Neocallimas-
tix patriciarum (PDB ID 2C1F, 2.1 A resolution) [15] that shows 91%
identity with the catalytic domain of Orpinomyces XynA. Consider-
ing this alignment, it was possible to construct a model for residues
13-230 of the wild-type XynA, without signal peptide, and 2-213 of
the SWT. The model was checked for their stereochemical and over-
all structural quality using Phyre2 Investigator [14], Procheck [16],
Verify 3D [17,18], ERRAT [19], RAMPAGE [20], ProSA-web [21] and
JPred4 [22]. The three-dimensional structure of modeled protein
was analyzed using the PyMOL Molecular Graphics System (Version
1.8, Schrédinger, LLC).

Molecular dynamics simulations were carried out on a computer
cluster equipped with 2 Intel Xeon processors X5650, 2.66 GHz and
48 GB of RAM on a Linux Platform, using NAMD software (Version
2.11) [23] and performed with CHARMM force field (Version 1.9.2)
[24].VMD interface [25] was used to prepare the xylanase models as

well as to make visualizations and analysis of trajectories. The sys-
tem size was chosen to distance the protein atoms approximately
5.0 A of the edge of the simulation water box. The systems were
minimized at 313 or 323K for 1000 steps to equilibrate the posi-
tional restraints on the proteins with solvent molecules. The final
production of simulations were done for 10 ns with the time step of
2fs at 313 and 323 K. Pressure was controlled with a Langevin pis-
ton (1atm) and temperature by Langevin thermostat. The Particle
Mesh Ewald (PME) algorithm [26] was used to model the electro-
static interactions. Trajectories were saved at every 5000 steps.

2.4. Primers construction and PCR amplifications

A pair of oligonucleotides, XF1
(5'GGCAATTCCATATGGGTCAAAGATTAAGCGTTGG3’) and XR1
(5’GCCGCTCGAGTTAACGAGGAGCAGAACCTTGTTT3'), was synthe-
sized to performe amplification of genes encoding the selected
xylanases (SWT and SM2). XF1 matched with the nucleotide 85
and XR1 matched with antisense nucleotides 745-765 of the gene
of xylanase A from Orpinomyces PC-2. The underlined and double-
underlined nucleotides represent the Ndel and Xhol restriction
sites, respectively. The plasmid pET24(b) with the non-mutated
and mutated xynA inserts served as a template.

PCR was performed in a 50 pL volume containing 5L 10X
buffer, 5 wM of each primer, 2.0 mM of each dNTP, 1.5 unit KOD
polymerase, 2.5mM MgCI2, and 2ng plasmid DNA. PCR reac-
tions were carried out in a Mastercycler Thermocycler (Eppendorf,
Germany) with the following conditions: initial heating at 94 °C for
3 min, then 3 cycles of 95°C for 205, 37°C for 30s and 72°C for
60 s, then 30 cycles of 95°C for 20s, 65 °C for 30 s and 72 °C for 45 s,
followed by a 72 °C incubation period for 10 min.

2.5. Cloning and sequence analysis

The PCR product was visualized on a 0.8% (w/v) agarose gel, puri-
fied using the Gel Extraction kit, digested with Ndel and Xhol and
cloned into the expression vectors pET24b(+) using the T4 DNA lig-
ase kit. The ligated product was used to transform E. coli DH5«. The
recombinant plasmidial DNA was purified from isolated colonies
and verified by DNA sequencing with an automatic Macrogen PCR
sequencer (Gasan-dong, Geumchun-gu, Seoul Korea).

In order to determine if mutation patterns were maintained, the
DNA sequences were translated into their protein sequences and
compared to the initial sequences using the CLUSTALW (Version
1.81) alignment program (http://www.ebi.ac.uk/clustalw). Plas-
midial DNAs were then extracted from E. coli DH5« and transferred
by thermal shock protocol to E. coli BL21-CodonPlus(DE3)-RIPL.

2.6. Xylanase expression

E. colicultures (1 mL) were initially inoculated in 40 mL of LB/Kan
medium (triptone 1%, NaCl 1%, yeast extract 0.5%) and shaken
overnight at 250 rpm and 37 °C (New Brunswick, Scientific Co., Edi-
son, NJ, USA). A total of 40 mL of the cultures were inoculated in
1L of SOB/Kan media (triptone 2%, yeast extract 0.5%, NaCl 0.05%,
KCI 2.5 mM, MgS04 0.01 M, NaOH 0.5 mM) and shaken at 250 rpm
and 37°C until the ODggg reached 1.0. After that, 2.5mL of IPTG
solution (100 mM) were added to 1L cultures (final concentration
0of 0.25 mM) and shaken at 37 °C, 250 rpm for 4 h to induce xylanase
expression.

After induction, the cultures were incubated on ice for 30 min
and then centrifuged (15,000 x g) at 4 °C for 30 min. The pellet was
resuspended in 25 mL of sodium phosphate buffer, 100 mM, pH 6.5.
The intracellular xylanase preparations were obtained after soni-
cation cycles of thirty times for 10s with a break of 10s between
each sonication. This suspension was then centrifuged at 4°C and
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15,000 x g for 20 min, and the supernatant was used as an crude
enzyme extract.

2.7. Intracellular xylanases purification

The intracellular xylanases were loaded into a Q-Sepharose ion
exchange column (1.6 x 2.5 cm) (GE Healthcare Life Sciences, Upp-
sala, Sweden) previously equilibrated with 25 mM sodium borate
buffer, pH 8.5. The sample was also equilibrated and eluted in
the same buffer, followed by a linear salt gradient consisting of
25 mM sodium borate buffer, pH 8.5 and the same buffer containing
1M NaCl. The process was performed by Fast Protein Liquid Chro-
matography (AKTA Protein Purification System — GE Healthcare Life
Sciences, Uppsala, Sweden) with a flow rate of 4 mL/min. Active
fractions were pooled and analyzed for purity by SDS-PAGE using
12.5% (w/v) acrylamide gel [27]. The protein bands were visualized
by silver staining [28].

The protein concentration in the enzymatic extract was deter-
mined by the Coomassie Blue binding method using bovine serum
albumin (BSA) as the standard [29].

2.8. Mass spectrometry

Mass spectrometric analyses of the WT and SWT xylanases
were carried out by matrix-assisted laser desorption-ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) method. Puri-
fied xylanases were subjected to digestion with sequencing grade
modified trypsin (Promega, Madison, MI, USA) according to the An
In-Solution Digestion Protocol of Kinter and Shermanet [30]. The
peptide fragments were analyzed on AB SCIEX MALDI TOF/TOFTM
5800 System (Applied Biosystems, Foster City, CA, USA). After data
acquisition, a list of peaks was obtained from the raw MS/MS
data using the 4000 Series Explore Software (Applied Biosystems).
The peptide sequences were associated to m/z peaks through the
theoretical digestion and ionization predicted by MS-digest tool
implemented in the ProteinProspector webserver (Version 5.18.1)
[31].

2.9. Xylanase assay

Xylanase activity was determined by measuring the release of
reducing sugars from beechwood xylan using the dinitrosalicylic
acid reagent (DNS) [32]. The xylanase standard assay was per-
formed in 500 pL reaction volumes containing 400 pL (1% w/v)
beechwood xylan diluted in 100 mM sodium phosphate buffer pH
6.5 and 0-100 pL of appropriately diluted enzyme preparations.
The reaction was carried out for 30 min at 40°C and stopped by
the addition of 0.5 mL of the DNS reagent. Test tubes were boiled
for 5min and then chilled on ice water for 10 min. The amount of
reducing sugars released was determined at 540 nm. D-xylose was
used as the standard. One unit of xylanase activity was defined as
the amount of enzyme thatreleased 1 pumol of xylose per min under
standard assay conditions.

The data of xylanase activity were presented as mean values
of triplicate assays in which the standard deviations were always
less than 10% and the results were expressed as means + standard
deviations.

2.10. Effect of pH, temperature and thermostability on xylanase
activity

The influence of pH on xylanase activity was determined under
standard assay conditions, except that pH range was from 2.0 to
11.0. The buffers at final concentration of 100 mM were: sodium
phosphate buffer (pH values of 2, 3, 7 and 8), sodium citrate buffer
(pH 4-6) and sodium carbonate buffer (pH 9-11).

Fig. 1. Homology model of mature xylanase (WT) catalytic domain. The tail that
could affect xylanase stability in the N-terminal region is shown in yellow and the
two catalytic glutamates are shown in blue sticks. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

The effect of temperature on enzyme activity was determined
under standard assay conditions, except that temperature ranged
from 20 to 80°C.

Thermal stability was determined by incubating the purified
diluted enzyme at 50°C in 100 mM sodium phosphate buffer, pH
6.5. After incubation at different times, aliquots were removed
and the residual xylanase activities were measured by the stan-
dard assay. Half-life value of the enzymes was calculated using the
CurveExpert program (Version 1.4) [33] from the data of residual
activity determined at 50°C.

2.11. Kinetic properties

The kinetic parameters (ky and kcq) of the purified xylanases
were determined by nonlinear curve fitting using the Michaelis-
Menten plot and the CurveExpert program (Version 1.4) [33]. The
substrate beechwood xylan was used at concentrations between
0.25 and 10mg/mL in 100 mM sodium phosphate buffer, pH 6.5
and the assays were carried out at 40 °C for 30 min.

3. Results and discussion

3.1. Molecular dynamics simulations and small xylanase
evaluation

Prediction analyzes of the export signal peptide and the cleavage
site from Orpinomyces XynA xylanase identified a processing site
between amino acid residues 18 and 19 to generate the mature
enzyme.

The molecular dynamics analysis of the mature WT xylanase
revealed that the first ten residues in the N-terminal region have no
defined secondary structure, weakly to interact with the remaining
global structure and high mobility, reaching amino acids near the
catalytic site. Therefore, we suggest that removal of this N-terminal
tail could improve the stability of the molecule. Fig. 1 shows the
mature WT xylanase 3D structure, emphasizing the N-terminal
destabilizing region.

In order to verify if removal of this region would compromise
the xylanase activity, a MD trajectory of 10ns was evaluated to
investigate the average RMS fluctuations of amino acids (Fig. 2). It
is seen that the majority of the residues of the small xylanase (SWT
- mature xylanase without the first ten amino acids) showing dis-
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Fig. 2. Average RMS fluctuation values (A) as a function of amino acid sequence up to 10 ns simulation trajectory at 313K (A) and 323 K (B). Mature xylanase WT (black);
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Fig. 3. Distance (A) between the catalytic glutamate residues of the xylanases along a molecular dynamic trajectory of 10 ns at 313K (A) and 323 K (B). Mature xylanase WT
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Fig. 4. Radius of gyration (A) of the xylanases along a molecular dynamic trajectory of 10ns at 313K (A) and 323 K (B). Mature xylanase WT (black); small xylanase SWT,

without the N-terminal tail (gray).

placements less than 9.0A at 313K and less than 5.0A at 323K.
On the other hand, the RMS fluctuations observed for amino acids
located in the most stable conformations of [3-sheets and a-helix
of mature xilanase (WT) were higher than the observed displace-
ments for all residues of SWT. This result indicated that removal
of the N-terminal tail could promote the stabilization of individual
residues and of the whole molecule.

The distance between the catalytic glutamate residues (E115
and E203) of the SWT and WT (E124 and E212) was evaluated
(Fig. 3). Positioning of the catalytic residues on the active site, dur-
ing simulations at both evaluated temperatures, suggests that the
tail removal promoted considerable structural changes in the active
site, resulting in a gain of flexibility in the SWT, which probably
ensures the catalytic performance of this enzyme.

The radius of gyration (Rg) of the mature xylanase WT and small
xylanase SWT were presented in Fig. 4. The Rg is a parameter that
describes the equilibrium conformation of a total system, indicating
protein structure compactness [34]. The lower Rg value, presented
by the SWT structure at 313 K, indicates that the small enzyme has a

more compact structure which may have implications on the over-
all protein stability, while at 323 K both xylanases acquired similar
Rg values.

The information obtained from molecular dynamics analy-
ses indicated that removal of the N-terminal tail could promote
increased enzyme stability, since this N-terminal region have no
defined secondary structure that appears highly flexible. Besides
that, the N-terminal tail location near catalytic amino acids in the
3D structure of the xylanase molecule (Fig. 1), suggest that this
tail can also influence the proper positioning of the substrate in the
cavity of the catalytic site, which could result in reduced enzymatic
activity.

3.2. N-terminal evaluation by mass spectrometry

In order to confirm the differences in the N-terminal region of
the xylanases, the genes encoding the WT and SWT were cloned
into the expression vector pET24(b) and used to transform E. coli
BL21(DE3)RIPL. The expressed enzymes were purified, digested and
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150

100
80

60
50
40
30

25 o
15

Fig. 6. SDS-PAGE (12.5%) of the E. coli intracellular crude extract and purified
xylanases. 1-molecular weight marker, 2-protein profile from expression of WT
3-protein profile from expression of SWT, 4-protein profile from expression of
SM2, 5-molecular weight marker, 6-purified WT, 7-purified SWT, 8-purified SM2.
Protein gel was stained with silver nitrate.

analyzed by mass spectrometry (MALDI-TOF-MS). The analyses of
the identified peptides suggest that processing of signal peptide by
E. coli occurred at a cleavage site different from that predicted by
SignalP (Fig. 5). Based on the predictions of SignalP, the size dif-
ference between WT and SWT xylanases would be equivalent to
nine amino acid residues, which could form a small loop at the
N-terminal region of WT. On the other hand, the analyses of the
identified peptides showed that these enzymes expressed in E. coli
exhibited a difference of 25 amino acid residues. This sequence of 25
amino acid residues could form an unstructured loop, which could
negatively affect the positioning of the substrate in the catalytic
cavity, reducing the enzymatic activity of WT.The MS analyses
showed the peptides of 697.909 m/z and 807.139 m/z, which were
obtained from WT and SWT fragmentation, respectively (Fig. S1).
These peptides were incompatible with the expected products from
tryptic cleavage of these xylanases. The 697.909 m/z was compat-
ible with the AITTVAK fragment, which is part of the expected
FLFALAITTVAK peptide. Similarly, the 807.139 m/z was equivalent
to the GGQNQHK fragment, which is part of the LSVGGGQNQHK
peptide. These results indicate that the processed signal peptide of
WT corresponded to the first ten amino acid residues, while the pro-
cessed signal peptide of SWT was corresponding to the first eight
amino acid residues (Fig. 5). Therefore, it is possible to assume that
the difference in mass between these enzymes would be equivalent
to 25 amino acid residues. This variation in molecular mass of WT
and SWT xylanases was confirmed by SDS-PAGE (Fig. 6). The pro-
tein band corresponding to purified WT xylanase (lane 6) presented
higher molecular mass compared to purified SWT band (lane 7).
These observations are in agreement with the WT and SWT molec-
ular masses estimated by ProtParam, that were 26,640.48 Da and
24,300.89 Da, respectively.

3.3. The effect of tail removal on xylanase properties

The specific activity determined from crude enzyme extracts of
WT and SWT xylanases were significantly different. The specific
activity of SWT was 3,752.1Umg~! of protein, while at the same
conditions the specific activity of WT was 231.7 Umg~" of protein.

The protein profile of the intracellular crude extracts from E. coli
expressing WT or SWT (Fig. 6) showed that SWT was the most abun-

dant protein in the crude extract (lane 3), while the amount of WT
was relatively low and similar to several other proteins expressed
from E. coli (lane 2). In this way, the higher concentration of SWT in
the active protein extract could contribute to its superior specific
activity, however other factors are involved, which could explain
the difference in the specific activity of these xylanases.

Various studies have shown that the N-terminal region of GH11
xylanases is related to enzyme stability [11] and recent molecular
dynamic information has indicated that protein unfolding initiates
there [35]. E. coli has the N-end rule pathway, which relates the
in vivo half-life of a protein to the identity of its amino-terminal
residue. It was shown that unstable proteins contained Arg, Lys,
Phe, Leu, Trp and Tyr at the amino terminus [36,37]. In our findings,
the presence of destabilizing amino acid residues in the xylanase N-
terminal could reduce the protein stability. In fact, the N-terminal
region of WT is highly rich in Arg, Lys, Phe and Leu residues
(AAD04194). Degradation of WT xylanase could occur prior to sig-
nal peptide processing in the periplasm, as observed in expression
systems of recombinant proteins by E. coli [37,38]. This amino ter-
minus region could potentially contribute to lower stability and
reduced specific activity of the WT, however other factors that
affect the expression of the enzymes may be involved [11,37].

These enzymes were purified using ion exchange chromatog-
raphy and the electrophoretic profile of these purified xylanases
confirmed the presence of a single protein band of WT and SWT
(Fig. 6). The specific activities of purified SWT and WT were
5,801.7Umg~! of protein and 444.1Umg"! of protein, respec-
tively. This higher specific activity of SWT indicates that the
removal of residues in the N-terminal region could promote an
improvement in xylanase activity. In sum, it seems that the N-
terminal tail removal positively affected the expression and activity
of SWT.

Based on this information, we decided to use the N-terminal
region removal approach to evaluate its effect on a mutant
xylanase, also derived from Orpinomyces XynA.

3.4. Production of a mutant small xylanase

The mutant xylanase M2 (V135A, A226T) was previously
obtained by directed evolution [9]. The M2 enzyme presented
improved thermostability at 50 and 60 °C, but its activity in the
E. coli intracellular crude extract was 34.4Umg"! of protein [9].
In order to increase the expression and activity of a more stable
xylanase, the N-terminal region of the M2 xylanase was removed,
generating the small xylanase SM2. After introduction of a methi-
onine residue (start codon) to ensure successful protein synthesis,
gene sequencing indicated that the mutation pattern introduced
previously was maintained. The new small enzyme was expressed
in E. coli BL21(DE3)RIPL and the SM2 activity in the intracellular
crude extract reached 2,846.8 U mg~! of protein. After purification,
the SM2 enzyme showed specific activity of 5,106.8 Umg~! at 40 °C,
pH 6.5.

3.5. Characterization of xylanases

The purified WT, SWT and SM2 xylanases had an optimum tem-
perature at 60°C and showed similar behavior at temperatures
from 20 to 80°C(Fig. 7A). This value of optimal temperature was the
same as that exhibited by M2 xylanase [9], and by Bacillus subtilis
xylanase [39], and higher than several fungi xylanases that present
optimal activities at temperatures below 45 °C [40,41].

The WT, SWT and SM2 showed optimum pH within the range
of 5-8 (Fig. 7B). It is interesting to highlight that the SWT showed
considerable residual activity when assayed in pH 9, about 50%,
while the residual activity of WT and SM2 were around 10% and
30%, respectively. SM2, WT and SWT enzymes showed considerable
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Table 1
Properties of xylanases. The values of half-life (t;,), kv and ke constants were determined from activity standard assay, using purified xylanases and beechwood xylan as
substrate.
Enzymes t12 at 50°C (h) kv (mgmL-1) keqe (min—1) Keat/kp (mL/min~" mg-1)
WT 0.77 1.05 8.0 x 106 8.0 x 106
SWT 2.27 0.73 2.3x10° 33x10°
SM2 29.46 0.62 1.8 x 10'0 2.9x10'0

residual activity when assayed in a wide pH range from acidic to
alkaline pH values, similar to xylanases from other sources [40,41].
The SM2 retained approximately 45% of its maximal xylanase activ-
ity at pH 3 (Fig. 7B). These xylanases could be more suitable for
biotechnological applications that require acidic and neutral pH
conditions. For industrial applications, it is interesting that the
xylanases exhibit greater activity in a wide pH range and high tem-
perature. However, natural xylanases that are thermostable and
acid or alkali tolerant are limited [42].

As expected, the SM2 was the enzyme more thermostable at
50°C, followed by SWT and WT xylanase (Fig. 7C). Half-life val-
ues of the SM2, SWT and WT at 50 °C were 1,767.6 min, 136.4 min
and 46.0 min, respectively. After 20 min of incubation at 50°C the
WT maintained 62.8% of its activity, and after 2 h of incubation this
enzyme exhibited about 26.2% of its original activity. On the other
hand, the SWT retained 88.8% of its activity after 20 min of incuba-
tion at the same conditions, and after 2 h the residual activity was
still approximately 43.3%. Already the xylanase SM2 maintained
90% activity even after 4 h incubation. The N-terminal tail removal
could promote structural changes in these molecules that could
increase the thermal stability at 50°C.

Chen et al. [8] purified and characterized the native xylanase
from Orpinomyces sp. PC-2. The crude culture fluid presented a spe-
cificactivity of 11.2 Umg~! of protein and the specific activity of the
purified enzyme was 1,560.0Umg~! of protein. The enzyme was
most active at temperatures of 40-50 °C and pH from 5.0 to 6.6. So,
the expression of the xylanases derived from Orpinomyces XynA

in E. coli combined with the N-terminal tail removal promoted an
increase in the production of xylanases with gain of activity and
stability.

The ky values of purified xilanases were calculated by the
Michaelis-Menten plot using beechwood xylan as the substrate
(Table 1). The ky values for the SWT and SM2 were close to each
other (0.73 and 0.62 mgmL~!, respectively) and both were lower
than the ky; value of WT xylanase (1.05 mg mL~1), indicating that
small xylanases presented higher affinity for the substrate. Values
of keat/ Ky, a parameter that evaluates the catalytic efficiency of the
enzymes, were 8.0 x 106 for WT, 3.3 x 10° for SWT and 2.9 x 1010
for SM2. These results highlight that tail removal greatly enhanced
the catalytic efficiency of the enzymes to catalyze the hydrolysis of
beechwood xylan.

Several studies have focused on changes in the N-terminal
region to improve the thermostability of xylanases [11,43,44]. Yin
et al. [43] replaced the N-terminal segment of a mesophilic GH11
xylanase from Aspergillus oryzae (AoXyn11) by the correspond-
ing region of a hyperthermotolerant GH11 xylanase (EvXyn11TS)
and the modified xylanase was highly improved and showed opti-
mum temperature at 75 °C and high thermostability at 65 °C. Song
et al. [44] obtained a more active xylanase by the addition of 17
amino acids to the N-terminal of GH11 xylanase from Thermobacil-
lus xylanilyticus. On the other hand, the removal of un-structured
residues in the N-terminal region resulted in the reduction of the
optimum temperature and thermostability of an Aspergillus niger
GH11 xylanase [11]. Thus, removal of this N-terminal tail proved
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to be advantageous, since it promoted an increase in enzyme
stability, catalytic efficiency as well as marked an increase in
xylanase production, achieving considerable levels of expression.
These improved xylanases would have potential for biotechnolog-
ical applications, especially in processes that require more active
and stable enzymes.

4. Conclusions

Molecular dynamics simulations contributed to the identi-
fication and evaluation of a destabilizing N-terminal tail on
Orpinomyces WT xylanase. Two xylanases codified by xynA gene
without these N-terminal destabilizing residues, one mutated
(SM2) and the other non-mutated (SWT), were expressed at high
levels in E. coli. These enzymes were more active and stable when
compared to WT xylanase in a broader range of pH and temper-
ature. The positive effect of tail removal on xXylanases catalytic
properties reproduced the predictions performed by the MD ana-
lyzes. The properties of these improved xylanases suggest the
potential of applying in several biotechnological applications.
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