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Abstract Caulobacter crescentus (NA1000 strain) are aquatic bacteria that can live in
environments of low nutritional quality and present numerous genes that encode enzymes
involved in plant cell wall deconstruction, including five genes for (3-xylosidases (xynBI—
xynB5) and three genes for xylanases (xynA4I-xynA3). The overall activity of xylanases in the
presence of different agro-industrial residues was evaluated, and it was found that the residues
from the processing of corn were the most efficient in inducing bacterial xylanases. The xynA1
gene (CCNA_02894) encoding a predicted xylanase of group 10 of glyco-hydrolases (GH10)
that was efficiently overexpressed in Escherichia coli LMG194 using 0.02 % arabinose, after
cloning into the vector pJetl.2blunt and subcloning into the expression vector pPBAD/gIII,
provided a fusion protein that contained carboxy-terminal His-tags, named XynAl. The
characterization of pure XynAl showed an enzymatic activity of 18.26 U mL™" and a specific
activity of 2.22 U mg—' in the presence of xylan from beechwood as a substrate. XynAl
activity was inhibited by EDTA and metal ions such as Cu®" and Mg®". By contrast, [3-
mercaptoethanol, dithiothreitol (DTT), and Ca** induced recombinant enzyme activity. Kinetic
data for XynAl revealed Ky and V.« values of 3.77 mg mL~! and 10.20 uM min—",
respectively. Finally, the enzyme presented an optimum pH of 6 and an optimum temperature
of 50 °C. In addition, 80 % of the activity of XynAl was maintained at 50 °C for 4 h of
incubation, suggesting a thermal stability for the biotechnological processes. This work is the
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first study concerning the cloning, overexpression, and enzymatic characterization of
C. crescentus Xylanase.

Keywords Xylanase - Caulobacter crescentus - Agro-industrial residues - Cloning -
Characterization

Introduction

The industrial revolution favored global economic growth and the largest consumption of raw
materials and fossil fuels, leading to the depletion of these resources in nature and the negative
impact of their use on the environment. Residues derived from plant cell walls can be
considered the renewable energy source that has the greatest potential to contribute to the
current and future energy needs. The use of lignocellulosic biomass to produce, for instance,
second-generation ethanol requires optimizing the enzymes involved in the breakdown of
plant cell walls [1].

Lignocellulosic biomass is made up of three main fractions of polymers: cellulose (45—
55 %), hemicellulose (25-35 %), and lignin (20-30 %), which are joined together by covalent
bonds. This structure forms a rigid complex structure that is difficult to degrade due to the
molecular arrangement being resistant to microbial attack [2].

Hemicellulose is, after cellulose, the second most abundant renewable polysaccharide in
nature and is present in abundance in the woods and residues from the agro-industry.
Hemicellulose is primarily formed by xylan, a linear homopolysaccharide of {3-D-
xylanopyranose united by links of type (3-1,4, and is located at the interface between cellulose
and lignin in all layers of the plant cell wall. Structurally, hemicelluloses are formed by
residues of sugars such as hexoses (D-mannose, L-thamnose, L-arabinose, L-fucose, D-galac-
tose, and L-galactose) and pentoses (D-xylose and L-arabinose) can also produce D-glucuronic
acids such as 4-O-methyl-D-glucuronic acid and D-galacturonic acid, and the O-acetyl groups
or esters of ferulic and p-coumaric acid are bonded via units of L-arabinose to the main chain
[3].

The complete enzymatic hydrolysis of hemicellulose involves an enzyme complex com-
posed of endo-xylanases (EC 3.2.1.8) that function in the main chain of xylan to release xylo-
oligosaccharides (XOS) that act as targets for 3-xylosidases (E.C. 3.2.1.37) and other auxiliary
enzymes that function as side chains in «-glucuronidase (EC 3.2.1.139), «-L-
arabinofuranosidase (EC 3.2.1.55), and acetyl xylan esterase (EC 3.1.1.72) [4].

The xylanases are glycoside hydrolases (GHs) with different molecular structures, hydro-
lytic activity, and physico-chemical properties. Microbial xylanases have applicability for
various biotechnological industries because they can be frequently employed for the degrada-
tion of carbon sources such as low-cost lignocellulosic materials in agro-industrial waste, thus
leading to the recovery of the energy capacity of compounds that were previously disposed of
in nature. Xylanases can be used as animal feed supplements in the baking industry to improve
the texture of bread; in the food and beverage industry, xylanases are used in large volumes of
dough to increase the quality of the product and to produce the low-molecular-weight sugar
xylitol; in the textile industry, xylanases are used in the bleaching of pulp cellulose. Another
aspect of xylan-degrading enzymes that can bring benefits to the overall economy is process-
ing lignocellulosic materials to generate biofuels and chemicals [5].

In fact, the present and future strategies for the optimization of biotechnological processes
are to explore each challenge more effectively and efficiently using the energy capacity of the
hemicelluloses present in agro-industrial waste and optimize them by using a class of
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molecular tools called recombinant DNA technology. Thus, the study of both specific xylanase
genes and microorganisms that produce still-unknown xylanases remains an interesting
alternative to economically identify enzymes that have industrially applicable characteristics
and to develop cleaner industrial processes.

Caulobacter crescentus is a non-pathogenic Gram-negative bacterium that is found mainly
in aquatic environments and in many types of soils. It is currently considered the best model
for the analysis of the cell cycle and cell differentiation of bacteria due to its asymmetric life
cycle [6]. The analysis of the genome of C. crescentus, the first free-living proteobacteria alpha
class to be sequenced [6], showed the presence of eight genes that are directly involved in the
degradation of xylan: five of these genes encode enzymes with beta-xylosidase activity, and
three have endo-xylanase activity. Two genes (xynB1 and xynB2) encoding 3-xylosidases have
been previously studied [7-9].

In the present study, the biochemical characterization of the first recombinant xylanase from
C. crescentus was performed by the cloning and expression of the xyn4l gene (CCNA _
02894) in Escherichia coli that encodes the predicted endo-1,4-beta-xylanase (EC 3.2.1.8),
which belongs to the GH10 family. The pure recombinant xylanase and its various biochem-
ical parameters were characterized. Although C. crescentus presents three candidate genes for
xylanase GH10, two of which are more likely candidates than the third, no xylanase of
C. crescentus has been studied. Therefore, the current study presents the first record of the
study of one of them.

Materials and Methods
Bacterial Strains and Culture Conditions

The C. crescentus NA1000 strain was grown at 30 °C in PYE medium (peptone and yeast
extract) to extract genomic DNA. The overall xylanase activity of C. crescentus was assessed
after the growth of bacteria on minimal medium supplemented with 0.2 % (w/v) glucose and
2 % (w/v) of different agro-industrial residues. For cloning, subcloning, and induction, DH5«x,
TOP10, and LMG194 E. coli strains were used, respectively. These strains were grown in
Luria-Bertani (LB) media containing ampicillin (100 pg mL-") at 37 °C.

Production of Xylanase by C. crescentus in Different Agro-industrial Wastes

For the analysis of global xylanase activity by C. crescentus, the bacteria cells were grown in
the presence of different agro-industrial residues: corn straw, hemicellulose from corn straw,
rice straw, soybean straw, passion fruit fiber, crushed barley, coconut fiber, sugarcane bagasse,
and corn cobs; all of these were obtained from the agro-industries of the Western Parand region
(Brazil), a large agricultural region. All of the residues were prepared as described in Corréa
et al. [9]. Corn straw hemicelluloses were prepared by pre-treatment using auto-hydrolysis, in
which 1 g of corn straw was added to a tube with 10 mL of water and subjected to heating at
200 °C for 1 h in the digester tube. After this time, the tube was immediately transferred to an
ice bath and cooled. The liquid phase was filtered through a filter paper, and the hemicellulose
present in the solution was precipitated by the addition of 3 volumes of absolute ethanol
(20 °C, 24 h). After this period, the liquid fraction was carefully removed by inversion, and the
precipitate was then oven-dried at 50 °C for 24 h.

Xylanase production was carried out in a medium containing 2 % (w/v) of different residues
as a carbon source in 5 mL of minimal medium M2 containing 0.2 % glucose (w/v).
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Agricultural residues were sterilized at 121 °C for 15 min and cooled, and then the minimum
medium was sterilized by vacuum filtration. The pre-inoculum of C. crescentus was performed
in cell growth medium containing PYE for 12 h at 30 °C and 120 rpm. The medium containing
agricultural waste and minimal medium was used to dilute the inoculum of C. crescentus cells
in the stationary phase for an optical density (OD) value at A=600 nm equal to 0.150. The
cultures were incubated at 30 °C with agitation (120 rpm) for 24 h. After this period, aliquots
of 1 mL of growth solution were centrifuged at 15,000xg for 5 min at room temperature. After
centrifugation, the supernatant was reserved for the analysis of extracellular xylanase, and the
cell pellets were dried and frozen for the determination of intracellular xylanase. The frozen
cell pellet was lysed with 350 uL of 50 mM phosphate buffer pH 6.0 under vigorous vortexing
until it was thawed. The sample was kept on ice, and the overall activity dosage levels of the
xylanolytic bacteria were determined.

Cloning of the C. crescentus xynAl Gene

The primers xynAI-EcoRI-Forw (5'aagaattctgcgcegtttttcttggageg3’) and xyndl-HindIll-
Rev (5'tataagcttcccgegecggegeggecttcag3’) were synthesized according to the DNA se-
quence of the gene xynd provided by sequencing of the genome of C. crescentus
(accession number: CCNA_02894) [10]. As this was the first of three genes encoding
xylanases in C. crescentus that was studied by our laboratory, we named it xyn41. Gene
amplification was performed using 50 pmol of each primer in a 50-pL PCR volume
containing 0.2 pg of genomic DNA from C. crescentus, 5 uL of DMSO, and 1 U of
Platinum Taq DNA Polymerase (Invitrogen®). Amplification was performed with 35 cy-
cles of 94 °C for 30 s, 55 °C for 30 s, and 68 °C for 2 min. The PCR product was
resolved by 1 % agarose (Sigma®) 1x TAE gel electrophoresis. The fragment of 1158 bp
corresponding to the xyn4l gene was removed from the gel and treated with polynucle-
otide kinase (Fermentas®) to produce blunt ends and was then ligated to the cloning
vector pJET1.2/blunt (Fermentas®). After confirmation of the recombinant cloning and
sequencing, pJET1.2/blunt-xyn4Al was digested with EcoRI/HindIll, and the fragment
generated was cloned in frame into the vector pBAD/gIIIA EcoRI/HindIIl (Invitrogen) to
generate a fusion protein with a histidine tag at the carboxy-terminal region protein,
named XynAl. The recombinant plasmids pJET1.2/blunt-xyn4/ and pBAD/gllIA-xynA1
were sequenced by the sequencing service of the Chemistry Institute of Sdo Paulo
University, Sdo Paulo, SP, Brazil.

Overexpression and Purification of the C. crescentus XynAl Recombinant

For induction of the expression of the recombinant xylanase of C. crescentus, E. coli
LMG194 cells containing the plasmid pBAD/gllIA-xynAl were grown in LB medium
containing ampicillin (100 pg mL-") at 37 °C and 180 rpm for 12 h. When the
E. coli cells reached the stationary phase, the culture was diluted 100 times and again
subjected to the same growth conditions until the mid-log phase. After this period, the
culture was induced with 0.02 % (v/v) L(+)-arabinose (Sigma®) for 4 h. Cells were
lysed using Fast Break Cell Lysis solution (Promega®) containing 20 mg mL-'
lysozyme (Sigma®) and protease inhibitors (10 uL mL-') (Sigma®). The mixture
containing the induced E. coli culture was incubated at 25 °C at 90 rpm for 30 min.
Next, the lysate was centrifuged at 15,000%g for 10 min at 4 °C. The supernatant was
transferred to pre-packed His-SpinTrap nickel-Sepharose columns (GE Healthcare®) to
purify the recombinant fusion protein by affinity chromatography. The proteins
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adhered to the column were eluted with 20 mM of phosphate buffer (pH 7.4)
containing 500 mM imidazole. The purified samples were dialyzed against deionized
water and analyzed by 9 % SDS-PAGE.

Determination of Xylanase Activity and Total protein

The reactions to verify xylanase activity were performed using xylan from
beechwood (Sigma®) in sodium phosphate buffer (pH 6.0) as a substrate, followed
by incubation at 50 °C, and the reducing sugars were measured using the 3,5-
dinitrosalicylic acid (DNS) method [10]. Xylanase activity was defined as the
amount in millimoles of xylose per milliliter of enzyme produced in 1 min under
the assay conditions (U mL-"). The protein concentrations were measured using the
Bradford reagent from Bio-Rad with BSA as the standard.

The Effect of pH and Temperature on XynAl Activity and Stability

The optimum pH was checked using buffer Mcllvaine (pH 3-10) at 50 °C. To
determine the pH stability, the purified xylanase was incubated at different pH values
(3-10) at 4 °C for 24 h, and the residual activity of the protein was verified according
to a standard protocol. To determine the optimum temperature, the enzyme at the
optimum pH was subjected to standard tests by changing the temperature range from
30 to 80 °C. The thermostability was assessed by incubating the enzyme at the
optimum pH found among the top three temperatures for 0-240 min, followed by a
standard enzyme activity analysis. The optimum pH and temperature and the thermo-
stability were expressed as the activity relative to the highest activity found (100 %).

The Effect of Different Compounds on XynAl Activity

The effect of different compounds on C. crescentus XynAl activity was verified by diluting
the enzyme into 2 mM of the different compounds, followed by incubation for 15 min on ice
and subsequent enzyme activity dosage calculation at the optimum temperature. The results
were expressed as the percentage of residual activity compared with the dosage control sample
in the absence of the compounds.

Determination of the Kinetic Parameters of C. crescentus XynAl

To verify the effect of the concentration of xylan from beechwood in the reaction, the
substrate concentration was varied (4-14 mg mL—-') in the assays optimized for
xylanase measurement using the method described by Miller [10]. Kinetic parameters,
such as the Michaelis-Menten constant (Ky;, and the maximum reaction rate (Viax),
were measured for data plotting and verification of the double-reciprocal linear
equation.

Statistical Analysis
The experiments were performed in triplicate, with repetitions for inconsistent data.
The graphical Origin® 8.5 statistical program (Graph and Technical Data Analysis)

was used for the statistical analysis of the data by analyzing the dispersion medium
and for plotting the graphs.
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Comparative Analysis of C. crescentus Xylanase with Xylanases from Other Bacteria

The sequence analysis of the predicted xylanase obtained from the C. crescentus xynAl gene
deposited in GenBank was performed using the algorithm NCBI BLAST (Basic Local
Alignment Search Tool) and program Blastx. The isoelectric point and molecular size of the
protein were determined according Kozlowski [11]. The sequence of the XynAl and other
bacterial xylanases belong to the GH10 group according to the classification of CAZY
(Carbohydrate-Active Enzymes Database—http://www.CAZY.org). We constructed a
phylogenetic tree using the neighbor-joining method and bootstrap using the MEGA program
6:06. The protein sequence of the bacterial xylanase GH11 group was used as the outgroup for
analyses of kinship.

Results and Discussion
Effect of Various Agro-wastes on the Production of Xylanase

The C. crescentus cells were grown in minimal medium containing 0.2 % (w/v) glucose
supplemented with various agro-industrial residues as a carbon source. The C. crescentus cells
exhibited a clear preference for corn derivatives to induce global C. crescentus xylanase
activity (Fig. 1). The intracellular production of xylanase was higher in the presence of the
corn straw hemicelluloses (1.4 U mL—") followed by corn cobs (1.39 U mL-"). The other
agro-industrial residues showed lower xylanase production; for example, the fiber of the
passion fruit showed the worst performance as an inducer of intracellular xylanase activity
(1 U mL—"). The best extracellular xylanase induction occurred in the presence of corn straw
hemicelluloses (5.60 U mL—"), followed by maize straw grass (3.53 U mL—") and the fiber of
the passion fruit (1.87 U mL-1).

Xylanase activity (U mL‘1)
w
|

CS CSH RS SS PFF BB CF SCB CC
Agro-industrial residues

Fig. 1 Effect of various agro-industrial wastes in the production of xylanases by C. crescentus. CS corn straw,
CSH com straw hemicellulose, RS rice straw, SS soy straw, PFF passion fruit fiber, BB barley bagasse, CF
coconut fiber, SCB sugarcane bagasse, CC corn cob. The fermentation medium consisted of 2 % of agro-
industrial residues (w/v) in M2 minimal medium containing 0.2 % glucose (w/v). The inoculum was performed
by diluting cells in the stationary phase for an OD 600 nm of 0.15 in the same culture media containing different
carbon sources. Bacterial growth occurred at 30 °C for 24 h with shaking at 120 rpm
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The use of alternative sources for the production of xylanase, such as agro-industrial
residues, has been the subject of various studies because the substrates are low cost, easily
accessible, and profitable. Pure xylan, due to its high cost, is not accessible for xylanase
production on an industrial scale [4]. Examples of this mode of application of residues for
xylanase production by bacteria are Bacillus altitudinis DHNS that produced xylanase induced
by sorghum straw, wheat straw, rice straw, and corn straw [12]. The Geobacillus
stearothermophilus KIBGE-IB29 strain showed xylanase induction with orange peel, barley,
sago, and wheat bran [13]. Xylanase from Streptomyces sp. CS428 was induced by corncob
and wheat bran [14]. Poorna and Prema [15] showed that the production of xylanase by
Bacillus pumilus can be induced with a medium containing rice straw and soybean flakes.
Because of the induction of xylanases by waste pretreated with Bacillus circulans D1, xylanase
production was obtained from sugarcane bagasse (8.4 U mL ") and grass hydrolysates
(75U mLﬁl) [16]. A similar result was found for xylanase production when C. crescentus
was grown in the presence of hydrolyzed corn straw as a carbon source.

The higher production of xylanase in this study was obtained with the growth of the
bacteria in the presence of hemicellulose obtained form corn straw. One hypothesis to explain
this finding is that derived from corn crop residues are richer in hemicellulose and thus can
effectively activate more specifically the production of xylan-degrading enzymes. In favor of
this hypothesis has been the work of Corréa et al. [8], which used corncob as an excellent
inducer of C. crescentus 3-xylosidase activity. According Adhyaru et al. [12], the induction of
xylanases can be considered a complex phenomenon, and the level of response to different
inducers varies according to the strain. The present study indicated that the production of the
intracellular xylanase of C. crescentus was better in the presence of corncob; the best
extracellular xylanase production was induced with corn straw. Corn straw hemicelluloses
were effective for the production of intra- and extracellular C. crescentus xylanase, but their
feasibility is limited to be further analyzed on an industrial level.

Cloning of the Gene xynA1 and Purification of the Recombinant Enzyme

The fragment of 1158 bp containing the xynA! gene encoding an endo-1,4-beta-xylanase of
C. crescentus was amplified by PCR using genomic DNA as the template and the primers
xynAl-EcoRI-Forw and xynAI-HindIll-rev. The PCR product generated was ligated into the
cloning vector pJET1.2/blunt and subsequently subcloned into the reading frame of a carboxy-
terminal His-tag of the expression vector pBAD/gIIIA digested with EcoRI/Hindlll restriction
enzymes. The recombinant pBAD/gIlIA-xynA41 was sequenced, and the predicted protein of
385 amino acids of 43 kDa in size had 100 % identity to that encoded by the C. crescentus
xynAl gene (CCNA_02894). The pBAD/gllIA-xynAl was incubated with 0.02 % arabinose
(v/v) for xylanase recombinant expression; subsequently, the enzyme was purified, and its
expression was verified by polyacrylamide gel electrophoresis.

The E. coli cells overexpressing the xynAl gene were lysed, and the recombinant protein
was purified from the cells using pre-packaged nickel-Sepharose columns. A single band of
approximately 50 kDa by SDS-PAGE (Fig. 2) was observed that was in agreement with the
predicted molecular weight considering additional amino acids from the carboxy-His-tag.
Assays of enzymatic activity of purified C. crescentus xylanase showed an activity of
18.26 U mL—" and a specific activity of 2.22 U mg—" using xylan from beechwood as a
substrate of the reaction. To explore the bacterial enzymes for industrial applications, overex-
pression of these enzymes is desirable. There are several reports describing E. coli as a
heterologous host. In C. crescentus, for example, interesting data have been obtained for [3-
xylosidase I [7] and (3-xylosidase II enzymes [8] that were overexpressed in E. coli and fully
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SDS-PAGE
1 2 3 4 5 6 7 8
100 KDa Ef"’.?
75 KDa et
50 KDa — M -
35 KDa —
25 KDa——

Fig. 2 SDS-PAGE profile of the cell lysate of recombinant E. coli LMG194, indicating the overexpression of the
heterologous gene xynAl and purification of the recombinant C. crescentus xylanase (lanes): / marker broad
range protein molecular weight markers (Promega®); 2 total proteins extracted from strain LMG194; 3 total
proteins of the strain LMG194 containing the construct pBAD/gIIl A-xynA41 after 4 h of induction with 0.02 %
arabinose (w/v) at 37 °C; 4 aliquot from the pellet after cell lysis; 5-6 buffer obtained after washing the columns;
7-8 eluate of the nickel-Sepharose columns with buffer containing 500 mM imidazole showing the purified
xylanase of approximately 50 kDa

characterized. In the present study, the xyn41 gene cloned and expressed in E. coli resulted in
an activity of 18.26 U mL—', representing an increase of approximately 13- and 3-fold in
xylanase production by the intracellular (1.41 U mL~' ) and extracellular (5.6 U mL-")
NA1000 parental strain of C. crescentus grown in minimal medium containing 2 % (w/v)
corn straw hemicellulose. After purification, the enzyme was characterized biochemically such
that, using the knowledge of its properties, further studies of its biotechnological applications
can be performed.

Biochemical Characterization of Xylanase C. crescentus

The optimal pH for XynAl activity was determined as pH 6 followed by pH 7 (Fig. 3).
However, concerning pH stability, it was observed that, at pH 6, the enzyme lost 50 % of its

L1 e s S e ey A S A B LA
100 " 100
8 90— \ 90
>, 80 £ 80 >
E 704 } 70 2
S 60— % 60 &
° 50_: g %/ :_50 ©
'g 40 — / — 40 %
eV 50 &
20—:/§ \% —20
10 T 10
o711 1 T |¥' 0
3 4 5 6 7 9 10

pH

Fig. 3 The effect of pH on the enzymatic activity of recombinant xylanase (black circles) and stability at various
pH values (white circles). The xylanase activity was verified by incubating the purified enzyme with xylan from
beechwood in buffers at different pH (3—10) for 10 min at 50 °C. In parallel, aliquots of the purified enzyme were
incubated at 4 °C for 24 h under the same varying conditions of pH; thereafter, the xylanase activity was assessed
to verify its stability. The enzymatic activity was expressed as a percentage (relative activity) of the maximum
value at pH 6. The stability at different pH was expressed as the residual activity of the enzyme activity value
obtained at zero time incubation
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activity in 24 h which was not observed with pH 7, where 60 % of the activity remained,
indicating that the latter was the best condition to maintain the stability of enzyme activity.
Other pH ranges tested showed lower activities. Additionally, it is worth mentioning that the
isoelectric point based on protein structure was 9, and then the baseline activity was in
this range because the protein precipitated on this p/. Other bacterial xylanases have also
shown pH 6 to be as efficient: Bacillus spp. SPS-strain 0 [13], Streptomyces sp. CS624
[14], and the extremophile bacterium Caldicellulosiruptor kronotskyensis [15]. However, it
is possible to check a wide pH range for bacterial xylanases because of the slightly acidic
xylanase from the Bacillus sp. strain BP-23 (pH 5.5) [16] to the alkaline Bacillus sp.
41 M-1 strain (pH 9.0) [17]. C. crescentus xylanase was shown to be most stable at
neutral pH 7, suggesting a specificity of these conditions to pH, unlike most other
xylanases that exhibit a stability range such as that of xylanase C. kronotskyensis at
pH 5.5-7.5 [15]. The determination of the optimum pH and pH stability of enzymes is
important for enzyme biotechnology because they indicate the conditions under which the
enzyme remains active in high yield. Moreover, these data contribute to the formulation
of enzyme cocktails in which the synergism of the enzymes and yield depend on the
characteristics of each. Considering these factors that XynAl from C. crescentus presented
as ideal activity—i.e., characteristic of neutral to slightly acidic conditions and this
enzyme presented an optimum temperature at 50 °C (Fig. 4a). The xylanase activity
decreased to approximately 30 and 40 % at 55 and 60 °C, respectively. When tested at
extreme temperatures, 30 and 80 °C, the enzyme showed less than 30 % activity. Bacteria
with xylanase activity at the same optimum temperature were observed for
Cellulosimicrobium sp. MTCC 10645 [18] and Jonesia denitrificans [19]. Xylanases were
found at extreme temperatures in the thermophilic Bacillus spp. strain SPS-0 [13] (75 °C),
in the extremophile Thermotoga thermarum (95 °C) [20], and in the cold-active
Flavobacterium johnsoniae (30 °C) [21].

Thermostability assays (Fig. 4b) demonstrated that the hydrolytic activity of the enzyme
was maintained for a longer period at 50 °C, losing only 20 % of its activity at 4 h of
incubation. The other temperatures tested for thermostability, 45 and 55 °C, resulted in a
decrease by 50 % of the activity in 4 and 1 h, respectively. Similarly, xylanases from Bacillus
subtilis [22] and J. denitrificans [19] were also stable at 50 °C, maintaining 85 % (3 h) and
70 % (4 h) of their activities, respectively.

The characteristics of pH, pH stability, temperature, and thermostability provide
important factors for the industrial application of xylanases. Similar to C. crescentus
XylAl, the xylanase from the Bacillus sp. strain BP-23 showed similar characteristics
of optimum pH and temperature (pH 5.5 and 50 °C). Additionally, chemical bleaching
experiments using pulp generated a savings of 38 % compared with the consumption
of chlorine dioxide [16], making it a possible biotechnological application to be tested
for C. crescentus XylAl.

The Effect of Compounds on the Activity of Xylanase

Purified xylanase was subjected to activity enzyme assays in the presence of different
compounds at a concentration of 2 mM, for instance, metal chelators such as
ethylenediamine tetraacetic acid (EDTA), various metals, and reducing agents, includ-
ing (-mercaptoethanol and DTT (Table 1). Xylanase activity was strongly inhibited
by the metals Cu®" (61 %) and Mg2+ (64 %) and the chelating agent EDTA (60 %).
The inhibition by copper metal has been found for the xylanase of Paenibacillus
campinasensis BL11 (80 %) [23] and Bacillus mojavensis FK-UEB [24] (100 %).
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Fig. 4 a Effect of temperature and b thermal stability of xylanase activity from C. crescentus. The optimum
temperature was verified by the standard measurement of enzyme activity at pH 6 and different temperatures
(30-80 °C). Assays to verify the thermostability were performed with incubation of the XynA1 (b) at pH 6 and at
45 °C (black circles), 50 °C (black squares), and 55 °C (black triangles) for 0 to 240 min. Next, the samples were
used for the determination of the activity pattern. The optimum temperature was presented as the activity relative
to the highest value, and the thermal stability and residual activity were compared with the activity at the zero
time of incubation

Xylanase of F. johnsoniae showed a 36 % inhibition by magnesium [21], while
Streptomyces sp. CS624 xylanase showed a 60 % inhibition by magnesium [14].
One explanation for the metal inhibition may be due to the interaction between the
metal ions and amino acids of the catalytic domain of the enzyme [14]. Inhibition of
xylanase activity in the presence of EDTA indicates that some metal is required for
the enzyme reaction, and the enzyme most likely has cysteine residues included in its
catalytic area [14, 25]. This inhibitory effect has also been observed for xylanase from
Streptomyces sp. CS624 (65 %) [14] and P. campinasensis BL11 (50 %) [23]. The Zn 2
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Table 1 Effect of different com-

pounds on xylanase A activity Substance (2 mM) Residual activity® (%)
Control 100
MgSO, 96+1.05
CuSO, 39+5.24
ZnSO, 82+3.69
MmSO,4 100+2.02
FeSO, 76+1.32
MgCl, 46+8.84
CaCl, 111+1.81
NaCl 99+5.09
KCl1 95+1.06
“Results were expressed as the EDTA 40+5.05
residual activity considering the DTT 129+2.34
Ygl(;li/obtained with the control as B-Mercaptoethanol 110+1.84
0

(18 %) and Fe %" (24 %) ions moderately affected the activity in these experiments. The
reducing agents (3-mercaptoethanol (10 %) and DTT (30 %), as well as the ion Ca**
(11 %), induced the activity of the enzyme. According to Mander et al. [14], 3-
mercaptoethanol has been known as an enhancer of xylanase activity by some bacteria,
and this induction has been reported for xylanase from P. campinasensis BL11 (58 %)
[23] and Bacillus subtilis (123 %) [22]. This finding is justified by the power of this
reducing agent to neutralize the oxidative effects of disulfide bonds, most likely from
cysteine residues, providing enzyme stabilization or stimulation [23].

Chen et al. [21] also showed a stimulation of xylanase activity in the presence of DTT in
F johnsoniae (36 %) and commented that the thiol grouping reduced the stability/activity of
the enzyme. Ca>" jon can influence the enzymatic activity required by the enzyme to cause
changes in its conformation or to bind to active sites [25]. The stimulation of calcium has also
been reported for xylanase from Streptomyces sp. CS624 (27 %) [14]. Other metals tested did
not affect the activity of C. crescentus XylAl.

Kinetic Parameters

For an enzyme to be used industrially, its kinetic parameters should be appropriate and,
with it, its functional role should be determined. The Michaelis-Menten constant was
determined using various concentrations of beechwood xylan (4-14 mg mL-'). The
values of Ky and Vi,.x were 3.77 mg mL~' and 10.20 uM min—". These data indicate
that the enzyme has a low affinity and reduced reaction speed to beechwood xylan.
Xylanases with lower affinity to the substrate have also been reported such as those from
P campinasensis BL11 (Ky 6.78 mg mL-") [23], Streptomyces sp. CS624 (Ky 9.79)
[14], and Bacillus circulans BL53 (Ky 9.9 mg mL—" and Vi 25.25 min—'mM) [26].
Similar to C. crescentus XynAl, kinetic data were found for the xylanase from
F. johnsoniae with a Ky equal to 5 and a Vi of 13.23 pumol mg—"min"' [21] indicating
that the affinity for this substrate may be poor for some bacterial xylanases. Another
common feature between these xylanases is that both bacteria are found in aquatic
environments and live in oligotrophic freshwater habitats. The values reported are also
consistent with those reported by Beg et al. [4] for microbial xylanases.
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Analysis of the XynA1l Sequence

The predicted sequence for the C. crescentus xylanase from the xynAl gene annotated as a
probable GH10 in GenBank [6] was compared with other xylanases that belong to the same
group of glyco-hydrolases according CAZY (http://www.cazy.org/Glycoside-Hydrolases.
htmL). A phylogenetic tree was assembled using the neighbor-joining method and bootstrap
in the MEGA 6.06 program. The GH11 xylanase was also used for comparison and was
defined as an outgroup.

Figure 5 shows the phylogenetic tree for the xylanases of the bacterial species studied by
multiple different approaches according to the literature. Bacteria that showed greater similar-
ity between the proteins analyzed were those of the genus Caulobacter. The high similarity
among the strains C. crescentus NA1000 and C. crescentus CB15 was expected because the
NAT1000 strain is a mutant derivative of CB15 [6]. The sample with the highest similarity was
AGU12220, which showed an evolutionary proximity with C. crescentus and was observed
even at 90 % similarity to a precursor of an endo-1,4-beta-xylanase (GH10) of Brevundimonas
abyssalis that was isolated from the sediments of the deep sea floor in Japan. Brevundimonas
abyssalis belongs to the Caulobacteraceae family of the class Alpha-proteobacteria and is
ranked among the Brevundimonas and Caulobacter gender [27]. Among the randomly
selected GH10 xylanases in CAZY, those from the bacteria belonging to Sphingomonas
sanxanigenens DSM 19645 showed the highest similarity (63 %) of the product of the
C. crescentus xynAl gene, followed by endo-1,4-beta-xylanase (GH10) from Agrobacterium
sp. H13-3. Additionally, C. crescentus, S. sanxanigenens, and Agrobacterium are both Alpha-
proteobacteria, justifying the similarity of their xylanase sequences.

100 YP 002518267.1 - endo-1,4-beta-xylanase (GH10) - CCNA 02894 Caulobacter crescentus NA1000
100 NP 421599.1 - endo-1,4-beta-xylanase (GH10) Caulobacter crescentus CB15
90 YP 003592099 - endo-1,4-beta-xylanase (GH10) Caulobacter segnis ATCC 21756
AGU12220 - (GH10) - (uncultured organism - metagenomic libraries)

YP 001683471.1 - endo-1,4-beta-xylanase (GH10) Caulobacter sp. K31

63 100
73 WP 007673443 - (GH10) Caulobacter sp. AP07
66 WP 021695892 - endo-1,4-beta-xylanase (GH10) A precursor Brevundimonas abyssalis
75 AGU11394.1 - (GH10) (uncultured organism - metagenomic libraries)

75 NX02 12795 - hypothetical (GH10) Sphingomonas sanxanigenens DSM 19645

AGU10351.1 - (GH10) (uncultured organism - metagenomic libraries)
99 AGU09747.1 - (GH10) (uncultured organism - metagenomic libraries)
98 AGU11118.1 - (GH10) (uncultured organism - metagenomic libraries)
YP 004279585 - endo-1,4-beta-xylanase (GH10) Agrobacterium sp. H13-3
61 NP 242986 - endo-1,4-beta-xylanohydrolase (GH10) Bacillus halodurans
41 NP 149217.1 - beta-1,4-xylanase (GH10) Clostridium acetobutylicum ATCC 824

CBI42956.1 XynA (GH11) Bacillus amyloliquefaciens DSM 7

0.2

Fig. 5 Phylogenetic analysis was performed using the MEGA6.06 program. The tree was assembled by the
neighbor-joining method with the complete sequence of GH10 xylanases from C. crescentus (highlight) and
those from other bacteria obtained from CAZY. A GHI11 xylanase was also used as an outgroup to confirm the
relationship. The percentage of identical trees, wherein the grouped rate was associated with the bootstrap test
(500 replicates), are shown next to the branches. The tree is drawn to scale, with the lengths of the branches in
the same units as those of evolutionary distances used to infer a phylogenetic tree. The evolutionary distances
were computed using the Poisson correction method and are in units of the number of amino acid substitutions
per site. The analysis included 16 amino acid sequences. All of the positions containing gaps and missing data
were eliminated. A total of 184 positions comprised the final data set
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A lower degree of similarity with the xylanase from C. crescentus bacteria was found
compared with GH10 endo-xylanase from Gram-positive bacteria such as Bacillus halodurans
and Clostridium acetobutylicum ATCC 824. As expected, a low similarity was observed
between GH10 xylanases and those that form the outgroup belonging to group 11 of glyco-
hydrolases. The absence of similarity between proteins from different families (GHs) is due to
diversification-related amino acid sequences, in which families can be defined based on the
similarities between the amino acid sequences in their catalytic domains, whereas the members
of the same family may share common structural folds and active site topology, as well as
similar catalytic mechanisms [28]. The organization of enzymes by their similarities portrays
how evolutionary events led to a broad structural diversity of the various groups, reflecting
their specificities for different substrates or different catalytic patterns to distant groups. Unlike
enzymes that have a similar arrangement in groups, others may show the conservation of
amino acid residues in the catalytic domains and similar patterns of catalysis that may, in many
cases, be even identical, suggesting that these enzymes differed little during the evolutionary
process and arose from a common ancestor [28].

Conclusions

Although many xylanases have been characterized in fungi, only a few reports have
demonstrated data concerning bacterial xylanases. Thus, the present study is the first
study concerning the cloning, overexpression, and enzymatic characterization of
C. crescentus xylanase. In addition, bacterial xylanases were induced in response to
different agro-industrial residues. Functional analysis of the C. crescentus xynAl gene
by XynAl overexpression in E. coli showed xylanase activity 13 times greater than
the intracellular production of xylanase by the parental strain grown on minimal
medium containing 2 % (w/v) of hemicellulose obtained from corn straw.
Biochemical characterization demonstrated that recombinant XynA-1 showed a pH
of 6.0 and an optimum temperature of 50 °C, respectively. In addition, the thermal
stability was maintained for 4 h at 50 °C with only 20 % loss of activity. Analysis of
the predicted protein encoded by the gene xynAl showed higher similarity with other
GH10 families of the Caulobacteraceae class of Alpha-proteobacteria.
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