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Xylanases have the potential to be used as bio-deinking and bio-bleaching
materials and their application will decrease the consumption of the chlorine-
based chemicals currently used for this purpose. However, xylanases with
specific properties could act effectively, such as having significant
thermostability and alkali resistance, etc. In this study, we found that TfXyl10A,
a xylanase from Thermobifida fusca, was greatly induced to transcript by
microcrystalline cellulose (MCC) substrate. Biochemical characterization
showed that TfXyl10A is optimally effective at temperature of 80 °C and pH of
9.0. After removing the carbohydrate-binding module (CBM) and linker regions,
the optimum temperature of TfXyllOA-CD was reduced by 10°C (to 70°C), at
which the enzyme’s temperature tolerance was also weakened. While truncating
only the CBM domain (TfXyl10AdC) had no significant effect on its
thermostability. Importantly, polysaccharide-binding experiment showed that
the auxiliary domain CBM2 could specifically bind to cellulose substrates,
which endowed xylanase TfXyl10A with the ability to degrade xylan
surrounding cellulose. These results indicated that TfXylLOA might be an
excellent candidate in bio-bleaching processes of paper industry. In addition,
the features of active-site architecture of TfXyl10A in GH10 family were further
analyzed. By mutating each residue at the -2 and -1 subsites to alanine, the
binding force and enzyme activity of mutants were observably decreased.
Interestingly, the mutant E51A, locating at the distal -3 subsite, exhibited 90%
increase in relative activity compared with wild-type (WT) enzyme TfXyl10A-CD
(the catalytic domain of TfXyll10A). This study explored the function of a
GH10 xylanase containing a CBM2 domain and the contribution of amino
acids in active-site architecture to catalytic activity. The results obtained
provide guidance for the rational design of xylanases for industrial applications
under high heat and alkali-based operating conditions, such as paper bleaching.
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Introduction

In recent years, enzymes have been widely used in the pulp
and paper industry to ensure environmentally sustainable
development, especially in the pulp bleaching process (Gupta
et al,, 2022). In the bleaching process, biological enzymes can
not only reduce the amount of chemical bleaching agent needed
to improve the whiteness of paper pulp, but also reduce the
content of ionic waste in the bleaching liquid (Kumar et al.,
2016; Gupta et al., 2022). Xylanase is a common bleaching
agent, which can open the link between cellulose and lignin by
degrading the xylan in plant fiber and facilitate the removal of
lignin (Walia et al., 2017). Xylanase can improve the bleaching
effect of pulp in elemental chlorine free bleaching (ECF) and
total chlorine free bleaching (TCF) processes, and the physical
properties of pulp can also be further improved (Rencoret et al.,
2013). Saleem et al. (2009) reported 15% decrease in chlorine
consumption, 26% increase in brightness and 16.2% reduction
with
thermostable xylanase from Bacillus Sp. XTR-10. In another

in kappa number for wood pulp pretreatment
study, the use of xylanase from Aspergillus nidulans with
optimum temperature (60°C) and pH (9.0) could reduce
lignin content of bamboo pulp, as shown by the reduced
peak intensity and the reduction in kappa number
(Khambhaty et al., 2018). One of the limitations of xylanase
application in bio-bleaching is that these enzymes should be
both thermostable and alkaline-stable (Kumar et al., 2016;
Talens-Perales et al., 2020). Previous studies have reported
the application of a xylanase (XynG1-1R) from Paenibacillus
campinasensis G1-1 (optimal activity at 60°C and pH 7.0) and
xylanase A from Bacillus halodurans C-125 (optimal activity at
70°C and pH 9.0) on bio-bleaching of pulp and paper (Zheng
et al., 2012; Lin et al.,, 2013). Thus, an increasing number of
studies are focusing on the identification and generation of
xylanases with higher thermal and alkali resistance (optimum
temperature above 60°C, optimum pH above 7.0) and that this is
a major biotechnological goal in the pulp and paper industry.

Xylanases (EC 3.2.1.8) are a group of enzymes that
hydrolyze the B-1,4 bond in the xylan backbone. According
to the CAZy database (http://www.cazy.org), xylanases are
classified within a number of glycoside hydrolase (GH)
families, with the vast majority of characterized xylanases
belonging to GH10 and GHI11 families (Lombard et al,
2013). The GH11 xylanases usually possess only a catalytic
domain (Miao et al., 2017) and may contains secondary binding
site on their surface (Ludwiczek et al., 2007). In contrast, most
GH10 xylanases contain carbohydrate binding modules
(CBMs) (Ali et al., 2005; Guillén et al., 2010). Recent studies
that CBMs apparently exhibit
specificities, such as CBM 1, 2a, 3, 5, and 10 have affinity for
crystalline cellulose, while CBM 2b, 4, 6, 13, 15, and
22 specifically bind to xylan substrates (Boraston et al., 2004;

have shown substrate

Guillén et al, 2010). The catalytic activity of xylanase was
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increased by fusing XynB from Thermotoga Maritima with
CBM2 (Kittur et al., 2003), while the addition of CBM6 and
CBM22 to xylanase Z of Clostridium thermocellum resulted in
decreased activity and facilitated activity, respectively (Khan
etal.,, 2013). Meng et al. (2015)reported that CBM was crucial to
enzymatic activity and thermostability of GH10 XynB from
Caldicellulosiruptor sp. F32 through truncation experiments. In
addition, since the active site architectures of GH10 and
GHI1 xylanases were different, substituted xylose residues
could locate at +1 and -3 subsites in GH10 family xylanases
but at the +2 subsite in GH11 family xylanases (Pell et al., 2004;
Pollet et al., 2009; Gong et al., 2016).

Thermobifida fusca, a cellulolytic bacterium, possesses
excellent physiological and biochemical characteristics, such as
thermostability, high activity and wide pH tolerance (Gomez del
Pulgar and Saadeddin, 2014). T. fusca can efficiently degrade
cellulosic biomass by secreting a variety of glycoside hydrolases,
such as cellulase, xylanase, arabinofuranosidase, mannanase, 1,3-
B-glucanase (Gomez del Pulgar and Saadeddin, 2014). Among
these enzymes, three xylanases have been discovered, namely
Xyl10A and Xyl10B of the GHI0 family and Xyll11A of the
GH11 family. A previous functional proteomic study found that
GHI1 xylanase derived from T. fusca was mainly induced by
xylan substrates, while GH10 xylanase was mainly induced by
microcrystalline cellulose (MCC) substrate (Shi et al., 2020).
Xyl10B and Xyll11A had been purified and characterized, and
the latter was shown to act more effectively on xylan, although it
was less active than Xyl10B on corn fiber (Kim et al., 2004; Zhao
et al,, 2015). In addition, three endoxylanases (Xyl10A, Xyl10B
and Xyll11A) and one xylosidase (Xyl43A) from T. fusca were
designed as an artificial cellulosome, which could effectively
hydrolyze the wheat straw substrate (Morais et al, 2011).
However, the function and characterization of Xyll0A have
not been explored in detail. The CBM domain of Xyll0A
could bind crystalline regions, helping GH10 xylanases to
hydrolyze washed corncob particles (WCCP) rather than pure
xylan (Inoue et al., 2015; Miao et al., 2017).

In the present study, we investigated the structure and
function of a multi-domain xylanase (TfXyl10A) obtained
from T. fusca, in order to exploit a candidate enzyme for
bio-bleaching process. The domain truncation experiment
was to explore the role of each domain of the enzyme.
Moreover, the abilities to hydrolyze different pretreated corn
stovers and bind to cellulose and xylan substrates were
determined to elucidate the catalytic specificity of TfXyl10A
and different truncated mutants. Structural bioinformatics
analysis and an alanine-scanning experiment of the active-
site architecture were performed to better comprehend
structural basis of catalytic activity of GH10 xylanases. This
study will contribute to understanding the function and
catalytic mechanism of a thermo-alkali xylanase, and provide
guidance for the rational design and industrial application of
enzymes belonging to the GH10 family.
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Materials and methods
Strains and cultivation conditions

Thermobifida fusca DSM43792 (Genebank accession no.
AF002264) was purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig,
Germany). A 0.5% (v/v) inoculant was used for cells growth
in Czapek’s medium at 55°C and the culture was shaken at
200 rpm for 20 h. The medium was centrifuged at x5000 g for
2 min to collect cells, followed by washing two times using sterile
water. Then, these cells were transformed into fresh Czapek’s
mediums with 1% (w/v) of xylan or microcrystalline cellulose
(MCC) as the sole induced carbon source. The cells were
harvested at different sampling time (0, 2, 6, and 12h) by
centrifuging at x5000 g for 2 min and then stored at —80°C.

Escherichia coli DH5a and BL21 (DE3) (Dingguo, Beijing,
China) were used for molecular cloning and secretory expression
of xylanases, respectively. All E. coli strains were grown in Luria-
Bertani (LB). The Blunt-E1 plasmid (Transgen, Beijing, China)
was used as the expression vector.

RNA isolation and quantitative PCR

Bacteria samples at different time points were used to extract
RNA and synthesize cDNA. Total RNA was extracted using the
TRIzol method (Rio et al., 2010). And the integrity of RNA was
confirmed by 1% (w/v) agarose gel electrophoresis. The cDNA
was synthesized using an Evo M-MLYV reverse transcription kit
(AG, China) according to the manufacturer’s protocol. The
concentration and purity of cDNA were determined by
measuring UV absorbance with the Nanophotometer * N60
(Implen, Munich, Germany). The qPCR was carried out using
power SYBR” Green Pro Taq HS (AG, China) in qTOWER’G
(Analytic Jena, Jena, Germany). The primers used to detect the
transcriptional levels of encoding genes are listed in
Supplementary Table SI. The target genes included three
xylanase genes (xyllla, AHK22788.1; xyll0a, AAZ56956.1;
xyl10b, AAZ56824.1). The gyrase gene (gyra, AAZ54047.1)
was used as an internal reference gene. The transcription of
all target genes were normalized relative to the gyra gene. Three
biological replicates and three experiment replicates were

performed for each sample.

Plasmid construction

The genes, encoding the TfXyl10A, TfXyl10AdC (catalytic
domain + linker), and TfXyll0A-CD (only catalytic domain),
were amplified from the genomic DNA of T. fusca
DSM10635 and cloned into the vector Blunt-E1 to obtain
recombinant plasmids. The gene encoding TfXyl10A-CD was
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used as the wild-type (WT) and site-directed mutagenesis was
performed using a PCR-based method (Weiner et al., 1994). A
PCR was performed (S1000 Thermal Cycler; Bio-Rad, Hercules,
CA, United States) using PrimeSTAR Max Premix (TaKaRa,
Shiga, Japan). The sequences of primers used for expression and
mutagenesis are listed in Supplementary Table S2. After digesting
with Dpnl (ABclonal Biotech, Wuhan, China) and fragment
purification, the PCR product was transformed into E. coli
DH5a using LB-ampicillin plates. Plasmid recovery was
conducted using a GV-plasmid DNA mini extraction kit
(Dingguo, Beijing, China) followed by sequencing (Tsingke,
Qingdao, China) to verify the mutations. All constructed
recombinant plasmids contained an N-terminal Hiss tag.

Protein expression and purification

The correct recombinant plasmids were further transformed
into E. coli BL21 (DE3) to produce recombinant proteins induced
by 1 mM isopropyl p-D-thiogalactopyranoside (IPTG, Sangon
Biotech, Shanghai, China) for 20 h at 20°C. E. coli BL21 (DE3)
cells were harvested by centrifugation and resuspended in
pH 8.0 NaH,PO,/NaCl buffer (50 mM NaH,PO, and 300 mM
NaCl). Ultrasonic Homogenizer (JY92-IIDN, SCIENTZ, Ningbo,
China) was used for cell fragmentation. The method was to use
20 kHz frequency, 200 W power, each crushing 30 s, 30 s interval,
repeated crushing 30 min at 4°C. After ultrasonic fragmentation,
the recombinant proteins were purified with Ni Sefinose™ 6 Fast
Flow (GE Healthcare Bio-Science AB, Uppsala, Sweden). The
samples were applied to the column by gravity flow. First, the
column was equilibrated with 10 ml pH 8.0 NaH,PO,/NaCl
buffer with 5mM imidazole. Subsequently, after the sample
has entered the resin, the column was washed with 20 ml of
washing buffer (50 mM NaH,PO, and 300 mM NaCl, 20 mM
imidazole; pH 8.0) to remove nonspecifically bound proteins.
Then, 10 ml of elution buffer (50 mM NaH,PO, and 300 mM
NaCl, 100 mM imidazole; pH 8.0) and 10 ml of elution buffer
(50 mM NaH,PO, and 300 mM NaCl, 250 mM imidazole;
pH 8.0) were used to collect target proteins. The purified
proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The protein
marker was enhanced 3-color regular range protein marker
with the segments range of 10-180 KDa (PM2510, SMOBIO
Technology, Inc.). The protein concentration was measured by
the Bradford method with bovine serum albumin as the standard

(Bradford, 1976).

Enzymatic properties assays
Xylanase activity was measured by the dinitrosalicylic (DNS)

acid method (Miller, 1959). For detection of the optimal
temperature, 0.25 uM of the purified enzymes was mixed with
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1% xylan at different temperatures ranging from 30°C to 90°C in
sodium citrate buffer (pH 7.0) for 10 min. The optimal pH of
xylanases was determined in the range of pH 3.0-11.0 (50 mM
sodium citrate buffer, pH 3.0-8.0; 50 mM Glycine-NaOH buffer,
pH 9.0-10.0; Na,HPO,-NaOH buffer, pH 11.0) using
beechwood xylan (BX) 10 min at 80°C.
Thermostability of xylanases was measured by evaluating the

substrate for

residual activity (Han et al., 2020) at the optimum pH 9.0 after
preincubating for 60 min at different temperatures ranging
from 30°C to 90°C. In addition, xylanases were preincubated
at 80°C for different time intervals (0, 5, 15, 30, and 60 min) and
the residual activities were also determined under the optimum
reaction conditions (80°C and pH 9.0). And we detected
pH stability of xylanases by assessing the residual activity
under the optimum reaction conditions (80°C and pH 9.0)
after incubation at pH 9.0 for 0, 5, 15, 30 and 60 min. After
enzyme and substrate mixed reaction, 80 uL of DNS solution
was added and then the solution was boiled for 10 min
immediately to terminate the reaction. After adding 820 pL
deionized water, the absorbance was detected at a wavelength of
550 nm by
Instruments, Ltd., Shanghai, China). One unit of xylanase

an ultraviolet spectrophotometer (Puyuan
activity (U) was defined as the amount of enzyme (mg) that
released 1 pumol of xylose per minute under the optimal assay

conditions.

Hydrolysis of pretreated corn stover

Corn stover was collected from Dezhou, Shandong
Province, China. The PCS was prepared as previously
reported with a slight modification (Wang et al., 2019). The
cleaned corn stover was crushed by a knife mill and
subsequently passed through a 30-mesh sieve. The collected
corn stover was incubated with 15% of aqueous ammonia
solution for 12h at 60°C and washed with deionized water
until its pH was neutral. After being oven-dried at 80°C to
obtain a constant weight, the solids were used as the substrate
named “PCS-1”. The solids were further degraded by TfXyl11A
to remove long-chain xylan backbone and the resulting
substrate with less xylan residue was named “PCS-2”.

Then, 0.5 uM of TfXyl10A, TfXyl10AdC or TfXyl10A-CD
was mixed with each substrate. After incubation at 80°C for
different time periods, the reducing sugar released from each
substrate was detected by the DNS method. Three replicates were
performed for each sample.

Measurement of the polysaccharide-
binding capacity

Polysaccharide-binding experiments were carried out to
clarify the binding characteristics of the CBM2 domain in
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TfXyl10A. Two different natural polysaccharides, corncob
xylan and MCC, were dissolved in pH 7.0 Na,HPO,-citric
acid buffer, and were centrifuged at x14,000 g for 5 min; then
the supernatant was discarded. Insoluble solid substrates were
collected after five washes. TfXyl10A, TfXyl10AdC or TfXyl10A-
CD (400 uL 1 uM) were incubated with each substrate (0.02 g) at
4°C for 1h. Then the supernatants collected
after x14,000 g centrifugation for 10 min at 4°C. The residual
enzyme activity in the supernatants was measured using BX as a

were

substrate.

Enzyme kinetics

Kinetic analysis of the catalytic reactions were performed
under standard conditions using purified enzymes (100 uL) and
various concentrations of BX substrates (0.2-10%, 500 uL) for
5min at 80°C, then 400 uL DNS solution was added to
the The
nonlinearly fitted based on the Michaelis-Menten equation

terminate reaction. kinetic parameters were
using Prism 5.0 software (GraphPad, San Diego, CA,

United States) (Motulsky, 2007).

Structural bioinformatic analysis

The sequence and structure information of GH10 xylanases
were obtained from the National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/), Uniprot
(http://www.uniprot.org/), Protein Data Bank (PDB, http://
www.rcsb.org/), and Carbohydrate-Active enzyme (CAZy,
http://www.cazy.org/Glycoside-Hydrolases.html). Swiss-model
(http://beta.swissmodel.expasy.org/) was used to model the 3-
D structure of TfXyl10A catalytic domain with the template of
CfXynl0A (PDB 3CUJ). The xylanase CfXynl0A (PDB 3CUJ)
were used to find the amino acid residues in the active-site
architecture of GHI10 xylanases. The conservation of the
sequence profile was tested by the ConSurf Sever (Haim et al,,
2016).

Results

Transcription of the TfXyl10A encoding
gene induced by microcrystalline
cellulose

The genome of T. fusca DSM10635 contains three xylanase
genes encoding one GH11 xylanase named TfXyl11A, and two
GH10 xylanases named TfXyll0A and TfXyl10B. The
transcription levels of the three xylanase genes were
determined by qPCR with BX or MCC as the sole carbon
source. As shown in Figure 1, both genes encoding TfXyl11A
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BX

MCC

TiXyI11A

TEXyI10A

TfXyl10B

FIGURE 1

Transcript levels of genes encoding xylanases in T. fusca
DSM10635 induced by beechwood xylan (BX) and microcrystalline
cellulose (MCQC) at different incubation times (0, 2, 6, and 12 h).
Transcripts of all target genes were normalized relative to the

gyra gene.

10.3389/fbioe.2022.939550

and TfXyll0A could be induced by BX substrate. Gene
encoding TfXyll1A the highest level of
transcription on BX at 6 h. While the amount of TfXyl10A
transcription increased slightly at 2 h, and then appeared to

showed

decrease. However, the transcription level of the gene
encoding TfXyl10A was lower overall than that of the gene
encoding TfXyl11A. This might indicate that BX is not the best
substrate for inducing to express TfXyl10A. Interestingly, the
gene encoding TfXyl10A also had high transcription levels
under MCC induction, with the transcription levels at 12 h
being the highest (Figure 1). In addition, the gene encoding
TfXyl10B was not expressed under either BX or MCC
induction, suggesting that it might be a redundant xylanase
gene. These results were consistent with previous proteome
studies that identified two major xylanases TfXyl11A and
TfXyl10A (Shi et al., 2020).
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FIGURE 2

Schematic structures and biochemical characterization of TAXyl10A, TfXyl10AdC, and TfXylLOA-CD. (A) Schematic structural domain of TfXyl10A

and the domain deletion mutants (TfXyllLOAdC and TfXyl10A-CD). (B) SDS-PAGE of TfXyl10A, TfXyl10AdC, and TfXyl10A-CD. (C) Determination of
optimum temperatures for the three xylanases. (D) Determination of optimum pH for the three xylanases. (E) Measurement of thermostability
through the evaluation of the residual activity after the enzymes were preincubated for 60 min at different temperatures. (F) Kinetics of thermal
inactivation of xylanases at 80°C under different time points. The activity of the unheated sample was set to 100%. The bars indicate the standard

errors.
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o]
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O
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Enzyme activities and substrate binding capacities of TfXyl10A and the truncation mutants (TfXyl10AdC and TfXyl10A-CD). (A) Specific activity
(U/mg) of TfXylLOA, TfXyl10AdC, and TfXyl10A-CD on beechwood xylan (BX). (B) Relative activity (%) of TfXyl10A, TfXyl10AdC, and TfXyl10A-CD on
pretreated corn stover (PCS-1: pretreatment by 15% aqueous ammonia solution; PCS-2: pretreatment by 15% aqueous ammonia solution and
hydrolysis of TfXyl11A). Enzymatic activity of TfXyllOA was defined as 100%. (C) Residual enzyme activities of the supernatants of TfXyl10A,
TfXylLOAdC, and TfXyl10A-CD after binding with insoluble solid xylan substrate at 4°C for 1 h. (D) Residual enzyme activities of the supernatants of
TEXylLOA, TfXyl10AdC, and TfXyl1OA-CD after binding with microcrystalline cellulose (MCC) at 4°C for 1 h. The Enzymatic activities of three untreated
enzymes was defined as 100%. The bars indicate the standard errors. Three biologically independent replicates were used to calculate means

and standard deviations. p-values were calculated using Prism by performing one-way ANOVA, with a statistical significance level defined as

# (p < 0.05),#x (p < 0.01),#++ (p < 0.001), and **** (p < 0.0001). Sequence alignment and structural analysis of TfXyl10A-CD.

Heterologous expression and enzymatic
characterization of TfXyl10A and the
truncation mutants (TfXyl10AdC and
TfXyl10A-CD)

According to the descriptions in the uniprot database, the
complete TfXyll10A contained a total of 491 amino acids,
including a signal peptide (1-38 amino acids), catalytic
domain (CD, 39-352 amino acids) and CBM2 domain
(384-491 amino acids). The full-length TfXyl10A xylanase
and truncation mutants (TfXyllI0AdC and TfXyl10A-CD)
were constructed (Figure 2A) and heterologously expressed
using the E. coli expression system. The purified proteins were
examined by SDS-PAGE (Figure 2B). The effects of temperature
and pH on enzymatic activity were evaluated using BX as the
substrate. As shown in Figure 2C, the optimum temperature of
the xylanases TfXyl10A and TfXyl10AdC was 80°C and more
than 80% of the activities were retained at 90°C, while the
optimum temperature of TfXyl10A-CD was 10°C lower than
that of TfXyl10A and TfXyll0AdC. The thermostability assay
showed that TfXyl10A and TfXyl10AdC preserved more than
88% of the enzyme activity when preincubated at 30-70°C for
60 min, while TfXyl10A-CD preserved only 57% at 70°C
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(Figure 2E). In addition, TfXyl10A-CD incubated at 80°C for
5 min and the enzyme activity was significantly reduced to 38%
of the original level (Figure 2F). These results indicated that the
linker region is important to maintain the stability of the enzyme
structure at high temperatures, but not the CBM domain. The
maximum activity of TfXyl10A, TfXyl10AdC and TfXyl10A-CD
occurred at pH 9.0 (Figure 2D), with 84% of the relative activity
retention under of 9.0 for 60 min incubation (Supplementary
Figure S1). These results suggested that TfXyll0A is a
thermostable and alkaline xylanase, which could be an
excellent candidate in industrial applications.

Binding and degradation capacities of
TfXyl10A and truncated mutants on xylan
and cellulose

The specific activity of the recombination enzyme TfXyl10A
was 368.86 + 28.85 U/mg on BX. TfXyll0AdC had a higher
degradation ability than TfXyll0A on BX, while the enzyme
activity of the mutant TfXyl10A-CD was the lowest (Figure 3A).
This was consistent with previous reports of GHI10 xylanases
from Aspergillus fumigatus Z5, that is, Xynl0AdC, a CBMI-
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removing mutant, has been reported to have a higher ability to
degrade xylan than XynlOA (Miao et al, 2017). In the
degradation of xylan, the linker of TfXyll0A was essential for
enzyme activity. In addition, the three enzymes showed no
significant activities against MCC (data not shown). The
enzyme activities of TfXyl10A, TfXyl10AdC, and TfXyl10A-
CD were measured using different pretreated corn stover
(PCS) samples as substrates (Figure 3B). PCS-1, in which
lignin was effectively removed by aqueous ammonia treating
(Yoo et al., 2015), mainly contained cellulose and hemicellulose
components. PCS-2 was PCS-1 dried sample treated with
adequate enzymatic hydrolysis of GHI11 family xylanase
TfXyll1A. PCS-2, in which a large amount of long-chain
xylan backbone was effectively degraded (Gong et al., 2016),
contained cellulose and xylan residues attached to cellulose
surface. The relative activities of TfXyll0A and TfXyl10AdC
were similar, and the relative enzyme activity of TfXyl10A-CD
was only 50% of the former on PCS-1. This suggested that
deletion of both the CBM and linker region severely affects
enzyme activity when xylan substrates are abundant,
compared with deletion of the CBM domain alone. However,
the relative enzyme activity of TfXyl10AdC and TfXyl10A-CD
was significantly lower than that of TfXyl10A, when PCS-2 was
used as a substrate. These results indicated that TfXyl10A could
effectively degrade the xylan residues attached to the surface of
straw, and CBM2 played an important role. The specific activities
of TfXyll0A, TfXyll0AdC and TfXyll0A-CD are shown in
Supplementary Table S3.

The substrate affinities of the three enzymes were
determined through residual activities analysis after binding.
As shown in Figure 3C, after binding with insoluble xylan, the
relative residual activity of TfXyl10A and TfXyl10A-CD on BX
decreased by 21.69% and 27.60% compared with their initial
enzyme activity and that of TfXyl10AdC was almost unchanged,
which indicated that compared with TfXyl10AdC, TfXyl10A
and TfXyl10A-CD were more tightly bound to insoluble xylan.
However, the binding capabilities to MCC were completely
different (Figure 3D). TfXyl10A supernatant showed the lowest
relative residual activity with losing all enzyme activity on BX,
compared with TfXyl10AdC and TfXyl10A-CD. The relative
residual activity of supernatants of TfXyl10AdC and TfXyl10A-
CD on BX retained 59.34% and 69.48% of their initial enzyme
activity, respectively. TfXyl10A containing the CBM2 domain
could efficiently bind MCC, indicating that the CBM2 domain
played an important role in terms of protein binding to the
cellulose substrate. The residual activities of supernatant of
TfXyl10A, TfXyl10AdC, and TfXyl10A-CD after binding with
insoluble xylan and MCC are shown in Supplementary
Table S4.

To better comprehend structural basis of TfXyl10A-CD
enzymatic activity, we built a 3-D homology model of the
enzyme. CfXynlOA-CD xylanase from Cellulomonas fimi
ATCC 484 (PDB: 3CUJ) was used as a structural template.
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The sequence alignment of the two proteins is given in
Figure 4A, showing a sequence similarity of 54.69%. The
conserved regions of the sequences made use of a color code.
This conservation was directly reflected in the similarities of their
tertiary structures. The two enzymes had a typical TIM a/p-
barrel fold with a root-mean-square deviation (RMSD) of 0.549.
(Figure 4B). CfXynl0A-CD with a sulfur substituted beta-1,4-
xylopentaose was also used for a detailed structural analysis of the
TfXyl10A-CD active site. TfXyll0A-CD showed a fit with
-2, =1, 41 and
+2 subsites were highlighted (Figure 4C). The sequence profile

xylopentaose in its active site and the -3,

of the active-site architecture of the GH10 family is shown in
Figure 4D, with five and seven amino acid residues centered at
the —2 and -1 subsites, respectively. Most of them were
conserved across the GHI10 family xylanases. There was a
total of only four residues located at the subsites -3, +1, and
+2. The consurf scores of 51E at —3 subsite was the lowest, “5”.
The interaction network between the amino acids of the
TfXyl10A-CD active site and xyloheptaose was described in
Figure 5A. To study the role of active-site residues in the
binding of xylopentaose, we mutated the residues in the
active site to alanine, and the relative activities of the
mutants against BX were determined (Figure 5B). The
residues Asn-46, Trp-276, His-208, His-82, Trp-86, Glu-131,
and Glu-236 were involved in the hydrogen bonding with xylose
at subsites -2, —1, and CS, and Trp-284 and Tyr-174 interacted
with xylose at subsites —1 and +1 by hydrophobic stacking. This
was critical for xylan hydrolysis because the alanine mutants of
these residues retained only 10-20% of their activity. The results
collectively indicated that the interaction for xyloses at
the -2, —1, and +1 subsites were extremely important for
xylan catalysis. Only Tyr-174 formed a CH-n hydrophobic
interaction with the xylose ring at the +1 subsite, and the
02 and O3 positions of xylose could connect substituents
(Figure 5A). The residues GIn-89, Lys-49, and Glu-45 at
the -2 subsite and GIn-206, Asn-130 and Asn-172 at
the —1 subsite formed a hydrogen bond with xylose, whose
mutation to alanine led to approximately half-residual
activities. Manipulating the residue Asn-175 at the +2 subsite
to alanine also had a slight influence on the enzyme activity of
TfXyl10A-CD. These results indicated that the interactions with
a moderate importance in xylan hydrolysis could be at the
subsite distal from the cleavage site. Surprisingly, the relative
activity of mutant E51A at the -3 subsite was improved by 90%
compared with that of the WT (Figure 5B). The specific
activities of WT (TfXyll0A-CD) and its variants are shown
in Supplementary Table S5. A structural analysis showed that
Glu-51 might form an electrostatic interaction with xylose at
the -3 subsite, but the interaction force of alanine disappeared
after mutation (Supplementary Figure S2). This analysis was
consistent with an increase in the kinetic constant k.,
suggesting that the mutant E51A might enhance the product
releasing ability to improve the enzymatic activity (Table 1).

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.939550

Wu et al.

al Bl nt o 52 a3
CfXyn10A-cD E— -8 0000000000 —> 2000 T
1 10 20 30 a0 * “s0
CfXyn10a-cD . ATERIKEARDG . AERpEErRTD pNREA . FEECF < ARRDSEFN L Vv AR AR A TERS|o NfS
TEXy110A-CD  AE[SESARILINA O N GISAHEE TIN T2 v|s|p AN DEXSRY R INESNA(TOfS 2 1/T HERYEIPRUE S LEBOR G|
consensus>70 ...TL.E.A....GR.FG.A.....L.SHAQY..IA.. #F..!..EN.MKW§..EP....
a4 B3 s a6
CfXyn10A-cD —— 0000 0000000000000000000
60 70 80 * 90 100 * 110
CfXynl0A-CD  F SE|GAGRR[V AGHTvaﬂsQLPW 4.LAFEVVTKD
T£Xyl10A-CD YNWSQAPIN|[T LOANNIRINGH T LVWH S O L PEIWIININ (e} 351 G S (0B A S BMIAN HESiY v A &394
consensus>70 %..... D.Y1..SA........ GHTLVWHSQLP.W..N....GS...S.M.NH!..VA..%
i o7 ag Bs
C£Xyn10A-cD —_— TT 000000000000
120 130 140 150 160 170
CfXyn10A-CD svwnvvm:nr G snusnﬁn;ammnyusc
T£Xyl10A-CD R[EDNYY ALPNASFIYN|ED[ET WG Y TERIA F RISABIIND PIMAK LM IND Y NME Gf
consensus>70 G.V..WDVVNEAF . #.G. G..YI. AFR.A.. . DP._AKL.INDYN'EG
eomioaccs a9 B6 B e al0 B8
C£Xyn10A-Cl 2000000000000000 —_— — 200000000 . .
180 190 200 2190 220 230 Nonreducing end Reducing end
C£Xyn10A-CD INAKSNEILYNLVE GVPGQSHLIVGQVPFQNQRFADLGDVITELD 3 2 1 cs 1 2
PRSI T N Ak s NEL v L vl IR v e Bl GO s L T v o ve B[O NMORFAD LGMD VAT TELD) - - E + +.
consensus>70 INAKSN.LY#LV.D....GVP...!G.QSHLIVGQVP..F.QN.QRFADLG.DV.ITELD
1 5 4
E=1
©
all B9 al2 B10 23
CfXynl0A-CD === £000000000000000000 TT=————b 2000 =
240 250 260 270 280 250 2
C£Xynl0A-CD TRMESYP & KLHQADYVVACVTRCGTVHGI L${sWVPBMFPGEGALLET] < 2
T£Xy1l10A-CD T RM[e}UIP FAD (6RYK L(618]0 AJD Y)FAV VIIA CHE\V TR CIGHMT VWG IBID|AIS WV P FSNF P GE G AlZ L 1N o
consensus>70 IRM..P.D..KL..QA.DY..VVHAC$.VTRC.GITVWGI.D..SWVP. .FPGEGA.L.. :
2 2
21
K]
al3 =
C£Xyn10A-CD TT 200000000 [ = An —
300 310 * x 0 =
C£Xyn10A-CD yxnav FGAS ~ O Nt O L O XX AN KR
T£Xy110A-CD EGNRWYY TIXYNMOA-CD (N7 @7 @ O q’.\b 8 ,@Q q?‘b ¥ .@P ,:\q’ € q‘)b‘ .:b\ :{?b p{\bk ,\".f’ ,(\(’
consensus>7 D..Y..KPA..AV.EA....
Consurffscore 5 9 9 9 9 8 9 9 9 9 9 9 9 9 9 8 7 8

FIGURE 4

Structural analysis of TfXyl10A-CD. (A) Alignment of the GH10 domain of TfXyl10A with the protein used as a template for homology building
(CfXyn10A, PDB: 3CUJ). The highlighted amino acids are identical or similar, and they are colored according to their physicochemical proprieties.
Strictly conserved residues are highlighted by a red background, and conservatively substituted residues are boxed. The secondary structure of
CfXyn10A is shown above the aligned sequences. (B) Superposition of the two proteins with the active cleft facing forward. CfXyn10A is shown

in paleyellow, TfXyl10A-CD is shown in lightpink. (C) Surface representation of TfXylLOA-CD showing the fit of the xylopentaose in its active cleft and
highlighting the -3, -2, -1, +1 and +2 subsites. (D) Sequence profile of the active site architecture of the GH10 family. The size of the letter and the
consurf scores indicate the conservation degree of amino acids in each subsite. CS stands for cleavage site. Contributions of amino acid residues in
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the active site of TfXyl10A-CD.

Discussion

In this study, we found that one xylanase TfXyl10A in T. fusca
could be induced by the cellulose substrate MCC, while the other
two xylanases (TfXyll1A and TfXyl10B) were not (Figure 1).
Previous studies have shown that cellobiose could induce the
expression of cellulases, cellulose-binding proteins, and a
xylanase TfXyll10A (Chen and Wilson, 2007). Deng and Fong
(2010) measured the cellulase-related gene expression in WT and
celR-disrupted T. fusca and found that there were no detectable
mRNA transcripts of TfXyl10A in any of the samples of the celR
deletion strain, confirming that CelR may activate transcription of
this gene. The biochemical experiments showed that TfXyl10A
containing the CBM2 domain could efficiently hydrolyze PCS-2
(Figure 3B) and bind to the MCC substrate (Figures 3C,D),
indicating that this CBM had an important role in terms of
protein binding to the cellulose substrate. The CBM1 is known
to specifically bind to insoluble and highly crystalline cellulose
and/or chitin (Gilbert et al., 2013). In a previous study, we also
identified a GHI0 family xylanase with CBM1 (GOSBF1), which
was co-expressed with most cellulolytic enzymes in temporal
secretomes and a transcriptional analysis of Chaetomium
thermophilum (Li et al., 2020). CBMs can potentiate the action
of a cognate catalytic module toward polysaccharides in intact cell
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walls through the recognition of nonsubstrate polysaccharides,
which explains why cellulose-directed CBMs are appended to
many noncellulases (Herve et al,, 2010; Inoue et al., 2015; Miao
et al, 2017). TfXyll0A with CBM2 might be responsible for
removing the residual xylan attached to cellulose, thus clearing
the way for cellulase action.

Xylanase application in biobleaching could remove the xylan
cross-linking layer within pulp fibers, but require alkaline cooking
at high temperature (Kumar et al., 2016; Talens-Perales et al.,
2020). Thermostable and alkali-tolerant enzymes can also be
advantageous for other industrial productions because the
reactions can be performed at an elevated temperature and the
structure of the enzymes is stabilized in these extreme conditions
(Kumar et al.,, 2016; Mhiri et al., 2020; Zarafeta et al., 2020). T.
fusca is a thermophilic actinobacterium that grows at 50-55°C and
lives in a wide pH range from 4.0 to 10.0 (Lykidis et al., 2007). The
optimal temperature of TfXyl10A is 80°C (Figure 2C) and the
optimal pH of TfXyll0A is 9.0 (Figure 2D). The optimal
temperature was higher than that of most fungal xylanases
(40°C-70°C) (Polizeli et al., 2005). Of course, there are many
natural xylanases with superior properties to TfXyll0A. For
example, a thermophilic GH10 xylanase XynAF1 from the
high-temperature

composting strain  Aspergillus  fumigatus

Z5 has optimal reaction temperature of 90°C and the
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FIGURE 5

Schematic illustration of the interactions and enzymatic
activities of the key residues in the active site of TfXyl10A-CD.
(A) Schematic representation of the hydrogen bonding and
hydrophobic stacking interactions in the binding cleft of
TfXyl10A-CD with xylopentaose. Amino acids within a range of
5 A of the ligand were selected to construct the active site
architecture of enzyme. When the distance is less than 5 A, the
hydrogen bonding and hydrophobic stacking interactions
might be formed between enzyme and ligand. Based on the
structure display in Pymol, the schematic of the interactions
was made. The two catalytic residues (131E and 236E) are
highlighted in red. (B) Contributions of amino acid residues in the
binding cleft to the catalysis of xylan. The release of reducing
sugars in the reaction mixture was measured using the DNS
method. The enzymatic activity of WT (TfXyll0A-CD) was set to
100%. The bars indicate the standard errors. p-values were
calculated using Prism by performing one-way ANOVA, with a
statistical significance level definded as * (p < 0.05), ** (p < 0.01),
##% (0 < 0.001), and **** (p < 0.0001).

TABLE 1 Kinetic parameters of WT and the mutant E51A on BX.

Enzyme K., (mg/ml) kot (1/s) Keat/ Kin

(mL* s7' *mg™)
WT 429 + 0.39 169 + 2 39.58 + 3.22
E51A 16.35 + 0.86** 581 + 114+ 3558 + 1.20™

P-values were calculated using Prism by performing one-way ANOVA, with a statistical
significance level defined as ns (p > 0.05), *(p < 0.05), ““(p < 0.01), ““(p < 0.001), and
e (p < 0.0001).

thermostability of its mutant XynAF1-AC was increased by 6-fold
through semi-rational design (Li et al, 2021). Xynll from
Pseudothermotoga thermarum showed an excellent activity at
90°C and pH 10.5, and the fusion of CBM2 to Xynll enhanced
the enzymatic activity under extreme conditions (Talens-Perales
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etal, 2021). Therefore, the catalytic efficiency and thermostability
of TfXyl10A could be further improved by protein engineering.
However, in this study, we found that the removal of CBM2 did
not affect the optimal temperature and pH of the enzyme (Figures
2C,D), but it slightly increased the enzyme activity (Figure 3A).
The removal of the linker had a great influence on both enzyme
activity and thermal stability (Figures 2C, 3A). The linker region
contains 9 Pro and 8 polar amino acids (2 Asp + 3 Glu + 2 Ser +
1 Thr), more than half of the total number of amino acids, which
play an important role in structural stability (Talens-Perales et al.,
2021). The deletion of the linker region may allow to deconstruct
more easily the catalytic domain from the C-terminal under
elevated temperatures. Previous studies have indicated that the
linker length and flexibility play an important role in the activities
of some cellulases, such as BsCel5A from Bacillus subtilis (Ruiz
et al., 2016) and PoCel6A from Penicillium oxalicum (Gao et al.,
2015). The linker region promotes enzyme activity and binding
efficiency of LPMO towards polymeric substrate (Srivastava et al.,
2022). In addition, Sonan et al. (2007) have reported that the linker
region plays a key role in the cold adaptation of the a cellulase from
an Antarctic bacterium.

Previous studies have compared the ligand-binding promiscuity
and specificity of the main GH families by analyzing the active-site
architecture (Liu et al,, 2015; Tian et al, 2016). The active-site
architecture analysis of the GH10 family revealed that 14 of
18 residues were well-conserved (consurf scores were “9”) across
the active cleft (Figure 4D), which might be the most important for
xylan degradation. Except for catalytic residues, conserved amino
acids are mainly concentrated at the —2 and -1 subsites (Figure 4D).
network that the
subsites —2 and -1 may provide main hydrogen-bonding for

Interaction analysis showed
GHI0 xylanases (Figure 5A). It was not surprising that most of
the mutants had an impaired activity because the substrate-binding
residues are relatively conserved and are important for enzyme
functions. The amino acid residues located in the substrate active-
site architecture of glycoside hydrolases, especially polar amino
acids, and aromatic residues, played important roles in substrate
recognition, catalysis, and products release (Chu et al., 2017; Yang
and Han, 2018). Moreover, only one aromatic amino acid, Tyr,
acted with xylose residues at the +1 subsite, which may be the
structural basis for accommodating substituted xylose residues in
this subsite, consistent with the previous analysis of the crystalline
structure of GH10 xylanase (Pell et al., 2004). In another study,
MeGIlcA®Xyl; was the shortest side-chain hydrolysates for
GH10 family xylanases, which also indicated the ability of
+1 and -3 subsites on the xylanases to accommodate substituted
xylose residues (Gong et al., 2016). Surprisingly, the relative activity
of the mutant E51A at the —3 subsite was about 90% higher than
that of the WT (Figure 5B). Although the catalytic efficiency (k./
Ki) of E5IA was slightly lower than WT, the mutation of Glu
reduced the binding force between enzyme and substrate. The
enhancement of enzyme activity may be caused by the increase
of product release rate. This was consistent with the results of
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previous studies that manipulated the residues interacting with
substrates in the distal regions could improve the activities of
xylanases from GHI11 families (Wu et al., 2018; Wu et al., 2020).
To study the molecular mechanism underlying the catalytic
promiscuity of CbXynl0C, Chu et al. (2017) found that Glu-
52 at the -3 subsite had an important effect on enzyme activity,
and mutation into many residues resulted in nearly doubled activity
on cellulose with no significant change in xylanase activity.

To conclude, this study explored the function and molecular
basis of a GH10 xylanase TfXyl10A, which was induced by a
cellulose substrate. TfXyll0A is a thermostable and alkali-
tolerant xylanase. TfXyl10A had a strong removal ability for
substituted xylan residues attached to inner cellulose layers, and
CBM2 could help TfXyl10A to bind to cellulose. These results
suggested that TfXyll10A with CBM2 domain presented more
advantages for industrial applications compared to the other
enzymes. In addition, active-site architecture analysis and
mutation experiments showed that the most important
residues were centered on the -2 and —1 subsites near the
cleavage site, whereas residues with moderate roles could be
located at more distal regions of the binding cleft. Manipulating
the amino acid residue at the distal —3 subsite of the active-site
architecture of GH10 enzymes could improve their enzymatic
activities. The results of this study not only identified an excellent
candidate for bio-bleaching, but also provided guidance for the
rational design and industrial application of xylanases belonging
to the GH10 family. Further studies are required to create novel
xylanases with higher thermal and alkali resistance and develop
lignocellulosic hydrolysis methods to improve the efficiency of
the catalytic process and increase techno-economic feasibility.
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