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ABSTRACT
Bacillus thuringiensis, known to be one of the most important biocontrol microorgan-
isms, contains three AA10 family lytic polysaccharide monooxygenases (LPMOs) in
its genome. In previous reports, two of them, BtLPMO10A and BtLPMO10B, have
been preliminarily characterized. However, some important biochemical features and
substrate preference, as well as their potential applications in chitin degradation, still de-
serve further investigation. Results from present study showed that both BtLPMO10A
andBtLPMO10B exhibit similar catalytic domains aswell as highly conserved substrate-
binding planes. However, unlikeBtLPMO10A, which has comparable binding ability to
both crystalline and amorphous form of chitins, BtLPMO10B exhibited much stronger
binding ability to colloidal chitin, which mainly attribute to its carbohydrate-binding
module-5 (CBM5). Interestingly, the relative high binding ability of BtLPMO10B to
colloidal chitin does not lead to high catalytic activity of the enzyme. In contrast, the
enzyme exhibited higher activity on β-chitin. Further experiments showed that the
binding of BtLPMO10B to colloidal chitin was mainly non-productive, indicating a
complicated role for CBM5 in LPMO activity. Furthermore, synergistic experiments
demonstrated that both LPMOs boosted the activity of the chitinase, and the higher
efficiency of BtLPMO10A can be overridden by BtLPMO10B.
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INTRODUCTION
Chitin can be considered as the second most abundant biopolymer on Earth. It consists
of β-1,4-linked N-acetylglucosamine and is widely distributed in the exoskeleton of
crustaceans and in the cell walls of insects and fungi (Tharanathan & Kittur, 2003). Chitin
can be classified into α (anti-parallel chains) and β (parallel chains) crystalline forms.
Chitin is responsible for providing important characteristics such as rigidity and strength
to the cell wall, and it also adds to the defense of the cell against pathogens and various
predators (Beckerman et al., 2013; Bowman & Free, 2006; Brunner et al., 2009; Vincent &
Wegst, 2004). Thus, the destruction of the crystalline structure of chitin in insects or fungi
with the application of chitin-degrading microorganisms has been thought to be a broad-
spectrum biocontrol strategy in agriculture (Le & Yang, 2019). Besides, the conversion
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of chitin waste, such as shrimp and crab shells, into chitooligosaccharides contributes to
increased nutritional benefits in the food industry (Le & Yang, 2019).

In nature, chitin-degrading organisms have evolved a series of enzymes that are involved
in the synergetic depolymerization of chitin, including glycoside hydrolases (GHs) and lytic
polysaccharide monooxygenases (LPMOs) (Vaaje-Kolstad et al., 2013; Vaaje-Kolstad et al.,
2010). GHs typically have their activity targeted on the amorphous region (non-processive
enzymes) or the end of the chitin chains (processive enzymes) and cleave the glycosidic bond
using a hydrolytic mechanism (Vaaje-Kolstad et al., 2013). On the other hand, LPMOs are
recently discovered as copper-dependent metallo-enzymes which can oxidatively destroy
the crystalline region of the recalcitrant polysaccharides and are also responsible for
boosting the efficiency of GHs (Merino & Cherry, 2007; Vaaje-Kolstad et al., 2010). Due
to their promising application in biomass bioconversion and biorefinery, LPMOs have
been given special attention (Johansen Katja, 2016;Martínez et al., 2017;Monclaro & Filho,
2017). In addition, some researchers have proposed that LPMOs may also be associated
with the virulence of the pathogens (Agostoni, Hangasky & Marletta, 2017; Paspaliari et al.,
2015; Sabbadin et al., 2021;Wong et al., 2012).

Bacillus thuringiensis is one of the most important biocontrol microorganisms, which
has been used in agriculture as a biopesticide for a long time to control various invertebrate
species (Melo, Soccol & Soccol, 2014). Besides the cytotoxicity of organic insecticides,
B. thuringiensis secretes diverse chitin-degrading enzymes, including LPMOs, which could
affect insect growth, and ultimately lead to death of insects (Veliz, Martínez-Hidalgo &
Hirsch, 2017; Kramer & Muthukrishnan, 1997; Melo, Soccol & Soccol, 2014). In the genome
of B. thuringiensis, three AA10 family LPMOs encoding genes can be discovered, among
which two had already been characterized (Manjeet et al., 2019; Zhang et al., 2015).
BtLPMO10A is a single-modular LPMO which acts on both crystalline chitin (α- and
β-chitin) and colloidal chitin, and generates products with different patterns (Zhang
et al., 2015). In contrast, BtLPMO10B (reported by Manjeet et al. (2019) and denoted
as BtLPMO10A-FL) is a multi-modular LPMO and the roles of individual domains in
substrate (crystalline chitin) binding have been characterized. However, biochemical
features such as the effect of substrate binding on H2O2 generation, as well as their
synergistic activity with chitinase in chitin degradation still worth further investigation.
In this study, the biochemical features and substrate preference of BtLPMO10A and
BtLPMO10B were compared with the aim of identifying and understanding their functions
in chitin degradation. The obtained results showed the significantly different substrate
preferences of the two enzymes although they shared highly conserved substrate binding
surfaces in their catalytic domain. The C-terminal domains of BtLPMO10B do enhance
the substrate binding ability of the enzyme, especially on colloidal chitin, whereas it has
little effect on the activity of BtLPMO10B. Synergetic assays indicated that the efficiency
of chitinase can be significantly improved by both the BtLPMO10A and the BtLPMO10B,
whereas the higher effect of the BtLPMO10A can be attenuated by BtLPMO10B.
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MATERIAL AND METHODS
Sequence and structure analysis
The sequences of BtLPMO10A (GenBank ID: AJP62637) and BtLPMO10B (GenBank
ID: ALP73598) can be accessed in the Genbank database and the crystal structure of
BtLPMO10A was obtained from the Protein Data Bank database with accession code
5WSZ (Zhang et al., 2020). The three-dimensional structure of the catalytic domain of
BtLPMO10B (BtLPMO10B-CD) was generated by homology modeling using Modeller
9.19 (Webb & Sali, 2016) with the crystal structure of BaLPMO10A from Bacillus
amyloliquefaciens (PDB ID: 2YOX) (Hemsworth et al., 2013) as the template since they share
the highest sequence identity (66%) (Zhang & Madden, 1997). After been further validated
by DOPE score, a structure-based sequence alignment of BtLPMO10A and BtLPMO10B
was conducted using Mega 7.0 (Kumar, Stecher & Tamura, 2016) and ESPript 3.0 (Robert
& Gouet, 2014).

Cloning of BtLPMO10B and its catalytic domain BtLPMO10B-CD
We produced three recombinant LPMOs from B. thuringiensis kurstaki ACCC10066
in E. coli BL21 (DE3), including the previously reported BtLPMO10A which stored
in the lab. The gene encoding BtLPMO10B was amplified from the genomic
DNA of B. thuringiensis kurstaki ACCC10066 using a forward primer F1: 5′-
GGAATTCCATATGCACGGTTTTGTTGAAAAGCCCGGTA-3′ encoding a restriction site
forNdeI and a reverse primerR1: 5′-CCGCTCGAGCACTGTTTTCCATAATGATAATGCA-
3′ with a restriction site for XhoI. The amplified gene was then subcloned into the pET23b
vector through double digestion with the two restriction enzymes. The catalytic domain
of BtLPMO10B (BtLPMO10B-CD) was synthesized and cloned into the same vector by
the Taihe Biotechnology Co., Ltd (Beijing, China). After verification by sequencing, three
recombinant plasmids were transformed into Escherichia coli BL21 (DE3) competent cells,
respectively, for protein expression.

Protein expression and purification
The recombinant E. coli BL21 (DE3) cells were cultivated in 1 L Luria-Bertani (LB)medium
at 37 ◦C with constant shaking at the speed of 180 rpm. When the OD600 of the culture
reached 0.6, a final concentration of 0.05mM IPTG and 0.2mMCuSO4 were added and the
cultivation was continued for an additional 4 h at 30 ◦C. Afterword, the cells were harvest
by centrifugation at 4 ◦C for 10 min with the speed of 8,000 × g, and then resuspended
in 100 mL of hypertonic solution containing 100 mM Tris–HCl pH 8.0, 20% sucrose and
0.5 mM EDTA. This step was performed two times. Finally, the precipitated cells obtained
by centrifugation were resuspended in 100 mL hypotonic solution (1 mM MgCl2) and
incubated on ice for 10 min. After 10 min of centrifugation at 8,000 × g, the supernatant
was collected for further purification.

For the purification of BtLPMO10A, a chitin beads affinity chromatography method
was performed as described previously (Zhang et al., 2015). For the BtLPMO10B, a similar
method was adopted with some modifications. The loading buffer was changed to 20
mM Tris–HCl (pH 8.0) and 0.15M (NH4)2SO4, and the protein was eluted by 20 mM
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acetic acid. For the purification of BtLPMO10B-CD, an ion exchange chromatography
with HiTrap Q column (GE Healthcare, USA) was performed. The protein solution was
loaded onto the column equilibrated with 20 mM Tris–HCl buffer (pH 7.5) and eluted
with a linear salt gradient using 1 M NaCl (pH 7.5). The obtained fractions were pooled
and concentrated using the Amicon 8400 stirred cell (Millipore, Burlington, MA, USA)
installed with a 3kDa cut-off membrane. Samples purity was analyzed by SDS-PAGE and
the protein concentrations were measured by Bradford, using bovine serum albumin as a
standard.

Substrate binding assays
The reactions were conducted in 20 mM Tris–HCl (pH 8.0) buffer containing 1 µM
enzyme and 5 mg mL−1 α-chitin, β-chitin and colloidal chitin, respectively, prepared
according to the procedure described previously (Zhang et al., 2015). The mixture was
incubated 6 h at 25 ◦C with constant shaking at 800rpm using Thermo block (Eppendorf,
Hamburg, Germany). After been separated from the mixture by filtration through a
0.22 µm membrane, the concentrations of the free proteins measured using the Quick
StartTM Bradford assay (Bio-Rad, Hercules, CA, USA). The mixtures without substrate
were treated in the same way and used as the basis for calculating the percentage of free
and bound protein.

H2O2 generation assays
The reactions were conducted in 20 mM Tris–HCl (pH 8.0) buffer containing 1 µM
enzyme, 1 mM ascorbic acid and 5 mg mL−1 α-chitin, β-chitin and colloidal chitin,
respectively. The mixture was incubated 2 h at 30 ◦C with constant shaking at 800 rpm
using Thermo block (Eppendorf, USA). After been separated from the reaction mixture
by filtration through a 0.22 µmmembrane, the concentrations of H2O2 in the supernatant
were measured using the Fluorimetric Hydrogen Peroxide Assay Kit (Sigma, St. Louis,
MO, USA). The reactions without substrate were set as the control.

Enzymatic reactions
Enzymatic reaction was performed in a 500 µL reaction mixture containing 5 mg mL−1

substrate, 20 mM Tris–HCl (pH 8.0), 1 µM enzyme, and 1 mM ascorbic acid. For the
reaction using bothBtLPMO10A andBtLPMO10B, 0.5µMBtLPMO10A andBtLPMO10B
was added. The reaction was last for 16 h at 30 ◦C with constant shaking at the speed of
800 rpm. After been separated from the reaction mixture by filtration through a 0.22 µm
membrane, the generated oligosaccharides were analyzed using matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) and high-
performance liquid chromatography (HPLC) with protocols described previously (Zhang
et al., 2015; Zhang et al., 2020). Since the content of produced DP4ox is a feasible parameter
to evaluate the efficiency of LPMO reactions (Zhang et al., 2020), the peak areas of DP4ox,
DP5ox, and DP6ox were calculated for comparative analysis.

Synergetic assays
The chitinase synergetic experiments were carried out in 20 mM PBS buffer (pH 6.0)
containing 5 mg mL−1 α-chitin (Sigma, USA), 1 µM SmChiB (anexo-type chitinase from
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Serratia marcescens), 1 µM LPMO (BtLPMO10A or BtLPMO10B) and 1 mM ascorbic
acid mixed in 500 µL reaction. The mixtures were incubated at 30 ◦C for 4, 8, 12, 24, 48,
72 h with an 800 rpm shaking. After separated the products from the reaction mixture
by filtration through a 0.22 µm membrane, an equal volume of acetonitrile was added
into the product solution. For BtLPMO10A and BtLPMO10B synergy studies, 0.5 µM
BtLPMO10A and BtLPMO10B was added into the mixture. The reaction without the
presence of LPMO was used as the control. The (GlcNAc)2 released from the reactions was
analyzed by HPLC equipped with an X-Amide column and a UV detector at 195 nm. The
concentration of (GlcNAc)2 in samples was calculated using commercial (GlcNAc)2 as a
standard. All experiments were performed in triplicates.

RESULTS
Structure and sequence analysis of BtLPMO10A and BtLPMO10B
BtLPMO10A and BtLPMO10B shares a sequence identity of 61%, and both enzymes
contain a typical active site of AA10 family LPMOs that are comprised of a type II copper
ion coordinated with two fully conserved histidines (Figs. 1A and 1B). A Phenylalanine
residue was identified to be the axial residue of the copper ion. Furthermore, the residues
in the substrate binding surface, as shown in Fig. 1B, were also highly conserved, which
may involve in substrate binding similar as described in Sm CBP21A (Vaaje-Kolstad et al.,
2005). Structure-based sequence alignment indicated that BtLPMO10A and BtLPMO10B
possess similar loop regions surrounding the catalytic center (Fig. 1C).

Substrate binding ability and activity of BtLPMO10A and BtLPMO10B
The substrate-binding ability of BtLPMO10A and BtLPMO10B on α-, β-chitin, and
colloidal chitin were assessed. As shown in Fig. 2B, BtLPMO10A exhibits comparable
binding ability to all three types of chitins. In contrast, for BtLPMO10B, 80% of the
enzyme protein was found bound to the colloidal chitin, which is significantly higher than
the percentages of protein bound to the crystalline α- and β-chitin. Deletion of the extra
domains of BtLPMO10B significantly decreased its binding ability towards all three kinds
of chitins tested (Fig. 2B).

Product analysis of BtLPMO10A, BtLPMO10B, and BtLPMO10B-CD
The enzymatic activity of BtLPMO10B towards various types of chitins, including α-,
β-chitin, colloidal chitin, and chitin oligosaccharides were investigated using MALDI-TOF
MS. As shown in Figs. 3A and 3B, BtLPMO10B and BtLPMO10B-CD can act on α-,
β-chitin, and colloidal chitin and generate a product profile with even-numbered oxidized
oligosaccharides as the dominant products. The products of BtLPMO10A, BtLPMO10B
and BtLPMO10B-CD from different kinds of chitins were further analyzed byHPLC (Table
1, Fig. 3D). The results showed that the DP4ox and DP6ox were themain oxidation products
for BtLPMO10A alone or in combination with BtLPMO10B on almost all tested chitins.
Differently, the DP4ox was the predominant product for BtLPMO10B reactions and the
highest production of the DP4ox was obtained when β-chitin was used as the substrate.
The deletion of the CBM5 from BtLPMO10B significantly reduced the production
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Figure 1 Structure and sequence comparison of BtLPMO10A and BtLPMO10B. (A) Domain structure
of BtLPMO10A, BtLPMO10B and BtLPMO10B-CD(1 to 178 amino acids in BtLPMO10B). (B) Close-up
view of the substrate-binding surfaces of SmCBP21A (purple), BtLPMO10A (gray) and BtLPMO10B-CD
(blue) which was modeled using BaLPMO10A (PDB ID: 2YOX) as template. The residues putative inter-
acting with chitin is shown. (C) Structure-based sequence alignment of BtLPMO10A and BtLPMO10B.
The amino acids from different loop regions surrounding the catalytic center were highlighted in the black
rectangle and the residuescoordinated with the copper ion are marked by red stars.

Full-size DOI: 10.7717/peerj.14670/fig-1

of DP4ox, while relative mild reduction of observed for DP5ox and DP6ox (Table 1).
Moreover, although the binding ability of BtLPMO10B-CD toward colloidal chitin was
significantly lower than the full-length enzyme (Fig. 2B), the amount of oxidized products
(DP4ox, DP5ox, and DP6ox) generated by BtLPMO10B-CD were similar as compared to
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Figure 2 Substrate binding ability and activity of BtLPMO10A, BtLPMO10B and BtLPMO10B-N. (A)
Determination of the purity of BtLPMO10B and BtLPMO10B-CD by SDS-PAGE. (B) Substrate binding
ability of BtLPMO10A,BtLPMO10B, and BtLPMO10B-CD towards different type of chitin. The propor-
tion of the bound proteins was calculated based on the residual proteins in the supernatant.

Full-size DOI: 10.7717/peerj.14670/fig-2

Table 1 Peak areas of DP4ox, DP5ox, and DP6ox in HPLC chromatogram.

Chitin forms Enzyme combinations Area (µV*s)

DP4ox DP5ox DP6ox
BtLPMO10A+BtLPMO10B 2003029 820042 2231064
BtLPMO10B-CD 1202074 427881 1292101
BtLPMO10B 2145732 412200 1016363
BtLPMO10A 5064803 1872054 5236980

α-Chitin

– 0 0 0
BtLPMO10A+BtLPMO10B 4229223 1652738 5399536
BtLPMO10B-CD 1592714 349987 1302021
BtLPMO10B 4776729 799804 1920114
BtLPMO10A 2805547 1382478 5238538

β- Chitin

– 0 0 0
BtLPMO10A+BtLPMO10B 1301934 730362 1433976
BtLPMO10B-CD 1000352 478331 982513
BtLPMO10B 3558191 509818 1133726
BtLPMO10A 4929692 4228932 7464410

Colloidal chitin

– 0 0 0

Notes.
-, no enzyme was added.

BtLPMO10B. The combination of BtLPMO10A and BtLPMO10B led to similar product
profiles on both α-chitin and colloidal chitin as compared to BtLPMO10B. In contrast, the
product profile on β-chitin with the combined BtLPMO10A and BtLPMO10B was similar
to that of BtLPMO10A. These results suggest that BtLPMO10B can affect the activity of
BtLPMO10A on α-chitin and colloidal chitin.

H2O2 production of BtLPMO10A, BtLPMO10B and BtLPMO10B-CD
When the substrate was absent, H2O2 produced by BtLPMO10Awasmuch higher than that
produced by BtLPMO10B and BtLPMO10B-CD (Figs. 4A and 4B). Accordingly, a much

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.14670 7/15

https://peerj.com
https://doi.org/10.7717/peerj.14670/fig-2
http://dx.doi.org/10.7717/peerj.14670


Figure 3 Product analysis of BtLPMO10A, BtLPMO10B, and BtLPMO10B-CD. The products of LP-
MOs towards α-chitin, β-chitin and Colloidal chitin analyzed by MALDI-TOF MS (A, B, and C) or HPLC
(D). The reactions were performed using 1 µM of enzymes and 1 mM of ascorbic acid.

Full-size DOI: 10.7717/peerj.14670/fig-3

stronger suppression of H2O2 generation in BtLPMO10A was observed as the substrate,
especially α-chitin or colloidal chitin, has been provided. Similarly, a mild suppression of
H2O2 production by substrate had been observed in the BtLPMO10B, in which all three
substrates showed comparable effect. As for the BtLPMO10B-CD, similar inhibition in
H2O2 production could be observed when colloidal chitin has been added, while negligible
effect on the H2O2 production was recorded when provided with α-chitin or β-chitin.

The synergy in chitin degradation
The synergetic effects ofBtLPMO10AorBtLPMO10Bwith SmChiB inα-chitin degradation
were performed in the present study (Fig. 5). SmChiB from Serratia marcescens is a model
GH18 exo-chitinase which degrades the polymer chains from their non-reducing ends and
dominantly produces (GlcNAc)2 (Chen et al., 2020; Van Aalten et al., 2000). The synergy
experiment results showed that when only SmChiB was present, the concentration of
generated chitobiose reached its plateau (0.336 ± 0.0187 mg/ml) after 12 h of reaction.
In contrast, the additional supply of BtLPMO10A or BtLPMO10B can both significantly
boost the accumulation of chitobiose, which has reached 1.464 mg ml−1 for BtLPMO10A
and 1.232 mg ml−1 for BtLPMO10B, respectively, after 72 h of incubation. Moreover,
when both BtLPMO10A and BtLPMO10B were provided, the curve of the concentration
of GlcNAc2 over time was similar to that observed when only BtLPMO10B was provided.
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Figure 4 H2O2 production of BtLPMO10A, BtLPMO10B and BtLPMO10B-CD. (A) H2O2 production
of the enzymes in the absence or presence of diverse substrates. (B) The ratio of H2O2 accumulation in the
presence of substrates compared with the absence of substrates.

Full-size DOI: 10.7717/peerj.14670/fig-4

Figure 5 Synergetic effects of BtLPMO10A (10A) and BtLPMO10B (10B) to chitinase. (A) Time
course of (GlcNAc)2 production in synergistic or non-synergistic reactions. (B) Fold difference of the
production of (GlcNAc)2 at 24 h between the synergistic and non-synergistic reactions.

Full-size DOI: 10.7717/peerj.14670/fig-5

DISCUSSION
The present work was carried out to investigate the biochemical characteristics of
BtLPMO10A and BtLPMO10B. It is well known that both BtLPMO10A and BtLPMO10B
have a typical AA10 catalytic domain. Sequence and structure analysis indicated that
both enzymes have a typical carbohydrate-binding surface and a distinct active site with
a phenylalanine rather than tyrosine as the axial residual (Forsberg et al., 2014; Span &
Marletta, 2015; Vaaje-Kolstad et al., 2017). The residues in the catalytic domains of both
enzymes that may participate in the substrate binding are highly conserved as compared
to those found in SmCBP21A (Vaaje-Kolstad et al., 2005) (Fig. 1B). Substrate binding
assays showed that BtLPM10A has a similar binding ability to all three chitins tested
(α-chitin, β-chitin, and colloidal chitin). In contrast, the multi-modular BtLPMO10B is
more inclined to bind to the colloidal chitin. As for the crystalline chitins, BtLPMO10B
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favors the β-form rather than the α-form, which is contrary to the results reported by
Manjeet et al. (2019) in which BtLPMO10B (named BtLPMO10A-FL) prefers to bind the
α-form chitin. Furthermore, BtLPMO10B-CD only retained a small portion of the binding
abilities of the full-length enzyme toward all three chitins, which are significantly lower
than BtLPMO10A. Interestingly, it exhibited comparable binding ability to both α- and
β-chitin which is different from the report by Manjeet et al. (2019) that BtLPMO10B-CD
showed no binding to α-chitin while retained almost half the binding ability to β-chitin.
This suggests that the substrate-binding capacity of BtLPMO10B is mainly contributed by
CBM5 which is in accordance to previous reports (Manjeet et al., 2019).

It is worth mention that the binding ability of BtLPMO10B on colloidal chitin is
not fully correlated with the activity indicated that certain amount of these binding
is non-productive. To verify this possibility, H2O2 concentration in reaction mixtures
with different chitins as the substrate were measured, which is based on the knowledge
that a productive binding of LPMO to substrate will switch the enzyme from H2O2

production to consumption (Wang, Walton & Rovira, 2019;Zhou et al., 2020). As expected,
the concentration of H2O2 showed only mild decrease in all three chitins. Different
phenomenon was observed in BtLPMO10A that the H2O2 concentration decreased
significantly in the presence of the chitins, indicating its high binding efficiency. Moreover,
when using colloidal chitin as the substrate, the H2O2 concentration in the reactions
of BtLPMO10B and BtLPMO10B-CD were similar, despite their dramatic difference
in binding ability to the substrate. These results indicated that the substrate binding of
BtLPMO10B enhanced by CBM5 is not led to enhanced substrate degradation. Therefore,
the role of CBM in LPMOs may not just relate with enzyme catalytic activity.

To assess the potential application of BtLPMO10A and BtLPMO10B in chitin
preparation, the synergetic effect of the two LPMOs with SmChiB was tested. The results
showed that both enzymes can significantly improve the efficiency of the chitinase, similar
as observed in other AA10 family LPMOs (Forsberg et al., 2016; Mutahir et al., 2018;
Nakagawa et al., 2015; Vaaje-Kolstad et al., 2012). However, BtLPMO10A exhibited much
higher efficiency than BtLPMO10Bwhen synergized with SmChiB, which is consistent with
the higher activity of BtLPMO10A. Interestingly, when supplied with both BtLPMO10A
and BtLPMO10B, the synergetic effect observed was similar to the condition that only
supplied with BtLPMO10B, which suggested that the contribution from BtLPMO10A was
almost fully suppressed by BtLPMO10B. This may due to the higher binding efficiency of
BtLPMO10B on α-chitin which hampered the binding of BtLPMO10A.

CONCLUSIONS
In summary, by comparing the structural and biochemical characteristics of BtLPMO10A
and BtLPMO10B, we discovered that the two enzymes with highly conserved catalytic
domains exhibit different substrate preferences. Further studies indicated that the C-
terminal CBM5 domain of BtLPMO10B may be responsible for these diversities implying
that the two enzymes may function at different stages in the chitin degradation process.
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These findings will help us better understand the biological reasons for the LPMO diversity
and develop more efficient polysaccharide degrading enzyme cocktails.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the ANSO Collaborative Research Program (ANSO-CR-KP-
2020-14), the Chinese National Nature Science Foundation (31971217), the Dalian Science
and Technology Innovation Fund-Key&Major Subject (2020JJ25CY017). Heng Yin was
supported by the Outstanding Member Fund of CAS Youth Innovation Promotion
Association (Y201939). Tang Li was supported by the Doctoral Scientific Research
Foundation of Liaoning Province (2020-BS-013). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
ANSO Collaborative Research Program: ANSO-CR-KP-2020-14.
Chinese National Nature Science Foundation: 31971217.
Dalian Science and Technology Innovation Fund-Key&Major Subject: 2020JJ25CY017.
Outstanding Member Fund of CAS Youth Innovation Promotion Association: Y201939.
Doctoral Scientific Research Foundation of Liaoning Province: 2020-BS-013.

Competing Interests
Heng Yin is an Academic Editor for PeerJ.

Author Contributions
• Huiyan Zhang conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.
• Haichuan Zhou performed the experiments, prepared figures and/or tables, authored or
reviewed drafts of the article, and approved the final draft.
• Yong Zhao conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.
• Tang Li analyzed the data, prepared figures and/or tables, authored or reviewed drafts
of the article, and approved the final draft.
• Heng Yin performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw measurements and calculations for Figures 2, 4, and 5 are available in the
Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.14670#supplemental-information.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.14670 11/15

https://peerj.com
http://dx.doi.org/10.7717/peerj.14670#supplemental-information
http://dx.doi.org/10.7717/peerj.14670#supplemental-information
http://dx.doi.org/10.7717/peerj.14670#supplemental-information
http://dx.doi.org/10.7717/peerj.14670


REFERENCES
Agostoni M, Hangasky JA, Marletta MA. 2017. Physiological and molecular understand-

ing of bacterial polysaccharide monooxygenases.Microbiology and Molecular Biology
Reviews 81(3):e00015–17 DOI 10.1128/mmbr.00015-17.

Beckerman AP, De Roij J, Dennis SR, Little TJ. 2013. A shared mechanism of defense
against predators and parasites: chitin regulation and its implications for life-history
theory. Ecology and Evolution 3:5119–5126 DOI 10.1002/ece3.766.

Bowman SM, Free SJ. 2006. The structure and synthesis of the fungal cell wall. BioEssays
28:799–808 DOI 10.1002/bies.20441.

Brunner E, Ehrlich H, Schupp P, Hedrich R, Hunoldt S, KammerM,Machill S,
Paasch S, Bazhenov VV, Kurek DV, Arnold T, Brockmann S, RuhnowM,
Born R. 2009. Chitin-based scaffolds are an integral part of the skeleton of the
marine demosponge Ianthella basta. Journal of Structural Biology 168:539–547
DOI 10.1016/j.jsb.2009.06.018.

Chen L, Zhu L, Chen J, ChenW, Qian X, Yang Q. 2020. Crystal structure-guided design
of berberine-based novel chitinase inhibitors. Journal of Enzyme Inhibition and
Medicinal Chemistry 35:1937–1943.

Forsberg Z, Nelson CE, Dalhus B, Mekasha S, Loose JSM, Crouch LI, Røhr ÅK,
Gardner JG, Eijsink VGH, Vaaje-Kolstad G. 2016. Structural and functional
analysis of a lytic polysaccharide monooxygenase important for efficient utilization
of chitin in Cellvibrio japonicus. Journal of Biological Chemistry 291:7300–7312
DOI 10.1074/jbc.M115.700161.

Forsberg Z, Røhr ÅK, Mekasha S, Andersson KK, Eijsink VGH, Vaaje-Kolstad G,
Sørlie M. 2014. Comparative study of two chitin-active and two cellulose-active
AA10-type lytic polysaccharide monooxygenases. Biochemistry 53:1647–1656
DOI 10.1021/bi5000433.

Hemsworth GR, Taylor EJ, Kim RQ, Gregory RC, Lewis SJ, Turkenburg JP, Parkin
A, Davies GJ, Walton PH. 2013. The copper active site of CBM33 polysac-
charide oxygenases. Journal of the American Chemical Society 135:6069–6077
DOI 10.1021/ja402106e.

Johansen Katja S. 2016. Discovery and industrial applications of lytic polysac-
charide mono-oxygenases. Biochemical Society Transactions 44:143–149
DOI 10.1042/bst20150204.

Kramer KJ, Muthukrishnan S. 1997. Insect chitinases: molecular biology and poten-
tial use as biopesticides. Insect Biochemistry and Molecular Biology 27:887–900
DOI 10.1016/s0965-1748(97)00078-7.

Kumar S, Stecher G, Tamura K. 2016.MEGA7: molecular evolutionary genetics analysis
version 7.0 for bigger datasets.Molecular Biology and Evolution 33:1870–1874
DOI 10.1093/molbev/msw054.

Le B, Yang SH. 2019.Microbial chitinases: properties, current state and biotechno-
logical applications.World Journal of Microbiology and Biotechnology 35(9):144
DOI 10.1007/s11274-019-2721-y.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.14670 12/15

https://peerj.com
http://dx.doi.org/10.1128/mmbr.00015-17
http://dx.doi.org/10.1002/ece3.766
http://dx.doi.org/10.1002/bies.20441
http://dx.doi.org/10.1016/j.jsb.2009.06.018
http://dx.doi.org/10.1074/jbc.M115.700161
http://dx.doi.org/10.1021/bi5000433
http://dx.doi.org/10.1021/ja402106e
http://dx.doi.org/10.1042/bst20150204
http://dx.doi.org/10.1016/s0965-1748(97)00078-7
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1007/s11274-019-2721-y
http://dx.doi.org/10.7717/peerj.14670


Manjeet K, Madhuprakash J, MormannM,Moerschbacher BM, Podile AR. 2019.
A carbohydrate binding module-5 is essential for oxidative cleavage of chitin by
a multi-modular lytic polysaccharide monooxygenase from Bacillus thuringiensis
serovar kurstaki. International Journal of Biological Macromolecules 127:649–656
DOI 10.1016/j.ijbiomac.2019.01.183.

Martínez AT, Ruiz-Dueñas FJ, Camarero S, Serrano A, Linde D, Lund H, Vind J,
TovborgM, Herold-Majumdar OM, Hofrichter M, Liers C, Ullrich R, Scheib-
ner K, Sannia G, Piscitelli A, Pezzella C, Sener ME, Kılıç S, Van Berkel WJH,
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