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Abstract: The enzymatic degradation of naturally abundant polysaccharides has received much at-
tention by biotechnological industries, most notably for first (starch) and second (cellulose/chitin)
generations of biofuel production. Lytic polysaccharide monooxygenases (LPMOs) are copper-de-
pendent enzymes that are capable of oxidative cleavage of recalcitrant polysaccharides, such as chi-
tin or cellulose and they may also play a critical role in bacterial infections. Despite the importance
of LPMOs in biomass conversion and a large number of LPMO genes that have been identified from
various microorganisms, only a few LPMOs have been well studied so far. Therefore, further char-
acterization of these proteins is thus of interest. In the present study, a chitin-active LPMO family
AAI10 from the marine bacterium, Vibrio campbellii ATCC BAA-1116 (formerly Vibrio. harveyi),
named VAILPMOI10A, is described. This enzyme consists of 487 amino acids, comprising a signal
peptide followed by an N-terminal family AA10 LPMO catalytic domain, an uncharacterized o+
domain and a C-terminal CBM carbohydrate-binding domain. This enzyme was successfully pro-
duced and expressed at a high level in the exogenous E. coli strain BL21(DE3) host cells.
VKELPMO10A was shown to bind different chitin polymeric substrates with different extents of bind-
ing capacity. The results obtained may provide a further understanding of this new member of chi-
tin-active LPMOs.
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1. Introduction

Chitin is an insoluble homopolysaccharide composed of N-acetylglucosamine, Glc-
NAc, units linked together 5-1,4-glycosidic linkages. It is one of the most important and
highly recalcitrant biopolymers widely occurring in nature. It is abundantly distributed
in nature as the main component of the exoskeleton of invertebrates, such as crustaceans
and insects(1-3). It is also found in the cell walls of fungi, yeast, and green algae (4, 5). The
main use of chitin is as a raw material to produce chitin-derived products, such as chitosan
oligosaccharides, and glucosamine (1, 6-8).

In nature, efficient recycling of chitins was carried out by microorganisms that gen-
erally utilize the chitinolytic enzyme system including non-processive endochitinases in
tandem with processive exo-type (9-11). Using enzymes and/or microorganisms to de-
grade chitin polysaccharides offers a more environmentally friendly measure to eliminate
this waste (12). Previous studies pointed out that some bacteria produce polysaccharide
binding proteins that are capable of increasing substrate accessibility and activity of hy-
drolytic enzymes (13). Recent studies highlighted that some of these carbohydrate-bind-
ing proteins, such as LPMOs, possess enzyme activity, which could catalyze the cleavage
of glycosidic bonds of polysaccharides via an oxidative mechanism, generating a series of
oxidized oligosaccharides (14, 15). LPMOs are classified in the Carbohydrate Active En-
zymes (CAZy) database (www.cazy.org) among the Auxiliary Activity (AAs), where they
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are currently grouped into seven families AA9, AA10, AA1l, AA13, AA14, AA 15 and
AA16 (16-18). Functionally, AA10 LPMOs can be divided into two subclasses: chitin-oxi-
dative (i.e., SmCBP21 from Serratia marcescens) and cellulose-oxidative LPMOs (i.e., CelSz
from Streptomyces coelicolor A3) (13, 16, 19-21). AA10 LPMOs are copper-dependent en-
zymes, comprising a solvent-exposed mononuclear type-2 copper binding active site,
which is a T-shaped coordination sphere named the histidine-brace, where two histidine
residues provide three nitrogen ligands; two are from the N-terminus histidine side chains
and one from the terminal amine (9, 20, 22, 23).

Hydrolytic enzymes that attack chitin frequently contain at least one non-catalytic
carbohydrate-binding module or CBM (9, 24). The CBM was first identified in cellulases,
and its function was to recruit the cognate enzymes into proximity with their target sub-
strates, thus elevating the level of catalysis (25). It has also been proposed that some chitin-
specific CBM can direct the chitinolytic enzymes to the regions of the animal exoskeleton
that are particularly accessible to biological attack, whereas it has also been shown that
these modules can also modulate enzyme specificity (26-28). CBM truncation studies have
been reported for both LPMO9s and LPMO10s (25). Comparison of the performance of
LPMOs with and without CBMs have shown that the deletion of CBMs reduced LPMO’s
binding capacity to crystalline substrates, especially at low substrate concentrations (29).
Therefore, CBMs may affect substrate specificity by promoting the binding of LPMOs to
the appropriate substrates.

Vibrio spp. are Gram-negative bacteria that have a curved-rod shape and polar flagella
with sheaths. Some of these bacteria, such as Vibrio campbellii (formerly Vibrio. harveyi)
ATCC BAA-1116 and Vibrio fischeri, are bioluminescent through a cellular mechanism that
is regulated by quorum sensing (30, 31). Vibrio spp. are facultative anaerobes that are wide-
spread in coastal waters and ocean sediments and pathogens of aquatic fish and inverte-
brates, including crustacean and zooplankton (32-34). The previous studies by Suginta
and colleagues (35, 36) reported a major endochitinase, namely VhChiA, and an exolytic
B-N-Acetyl-glucosaminidase or VhGIcNAcase from Vibrio campbellii. The N-terminal CBM
domain in VAChiA was able to bind with various types of insoluble chitins (37). The bind-
ing affinity of the CBM was significantly decreased compared to that of the intact chitinase
molecule. The result suggests that the two functional domains (the catalytic domain and
the CBM domain) of VhAChiA work synergistically to guide the polymeric substrate into
the substrate-binding cleft (37).

In this study, we carried out recombinant expression and purification of
VELPMOI10A in the E. coli expression host. The binding properties of the intact
VELPMO10A and the CBM domain of VhLPMO10A towards different chitin substrates
were characterized. The results obtained from this study may help to shed light on the
functional role of the CBM domain of VALPMO10A in accessing chitin substrates from
different marine organisms.

2. Materials and Methods

Materials and Chemicals. Solid a-chitin from crab and shrimp and B-chitin from
squid pen, respectively, were purchased from Marine BioResources Co. Ltd. (Samut
Sakhon, Thailand). High molecular weight (HMW) chitosan type A, type B and mixed
chitosan oligosaccharides were purchased from Koyo Chemical Co., Ltd. (Osaka, Japan).
Mixed chitin oligosaccharides were purchased from Seikagaku Biobusiness Co., Ltd. (To-
kyo, Japan). The gene encoding VALPMO10A was synthesized (GeneScript, Piscataway,
NJ) after codon optimization for E. coli. expression system and inserted into the vector
pET22b(+) in frame with the C-terminal (His)s-tag. HiTrap Q HP column (& =1 cm x 5
cm) and 16/60 Superdex™ s-200 (& = 16 cm x 60 cm) were purchased from GE Healthcare
(Chicago, IL). All other reagents were of analytic grade unless stated otherwise.

Expression and purification of recombinant VhiLPMO10A. The expression plasmid,
pET22b(+)/Ipmo, was transformed into the E. coli BL21(DE3) Star cells (Invitrogen) by heat-
shock and spread on the LB (Luria-Bertani) agar plate containing 100 pg/ml ampicillin for
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positive selection. Single positive colony was picked and transferred into 50 ml LB media
containing the same concentration of ampicillin overnight at 37 °C, 180 rpm. Afterward,
1% of the overnight culture was inoculated in 6 flasks of 650 mL LB medium (total of 4 L),
containing the supplement, IPTG, for induction. Briefly, cells were cultured at 37 °C in an
orbital shaker (200 rpm) for 3-4 h until ODsoo of ~0.6 to 0.7, followed by induction with 0.4
mM isopropyl (3-d-1-thiogalactopyrano-side (IPTG) at 20 °C for 16 h with shaking 180
rpm. The cell was pelleted by centrifugation (20 mins at 8,000 rpm) at 4°C and resus-
pended in lysis/binding buffer (10 mM imidazole and 300 mM NaCl, in 20 mM Tris-HCI
pH 6.5) containing 100 uM phenylmethylsulfonyl fluoride (PMSF), 1.5% glycerol and
1mg/ml lysozyme. The cell suspension was disrupted using a Vibra cell Ultrasonic Pro-
cessor (Sonics, Newton, Ct, USA), by applying repeated cycles of 10s on 20s off for 30 mins
using 20% amplitude. The cells were kept on ice at all times. Cell debris was removed by
centrifugation at 18,000 rpm for one hour at 4°C. The resulting supernatant was immedi-
ately applied to a Nickel-based TALON® metal affinity resin (Clontech Laboratories, Inc.,
A Takara Bio Company, Mountain View, CA, USA) run under gravity at 4°C following
the manufacturer’s instructions (https://www.takarabio.com/). The column was pre-equil-
ibrated with 5 column volumes (CVs) of the equilibration buffer (20 mM Tris-HCI, pH 6.5
containing 300 mM NaCl and 10.0 mM Imidazole). After sample loading, the column was
washed by 40 CVs of the equilibration buffer containing 10 mM imidazole and the bound
proteins were eluted by the same buffer but containing 150 mM imidazole. The purity of
the target protein was analyzed by 12% SDS-PAGE, based on the method reported by
Laemmli et al (38). The eluted protein fractions were pooled and dialyzed against imidazole
and NaCl by 20 mM Tris-HCl buffer, pH 6.5 and the resulting protein was filtered with a
0.45-um membrane filter (Pall® Corporation, New York, USA). Using an AKTA Purifier
(GE Healthcare) protein purification system, the filtrate was applied on a 5-mL HiTrap Q
HP column equilibrated with the dialysis buffer. After washing the column with 10 CVs
of the same buffer, the adsorbed proteins were eluted with linear gradient elution from 0
to 1 M NaCl in the same buffer. The protein fractions were pooled and finally purified by
a gel-filtration column of 16/60 Superdex™ S-200. After confirming a single protein band
by SDS-PAGE, the purified VALPMO10A fractions were stored at 4 °C and used for sub-
sequent experiments. Protein concentration was determined by reading absorbance at 280
nm, using the theoretical extinction coefficient calculated using ExPASy server online,
86,665 M-1-cm-!.

Copper saturation of VhiLPMO10A. Before enzyme activity assays, VALPMO10A
was saturated with CuSOs solution in accordance with the protocol from the previous
study by Loose et al(39). Briefly, the enzyme was incubated for 2 hours at 0°C with
Cu(II)SOs at a molar ratio of 1:2 (enzyme : copper). After saturation, the enzyme was ap-
plied again to a gel-filtration column of 16/60 Superdex™ S-200 using 20 mM Tris-HCI
buffer, pH 6.5 as running buffer to remove excess Cu(II)SOs. X-ray absorption spectros-
copy (XAS) technique at Beamline 1.1W in Synchrotron Light Research Institute (Public
Organization, Thailand), was applied to scan the copper-binding situation of
VRLPMO10A with 100 mM Cu (II)SOs as control.

Preparation of chitin substrates. The colloidal chitins were prepared by the method
of Gustav Vaaje-Kolstad et al (39) with a small modification. Briefly, 10 g of chitin shell par-
ticles was stirred overnight with 100 mL of 33% HCI and the pH was adjusted to ~7.0 by
the addition of NaOH. The acid-treated chitin suspension was centrifuged at 8,000 rpm,
4°C for 20 mins, and the chitin pellet was collected and resuspended in Milli-Q water
(Millipore). The washing step was repeated five times and the pure colloidal chitin pellet
was dried until powder under 50°C oven and then stored at 4°C until further use.

Chitin-binding assay. The binding assay was adapted from a previously related re-
ported protocol with small modifications explained hereinafter (37). The ability of
VRLPMOI10A to bind to various types of chitin (colloidal a and B-chitins, chitosan type A,
type B and chitosan oligosaccharides) was tested and compared with that of the WT
VhChiA from previously reported by Suginta et al.(36, 37). The reaction mixture (200 uL)
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contains 5 mg/mL chitin and 10 ug VALPMO10A in 20 mM Tris-HCI buffer, pH 6.5 or
VhChiA in 100mM sodium acetate, pH 5.0. The reaction mixtures were incubated at 0°C
with constant agitation at 300 rpm for various times (0, 2.5, 5, 10, 15, 30, 45, or 60 mins),
and then the chitin-bound protein was collected by centrifugation at 16,000 g at 4°C for 10
mins. The concentration of the unbound protein remaining in the supernatant was deter-
mined by Bradford’s method.

Chitin-binding by SDS-PAGE analysis. According to the previous report by Dafni
et al.(39), binding of VALPMO10A was assayed in 100-uL reactions containing 10 mg/mL
of substrate (at-chitin from crab and shrimp, $-chitin from squid pen) and 0.2 mg/mL pu-
rified VALPMO10A in 20 mM Tris-HCl buffer, pH 6.5 or VAChiA in 100mM sodium ace-
tate, pH 5.0, respectively. Control reactions were identical but contained no substrate. The
reactions were incubated at 0°C with constant agitation at 300 rpm for 60 mins. Subse-
quently, the substrate was sedimented by centrifugation at 16,000 g, 4°C for 10 mins. The
supernatant (containing the non-bound protein) was decanted off and kept on ice until
analysis. The pellet was washed twice with 500 uL of buffer, followed by resuspension in
50 uL of SDS-PAGE sample buffer (Invitrogen) and 10 min of incubation at 75°C. In total,
5 uL of supernatant and 10 uL of the proteins that had remained bound to the pellets were
analyzed using SDS/PAGE Mini-Protean Stain-free 10% gels.

Effect of pH on chitin-VALPMO10A interactions. The 200-ul reaction mixture con-
tained 5 mg/mL colloidal p-chitin from squid pen and 10 ug VALPMO10A or VhChiA in
citric acid/sodium phosphate buffer, with pH adjusted to cover the range 3-8 for VhChiA
and 20 mM Tris-HCl buffer, with pH adjusted to cover the range 8-10 for ViLPMO10A.
The reaction mixture was incubated at 0°C with constant agitation at 300 rpm for 60 mins,
and then the unbound protein remaining in the supernatant was determined as described
in the previous section.

All experiments were carried out in triplicate and all the data were analyzed in Prism-
GraphPad v. 9.0.
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Figure 1. Sequence analysis of VAILPMO10A. (a), domain architecture of VALPMO10A. The full-length enzyme contains a
signal peptide that is cleaved off during secretion resulting in the mature enzyme that possesses an N-terminal AA10-type
catalytic domain (Cat), followed by an uncharacterized a+p domain and a C-terminal carbohydrate-binding domain
(CBM) colored in blue, green and skyblue, respectively. The three domains are separated by two poly-serine linkers (PSL).
The modules and linkers are scaled according to the number of amino acids they contain. (b), multiple sequence align-
ments of 15 bacterial Chitin-active LPMOs. (c), Phylogenetic tree of VALPMO10A with other bacterial chitin-active LPMOs.

3. Results
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3.1. Sequence Analysis of VhLPMO10A

Using known chitin-active LPMOs from 14 bacterial species as multiple alignment
templates, VALPMOI10A from V. campbellii was successfully identified by bioinformatics,
and then was used to generate the phylogenetic tree (Figure 1). VhiLPMO10A consists of
487 amino acids comprising a signal peptide (residues 1-23) that is cleaved off during
secretion, followed by an N-terminal family AA10 LPMO catalytic domain (residues 24—
201), an uncharacterized o+ domain (residues 221-311), and a C-terminal CBM carbohy-
drate-binding domain (residues 320—487) (see Fig. 1a). Multiple sequence alignments of
the selected bacterial chitin-active AA10 LPMO sequences (catalytic domains only) show
that VhLPMO10A contains three residues consisting of two histidine and one phenylala-
nine residues involving in catalysis. Compared to cellulose-active AA10 LPMO, it com-
prises tyrosine as the third catalytic residue (Fig. 1b). Phylogenetic analysis of the selected
AA10 chitin-active LPMO sequences (catalytic domains only) shows that ViLPMO10A is
in the same cluster with the established clade II in which is known to degrade a-/B-chitin
at Cl-bond (Fig. 1c). The most similar characterized chitin oxidizing VcLPMO10B shows
69.91% sequence identity to the VALPMO10A full-length sequence. The sequence analysis
in combination with the chitin-binding data (see below) demonstrated that VALPMO10A
is a chitin-specific LPMO.

3.2. Copper-dependent active sites of chitin-active LPMO10s

The three-dimensional structure of VALPMOI10A was predicted by the SWISS-
MODEL online (https://swissmodel.expasy.org/interactive) and then aligned with the ac-
tive site with the known 3D structure VcLPMO10B (PDB id: 2xwx). The active site of
VHLPMO10A is similar to VcLPMO10B, both containing a copper ion coordinated by two
histidine residues in a T-shaped histidine brace (Fig. 2). In addition to two histidine resi-
dues, there is the third key residue, phenylalanine, which is known as a specific catalytic
residue on chitin, not on cellulose, in bacterial AA10 LPMOs.

(b)

Figure 2. Copper-dependent active sites of chitin-active LPMO10s. (a), superposition of the VALPMO10A copper active
site with chitin-active VcLPMO10B (PDB id: 2xwx). Carbon atoms in the two enzymes are colored blue in the catalytic
domain, green in a+B domain and orange in the CBM domain for VAILPMOI0A but orange, yellow and cyan for
VcLPMOI0B, respectively. (b), the copper active site of VALPMO10A compared to VcLPMO10B. The catalytic residues
were colored in pink (His?) and red (His™?') and yellow (Tyr*®?) for ViLPMO10A.

3.3. Expression, purification and copper saturation of ViLPMO10A
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The recombinant chitin-active VALPMO10A has been successfully expressed at a high
level in E. coli. BL21(DE3) expression strain and the recombinant protein were purified to
homogeneity by three-step chromatography. Figure 3a shows the SDS-PAGE profile of
VRLPMOI10A after being purified by Ni?~-affinity chromatography. The molecular weight
of the target protein was slightly above 55 kDa, consistent with the molecular mass of
VHLPMO10A predicted from its 464-amino acid sequence (51,141.22 Da). Figure 3b is the
gel filtration profile run on a 16/60 Superdex™ S-200 column. The eluted fractions (17-20)
were analyzed by SDS-PAGE and Coomassie staining (Fig.3b, inset) showed a single band
of the protein after gel filtration.

To verify the copper-binding property of VALPMO10A, 0.7 mM protein was incu-
bated with 1.4 mM Cu(II)SOs at 0°C for 2 hours. After saturation, the enzymes were ap-
plied again to a gel-filtration column of 16/60 Superdex™ S-200 using 20 mM Tris-HCl
buffer, pH 6.5 as running buffer to remove excess Cu(II)SOs. XAS technique was applied
to scan the copper-binding state of VALPMO10A using 100 mM CuSO4 as control (the data
of VhiLPMMO10A without Cu(Il) not shown ). The result indicated the assigned peak cor-
responding to Cu(Il) in the LPMO sample containing CuSOs at the energy range between
8975 and 9000 eV, which was corresponded to the control signature (CuSO4), indicating
that free Cu(Il) spontaneously bound to the LPMO enzyme (Fig.3c).
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Figure 3. Purification and copper binding study of VALPMO10A. (a), purification of recombinant VALPMO10A by Ni*-
affinity chromatography. Std, protein standard marker; S, crude protein from supernatant; FT, Flow-through; W, Wash;
E1-6, elute protein. (b), gel filtration profile of VALPMO10A with an SDS-PAGE gel, stained with Coomassie Brilliant Blue
R-250, of the eluted peak from F17 to F20 (insert left) and after concentration (insert right). (c), X-ray absorption spectros-
copy of copper in VALPMO10A colored in red and 100mM Cu(II)SOs as standard control.
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Figure 4. Chitin-binding assays. (a), binding of VALPMO10A (dark grey bar) and VhChiA (light grey bar) to insoluble
chitin/chitosan and soluble oligo-chitosan. After binding at 0 °C and pH 6.5 for ViLPMO10A and pH 5.0 for VhChiA for
60 min. (b), effects of pH on the binding of VALPMO10A (filled circles) and VhChiA (filled squares) to colloidal B-chitin.
After incubation of the protein with chitin in a buffered solution at different pH values for 60 min. Chitin was removed
by centrifugation and the concentration of the unbound protein in the supernatant was determined by Bradford’s method.
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3.4. Chitin-VhLPMO10A binding study

Next, we directly measured chitin-binding to determine the substrate specificity of
VRLPMOI10A. Measurement on the binding of various types of insoluble chitins and their
derivatives (chitosan and oligo-chitosan) and compare the results of VALPMO10A (dark
gray) and VhChiA (light gray) (Fig.4a). Both proteins can bind all forms of insoluble pol-
ysaccharides but can slightly bind a few soluble oligo-chitosan, with the percentage of
binding is about 10-fold lower than that of insoluble chitin and its derivatives. Figure 4b
shows the pH-dependence of the binding of VhiLPMO10A and VEChiA to colloidal 3-chi-
tin from the squid pen. Both forms of protein can interact with chitin polymers in a wide
pH range, but at pH 4-5, the binding fraction is the largest on VhChiA (this enzyme is
known to bind chitin polymer with high efficiency) and at pH 6-7 on VALPMO10A. Simi-
larly, in the entire pH range, the binding fraction of VhAChiA is slightly greater than that
of VALPMOI10A.

3.5. Determination of chitin binding specificity

Upon incubation with various chitin from different sources, the binding preference
of VALPMOI10A proved to be relatively broad as strong binding was observed to different
chitin polymers compared to VAChiA. We also carried out time-course binding experi-
ments to determine the binding specificity of VALPMO10A on a-/p-chitin. The results
show a plot of free (unbound) protein remaining in the supernatant over a period of 60
min. The binding of VAChLPMO10A to both types of chitins occurred rapidly for the first
10 mins after mixing and reached equilibrium with 60 min of incubation, but only weak
binding to crystalline chitosan was observed. In addition, the binding assay of
VHLPMO10A on 3-chitin from squid pen is greater and faster with 33% than a-chitin from
shrimp (Fig.5).
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Figure 5. Binding specificity of VALPMO10A on chitin. (a), The amount of VALPMO10A or VAChiA (0.2 mg/mL) bound
to 10 mg/mL a-/B-chitin is depicted in comparison to the non-bound protein remaining in the supernatant after 60 mins
of incubation with the substrates. NC, control sample with no substrate. The faint band observed in the (NC) indicates
that VhiLPMOI10A or ViChiA binds to the inner walls of the test tube (protein precipitation was not observed). C, crab;
S, shrimp; SP, squid pen. Results were reproduced in at least three independent sets of experiments. (b), time-courses
of binding of VALPMO10A to chitin substrate (a-chitin from shrimp). The binding reaction was carried out at pH 6.5
and 0 °C for 0-60 min with constant shaking. The concentration of the bound enzyme (Ev) was calculated from the
difference between the initial protein concentration (Et) and the unbound (free) protein concentration (Er) after binding.

4. Discussion

The CBM domain of LPMOs has been proposed to be crucial for their interaction with
recalcitrant polysaccharides such as chitin biopolymers. In our previous study, we re-
ported that the CBM domain of VAChiA was essential for the initial interaction of a chitin
strand with chitinase. the related structural evidence suggested that the chitin-binding
domain of GH-18 chitinases facilitated a sliding process that guided the bound chitin



BMB conference 2021. 8 of 10

chain toward the catalytic domain, and then its entry into the substrate-binding groove.
On the other hand, short chitooligosaccharides did not require interaction with the chitin-
binding domain to reach the active site.

In the present study, we set out to identify, express and examine the chitin-binding
properties of the isolated AA10 LPMO from the marine Vibrio bacteria. A full-length gene
encoding residues 23487 of VALPMO10A was produced and expressed at a high level in
exogenous host cells, E. coli strain BL21(DE3). The protein domain was purified to homo-
geneity by Ni>-NTA affinity chromatography followed by gel filtration chromatography,
yielding about 16 mg of purified protein per liter of bacterial culture.

To determine the binding properties of VALPMO10A compared to the known char-
acterized VhChiA that contains the chitin-binding domain, we performed direct chitin-
binding assays, the results of which consistently showed that VALPMO10A interacted
with insoluble chitin with slightly greater than with insoluble chitosan. In addition,
VRLPMOI10A showed the preferred substrate was colloidal 3-chitin over a-chitin, presum-
ably because of its higher purity and a lower percentage of recalcitrance compared to a-
chitin, thus allowing access to individual sugar chains by the protein domain.

5. Conclusions

In conclusion, the present study reports the chitin-binding study of an AA10 LPMO
from the marine bacterium Vibrio campbellii, which provides new insights into the sub-
strate-binding properties of a new member of LPMOs on chitin degradation in the Vibrio
system. Further substrate degradation and structural investigation will help to elucidate
the catalytic mechanism of recalcitrant polysaccharide oxidation on a molecular level.
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