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Cellvibrio japonicus is a Gram-negative soil bacterium that is
primarily known for its ability to degrade plant cell wall polysac-
charides through utilization of an extensive repertoire of carbo-
hydrate-active enzymes. Several putative chitin-degrading
enzymes are also found among these carbohydrate-active
enzymes, such as chitinases, chitobiases, and lytic polysaccha-
ride monooxygenases (LPMOs). In this study, we have charac-
terized the chitin-active LPMO, CJLPMO10A, a tri-modular
enzyme containing a catalytic family AA10 LPMO module, a
family 5 chitin-binding module, and a C-terminal unclassified
module of unknown function. Characterization of the latter
module revealed tight and specific binding to chitin, thereby
unraveling a new family of chitin-binding modules (classified as
CBM?73). X-ray crystallographic elucidation of the CGLPMO10A
catalytic module revealed that the active site of the enzyme
combines structural features previously only observed in
either cellulose or chitin-active LPMO10s. Analysis of the
copper-binding site by EPR showed a signal signature more
similar to those observed for cellulose-cleaving LPMOs. The
full-length LPMO shows no activity toward cellulose but
is able to bind and cleave both a- and f-chitin. Removal of
the chitin-binding modules reduced LPMO activity toward
a-chitin compared with the full-length enzyme. Interest-
ingly, the full-length enzyme and the individual catalytic
LPMO module boosted the activity of an endochitinase
equally well, also yielding similar amounts of oxidized prod-
ucts. Finally, gene deletion studies show that CGLPMO10A is

* This work was supported by The Norwegian Academy of Science and Let-
ters Vista Program Grant 6510, Research Council of Norway Grants 214138,
214613, and 221576, funds provided by University of Maryland at Balti-
more County College of Natural and Mathematical Sciences (to the Gard-
ner laboratory), a United States Department of Education Graduate Assist-
ance in Areas of National Need fellowship (to C. N.), NIGMS Initiative for
Maximizing Student Development Grant R25-GM55036 from the National
Institutes of Health (the IMSD Meyerhoff Graduate Fellows Program), and
South-Eastern Norway Regional Health Authority Grants 2012085 and
2015095 (Regional Core Facility for Structural Biology; to B. D.). The authors
declare that they have no conflicts of interest with the contents of this
article.

The atomic coordinates and structure factors (code 5FJQ) have been deposited in
the Protein Data Bank (http://wwpdb.org/).
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needed by C. japonicus to obtain efficient growth on both
purified chitin and crab shell particles.

Lytic polysaccharide monooxygenases (LPMOs)* are cop-
per-dependent enzymes that cleave glycosidic bonds of polysac-
charides organized in crystalline macrostructures. After the
discovery of this enzyme activity in 2010 (1), high diversity
in sequence, modularity, and substrate preference has been
unraveled. LPMOs are currently classified in families 9, 10, 11,
and 13 of the auxiliary activities (AA) in the CAZy database (2,
3). Families AA9, AA11, and AA13 are strictly fungal, whereas
family AA10 includes enzymes from bacteria, viruses, and some
eukaryotic organisms. Family AA9 LPMOs (LPMO?9s) have
been shown to target cellulose (4—7) and some hemicelluloses
(8-10), whereas LPMO11s and LPMO13s have been demon-
strated to cleave chitin (11) and starch (12, 13), respectively.
LPMO10s have been shown to act on cellulose, chitin, or both
(1, 14, 15). Although the majority of family AA10 LPMOs exist
as single domain enzymes, several enzymes also contain one or
more additional carbohydrate-binding modules (CBMs) that
may reflect substrate preferences (16). One example is the bi-
modular Streptomyces coelicolor LPMO, ScLPMO10C (CelS2),
which contains a cellulose-binding CBM2 that contributes to
activity (14, 15).

So far, LPMOs have been reported to either oxidize the C1 or
C4 carbon of the polysaccharide, yielding either a lactone (C1
oxidation) or a 4-ketoaldose (C4 oxidation) product (1, 17, 18).
Enzymes having mixed C1/C4 activity have also been identified
(6, 15). When combined with glycoside hydrolases (GHs),
LPMOs contribute synergistically to overall substrate solubili-
zation, a property that has been documented for both cellulose
and chitin as substrates (19-21). This synergy is thought to
result from a combination of several factors. First, LPMO activ-

2The abbreviations used are: LPMO, lytic polysaccharide monooxygenase;
AA, auxiliary activity; CAZy, carbohydrate-active enzyme database; CBM,
carbohydrate-binding module; cd, catalytic domain; GH, glycoside hydro-
lase; gsp, general secretory protein; PDB, Protein Data Bank; Bistris, 1,
3-bis[tris(hydroxymethyl)methylamino]propane; BisTris, 2-[bis(2-hydroxy-
ethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; UPLC, ultra performance
liquid chromatography.
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TABLE 1
Primers used to amplify the gene encoding GGLPMO10A

The full-length protein and the truncated catalytic domain were cloned into the pRSET B expression vector using In-Fusion cloning, whereas the CBM5 and the C-terminal
domain were cloned into the pNIC-CH expression vector using ligation-independent cloning. Vector overhang sequences are shown as boldface letters; the underlined
sequences shows the Ndel (forward) and HindlIII (reverse) restriction sites used to linearize the pRSET B vector prior to In-Fusion cloning.

InFusion cloning primers

5 to3’

PRSET B_cjlpmol0A forward primer

pRSET B_cjlpmol0A reverse primer (full-length)
PRSET B_cjlpmol0A reverse primer (catalytic domain)
pNIC-CH_cjcbm5 forward primer

pNIC-CH_cjcbmS5 reverse primer

pNIC-CH_cjcbm73 forward primer
pNIC-CH_cjcbm?73 reverse primer

GAAGGAGATATACATATGTTCAATACCCGT
CAGCCGGATCAAGCTTTTATTGACACGAGC
CAGCCGGATCAAGCTTTTAGCCGAAATCAAC
TTAAGAAGGAGATATACTATGGACACCTGTGCTACGCTG
AATGGTGGTGATGATGGTGCGCGCCGCTGGTCACGCAGTTA
TTAAGAAGGAGATATACTATGGGCAATTGTATCAGTCCG
AATGGTGGTGATGATGGTGCGCTTGACACGAGCGGACCAG

ity results in an increase in available chain ends in regions of the
polysaccharide that otherwise are inaccessible to GHs, yielding
an increase in the number of GH attachment points (1, 19).
Second, the LPMO activity appears to render the crystalline
regions of the substrate more amorphous, increasing suscepti-
bility to enzymatic hydrolysis (1, 19, 22—25). Furthermore, the
decrystallization work required by GHs to extract polysaccha-
ride chains with oxidized termini is lower than for chains hav-
ing non-oxidized termini, thereby increasing GH activity on
oxidized substrates (23). Notably, LPMO functionality is likely
to depend on the crystalline nature of the substrate (19). Chitin
exists predominantly in two naturally occurring polymorphic
forms, the highly recalcitrant a-form, with anti-parallel chain
arrangement, and the less recalcitrant 3-form, with a parallel
chain arrangement (26, 27). Synergy between different LPMOs
has been observed, indicating that LPMOs may target different
regions within the same substrate (15).

From a microbiological perspective, expression and secre-
tion of LPMOs as a response to growth on recalcitrant sub-
strates is well documented. LPMOs are often detected in large
amounts in the culture supernatants of bacteria growing on
insoluble substrates like chitin (28, 29) and cellulose (30).
Quantitative proteomic approaches have reported similar find-
ings for well known cellulose degraders like Thermobifida fusca
(31), Streptomyces sp. SirexAA—-E (32) and, as a fungal example,
Neurospora crassa (33). Furthermore, studies of the transcrip-
tion of LPMO-encoding genes corroborate the notion that
these enzymes are abundantly produced during microbial
decomposition of recalcitrant biomass (34-37). Conversely,
the functional significance of LPMOs in vivo is hitherto rela-
tively unexplored. The only study so far addressing LPMO
function in an in vivo context reports that the cellulose-active
LPMO10B of Cellvibrio japonicus (C;JLPMO10B) is important
for the ability of this bacterium to grow on cellulose (36).

Despite the relatively short existence of the LPMO field, a
wealth of structural, biochemical, and bioinorganic data has
been reported for these enzymes. Structural studies show that
LPMOs have a characteristic pyramidal shape that arises from a
central skewed B-sandwich decorated by loops and helices (4,
38—41). A large, relatively flat surface represents the substrate-
binding region of the enzyme, which is dominated by a network
of mainly polar residues (39, 42). Whereas most LPMO10s have
a single solvent-exposed aromatic amino acid on the substrate-
binding surface, LPMO9s can have up to three. The active site
of LPMOs is highly conserved and includes a copper ion that, in
its reduced form, is bound in a T-shaped geometry by three
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nitrogen ligands provided by two fully conserved histidine res-
idues (4, 41, 43).

In this study, we have investigated the role of LPMOs in
chitin degradation by C. japonicus. Next to cellulose-active
CjLPMO10B, this microbe produces an additional LPMO,
CjLPMO10A, that comprises three domains, including a CBM5
likely to bind chitin and a domain with unknown function. The
impact of the LPMOs on the ability to grow on chitin was
probed by comparing bacterial growth rates of wild type and
Ipmo gene-disrupted strains cultivated on a range of chitinous
substrates. Furthermore, full-length GGLPMO10A as well as
truncated variants were recombinantly expressed and bio-
chemically characterized using x-ray crystallography, EPR,
and/or enzyme activity assays. In addition to unraveling the
functionality of the first three-domain LPMO ever character-
ized at this level of detail, these studies also revealed a novel
CBM that binds with high affinity to crystalline chitin. This
chitin-binding module is the first representative of the new
CAZy CBM73 family.

Experimental Procedures

Cloning, Expression, and Purification of Recombinant
CJLPMOIOA—A codon-optimized gene for Escherichia coli
expression (GenScript) encoding CGGLPMO10A (residue 1-397,
UniProt ID; B3PJ79), including the native signal sequence (res-
idues 1-36), was amplified using primers with 15-base over-
hangs for In-Fusion cloning into the pRSET B (Invitrogen)
expression vector (Table 1). Two different reverse primers were
used, one to clone the full-length ¢jlpmol0A gene (residues
1-397) and one to clone the catalytic LPMO domain only (res-
idues 1-216). The amplified genes were fused into the pRSET B
expression vector (linearized by the restriction endonucleases
Ndel and HindIII (New England Biolabs)) using the In-Fusion
HD cloning kit (Clontech). Sequenced vectors were trans-
formed by heat shock into chemically competent One Shot®
BL21 Star ™ (DE3) cells (Invitrogen). Fresh colonies were inoc-
ulated in lysogenic broth (LB) media containing 50 ug/ml
ampicillin. The full-length enzyme was expressed by growing
the transformant at 37 °C for 8 h followed by incubation for 16 h
at 25 °C, whereas the truncated version was expressed by grow-
ing at 30 °C for 20 h prior to harvest. All cultures were shaken at
180 rpm during cultivation. Cells were harvested by centrifuga-
tion for 10 min at 5500 X g. The periplasmic fraction containing
the mature protein (lacking the signal peptide that encodes
export to the periplasm; residues 1-36) was extracted from the
harvested cells using an osmotic shock method (44), and the
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resulting extracts were sterilized by filtration through a
0.22-pm filter and adjusted to 50 mm Tris/HCl, pH 9.0, prior to
protein purification.

Periplasmic extracts were loaded onto a 5-ml Q-Sepharose
FF column (GE Healthcare) connected to an AKTA purifier
FPLC system (GE Healthcare). Elution of bound proteins was
achieved by applying a linear salt gradient (0—500 mm NaCl)
over 100 min at a flow rate of 3.0 ml/min. LPMO-containing
fractions were pooled and concentrated to 1 ml before being
loaded onto a HiLoad 16/60 Superdex 75 size exclusion column
(GE Healthcare) operated with a running buffer consisting of 20
mM Tris/HCI, pH 8.0, and 250 mm NaCl, at a flow rate of 1
ml/min. Fractions containing pure LPMO were identified by
SDS-PAGE and subsequently pooled and concentrated using
Amicon ultracentrifugal filters (Millipore) with a molecular
mass cutoff of 10 kDa. Purified LPMOs were saturated with
copper by incubation with a 3-fold molar excess of Cu(I)SO,
for 30 min at room temperature as described previously (15,
45). Excess copper was removed by desalting the proteins using
a PD MidiTrap G-25 desalting column (GE Healthcare) equili-
brated with 20 mm Tris/HCI, pH 8.0. The concentrations of the
desalted copper-saturated enzymes were measured with the
Bradford assay (Bio-Rad), and the protein solutions were stored
at 4 °C until further use.

The CBM5 (residues 251-309) and the C-terminal domain
(residues 338 —397) were cloned separately into the pNIC-CH
(Addgene) expression vector by ligation-independent cloning
(46) using the primers listed in Table 1. This cloning procedure
adds a poly-histidine tag (His, tag) to the C terminus of the
protein. After verification of the sequences, the expression vec-
tors were transformed into chemically competent One Shot®
BL21 Star™ (DE3) cells (Invitrogen). Cells harboring the plas-
mids were pre-cultured for 8 h in 5 ml of LB medium containing
kanamycin (50 ug/ml) and subsequently used to inoculate 500
ml of kanamycin containing TB medium (Terrific Broth) that
was then incubated overnight at 20 °C in an LEX-24 Bioreactor
(Harbinger Biotechnology, Canada) using compressed air for
aeration and mixing. Expression was induced by adding isopro-
pyl B-p-thiogalactopyranoside to a final concentration of 0.1
mM at an absorbance at 600 nm (4,,) of 0.8, followed by incu-
bation for 24 h at 20 °C. Cells were harvested by centrifugation
(5500 X g, 10 min) and resuspended in lysis buffer (50 mm
Tris/HC], pH 8.0, 500 mm NaCl, and 5 mM imidazole). Cells
were disrupted by pulsed sonication two times for 2 min (3 s on
and 2 s off), and cell debris was removed by centrifugation
(75,000 X g, 30 min). The supernatant was sterilized by filtra-
tion using a 0.22-um syringe filter and directly loaded onto a
5-ml HisTrap HP nickel-Sepharose column (GE Healthcare)
equilibrated with Buffer A (50 mm Tris/HCI, pH 8.0, 500 mm
NaCl, 5 mm imidazole). Protein was eluted by applying a 25-col-
umn volume linear gradient of a buffer containing 50 mm Tris/
HCI, pH 8.0, 500 mMm NaCl, and 500 mMm imidazole, at a flow rate
of 2.5 ml/min. Protein-containing fractions were analyzed by
SDS-PAGE and subsequently concentrated, with concomitant
buffer exchange to 20 mm Tris/HCI, pH 8.0, using an Amicon®
ultracentrifugal filter (Millipore) with a 3-kDa cutoff. The pro-
tein concentration was measured using A,g, and the protein’s
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calculated molar extinction coefficients (€cpps = 22,585 M~ !
cm ™' and €c orminal domain = 28210 M cm ™).

Crystallization, Diffraction Data Collection, Structure Deter-
mination, and Model Refinement—Crystals of the mature cat-
alytic LPMO10 module (GGLPMO10AY; residues 37-216) were
obtained by hanging drop vapor diffusion at room temperature
by mixing equal volumes of the Cu(Il)-saturated LPMO solu-
tion (in 20 mm Tris/HCI, pH 8.0) and the reservoir solution.
Crystals were obtained in 0.1 M sodium acetate, pH 5.2, and 22%
w/v PEG4000 at a protein concentration of 9 mg/ml. Prior to
freezing, crystals were soaked in a cryo-protectant consisting of
the reservoir solution adjusted to 20% PEG400. X-ray diffrac-
tion images were collected at the MASSIF ID30A beamline at
the European Synchrotron Radiation Facility. The crystals gen-
erally diffracted to ~2 A. The collected data set was integrated,
scaled, and analyzed using XDS (47), Aimless (48), and CCP4i
(49). The structure was solved by molecular replacement using
Phaser (50) using a polyalanine model of SmLPMO10A
(CBP21; PDB 2BEM (39)). The model was rebuilt into the
C/LPMO10A“® sequence using PHENIX (51), and the final
refinement and model adjustments were carried out using Ref-
Mac5 (52, 53) and Coot (54).

Binding of Individual CJLPMOI10A Domains to Insoluble
Substrates—Binding studies were performed using a variant of
the protocol described by Vaaje-Kolstad et al. (39), using
shrimp shell a-chitin (Seagarden AS, Avaldsnes, Norway),
B-chitin (extracted from squid pen, Batch 20140101, France
Chitin, Orange, France), Avicel® PH-101 (Fluka), or Whatman
No. 1 filter paper (95% pure, 0.5-wm particle size) as substrates.
Each binding reaction contained 10 mg/ml substrate and 0.08
mg/ml protein in 50 mm sodium phosphate buffer, pH 7.0, and
was carried out at 22 °C in an Eppendorf Comfort Thermo-
mixer set to 1000 rpm. At various time points (2.5, 5, 15, 30, 60,
120, and 240 min), a sample was taken and filtered, using a
96-well filter plate (Millipore) operated by a Millipore vacuum
manifold, to remove insoluble substrate and substrate-bound
protein. The concentration of protein in the supernatant was
determined by A,g, (Eppendorf Biophotometer, Eppendorf,
Hamburg, Germany).

The equilibrium binding constants (K,) and binding capacity
(Bnay) were determined for the CBM5 and the C-terminal
domain by mixing protein solutions with varying concentra-
tions (0, 10, 20, 50, 75, 100, 150, and 300 wg/ml) with 10 mg/ml
a-chitin. Before adding the chitin, A4, was measured for each
of the prepared protein solutions (in 50 mm sodium phosphate
buffer, pH 7.0), to create individual standard curves for each
protein. After addition of a-chitin, the solutions were placed at
22 °C in an Eppendorf Comfort Thermomixer set to 1000 rpm
for 2 h. Subsequently, samples were filtered using a 96-well
filter plate (Millipore), and the concentration of free protein in
the supernatant was determined by measuring A,g,. All assays
were performed in triplicate and with blanks (buffer and 10
mg/ml a-chitin). The equilibrium dissociation constants, Ky
(uMm), and substrate binding capacities, B,,,,, (wmol/g a-chitin),
were determined by fitting the binding isotherms to the one-
site binding equation where P represents protein: [P, .qal =
B.ox [Paecl /Ky + [Pgee), by nonlinear regression using the
Prism 6 software (GraphPad, La Jolla, CA).
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Electron Paramagnetic Resonance—Metal-free truncated
C/LPMOI10A was generated by treating the LPMO with a 1:10-
fold molar surplus of EDTA overnight at 4°C. The excess
EDTA was removed by desalting the protein using a PD Midi-
Trap G-25 desalting column (GE Healthcare) equilibrated with
20 mMm Chelex-treated (Bio-Rad) Pipes buffer, pH 6.5. To avoid
excess copper, 100 um Cu(I)SO, was added to 110 um apo-
CJLPMO10A“ before freezing the protein in liquid nitrogen.
EPR spectra were recorded as described previously (55) using a
BRUKER EleXsys 560 SuperX instrument equipped with an ER
4122 SHEQ SuperX high sensitivity cavity and a liquid helium-
cooled Oxford ESR900 cryostat. The microwave power was set
to 0.5 milliwatts, the modulation amplitude was 5 G, and the
spectra were recorded at 30 K. The EasySpin toolbox developed
for Matlab was used to simulate and fit EPR spectra (56).

Enzyme Activity Assays—Reaction mixtures contained full-
length or truncated CG;LPMO10A at a concentration of 0.5 um
and 10 mg/ml purified shrimp shell a-chitin particles or puri-
fied squid pen B-chitin particles and 1 mm ascorbate, in 20 mm
Bistris propane/HCI, pH 7.2. The reactions were incubated at
37 °C in an Eppendorf Comfort Thermomixer at 1000 rpm for
up to 24 h. Samples were taken at 2, 4, 6, 8, and 24 h, and the
soluble fractions were immediately separated from the insolu-
ble substrate particles by filtration using a 96-well filter plate
(Millipore) operated by a Millipore vacuum manifold. By sepa-
rating soluble and insoluble fractions, LPMO activity is
stopped, as CGLPMO10A does not oxidize soluble chito-oligo-
saccharides (results not shown). A part of the soluble fraction
from the 24-h samples was analyzed by MALDI-TOF MS and
UPLC (see below), and the remaining parts, as well as the sam-
ples from the earlier time points, were further degraded by the
S. marcescens GH20 3-N-acetylhexosaminidase, also known as
chitobiase (SmCHB), for quantification of chitobionic acid
(GlcNAcGIcNACc1A) as described previously (45). Before add-
ing chitobiase to a final concentration of 1.6 um, the pH was
lowered by adding BisTris buffer, pH 6.0, to a concentration of
50 mM. The reactions were incubated at 37 °C for 2 h and there-
after analyzed by UPLC (see below for details).

Synergy experiments for degradation of a-chitin (10 mg/ml)
were performed with 0.5 wm full-length or truncated
CJLPMOI0A (the latter variant is named CGLPMO10A“?) and
0.5 uM the S. marcescens GH18 endochitinase C (SmChil8C).
The reactions were performed in triplicate, and the time points
and conditions were identical to those described above. The
soluble fraction obtained at each sampled time point was fur-
ther degraded by 1.6 um chitobiase for quantification of
GlcNAc (native monomer) and chitobionic acid (oxidized
dimer). To quantify the oxidized products that remain in the
insoluble fraction (i.e. long oxidized chitin chains that remain
bound to the chitin particles), half of the enzyme reaction after
24 h was boiled for 10 min to ensure complete inactivation of
the LPMO. Thereafter, 5 um SmChil8A, an exochitinase, and 3
M SmChil8C were added, and the samples were incubated for
another 24 h to totally solubilize chitin particles and thereby
release all oxidized products in the sample. The samples were
then treated with SmCHB to enable quantification of chitobi-
onic acid.
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Qualitative and Quantitative Analysis of (GIcNAc),
GlcNAcIA and GlcNAc—Qualitative analysis of oxidized chito-
oligosaccharides was carried out using a 150 X 2.1-mm HILIC
column (Acquity UPLC BEH Amide) and the protocol
described by Loose et al. (45). The sample injection volume was
set to 10.0 ul, and the UPLC was operated with a flow rate of 0.4
ml/min and a gradient combining 100% acetonitrile (solvent A)
and 15 mm Tris/HCI, pH 8.0 (solvent B), as follows: 80% A, 20%
B was run for 3.5 min, followed by a 5.5 min gradient to 70% A,
30% B and a 0.5 min gradient to 55% A, 45% B. The latter con-
dition was held for 1 min, followed by column reconditioning
obtained by a 1-min gradient back to initial conditions (80% A
and 20% B) and subsequent running at these conditions for 4
min. Products were detected by monitoring absorbance at 205
nm (45).

Quantification of GIcNAc and GIcNAcGIcNAclA was
accomplished using an RSLC system (Dionex) equipped with a
100 X 7.8-mm Rezex RFQ-Fast Acid H+ (8%) (Phenomenex,
Torrance, CA) column operated at 85 °C. Eight-ul samples
were injected into the column, and solutes were eluted isocrati-
cally using 5 mm sulfuric acid as mobile phase with a flow rate of
1 ml/min.

Standards of GIcNAcGIcNAc1A (10-3000 um) and GlcNAc
(50-8000 um) were used for quantification; GlcNAc (99%
purity) was purchased from Sigma, and GIcNAcGIcNAc1A was
generated in-house by complete oxidation of N-acetyl-chito-
biose (Megazyme; 95% purity) by the Fusarium graminearum
chitooligosaccharide oxidase (ChitO) as described previously
(45, 57).

C. japonicus Gene Disruption—Insertional inactivation of
C. japonicus genes was performed using vector integration
mutagenesis (58). Briefly, a 500-bp internal region of the gene to
be disrupted was cloned into the plasmid pK18mobsacB (59) at
the EcoRI and Xbal sites. This plasmid was introduced into
E. coli strain S17 Ap via electroporation. Conjugation of the
plasmid into C. japonicus was performed by tri-parental mating
as done previously (60) using an additional strain of E. coli con-
taining plasmid pRK2013 (61). Selection of C. japomnicus
mutants was on minimal medium supplemented with 50 ug/ml
kanamycin. Mutants were confirmed via PCR screening.

Growth Analysis of C. japonicus Strains—All strains were
grown using MOPS-defined growth medium. Glucose,
N-acetylglucosamine (GIcNAc), and B-chitin (squid pen) were
used as sole carbon sources at a concentration of 0.2% (w/v).
Shells from Chesapeake blue crabs (Callinectes sapidus) were
crushed to small sized pieces (~4 mm?) and used as a sole
carbon source at a concentration of 1% (w/v). All cultures were
incubated at 30 °C with a high level of aeration (225 rpm).
Growth was measured using absorbance (Aq,,) with a
Spec20D+ spectrophotometer (Fisher) with 18-mm culture
tubes. After removal from a shaking incubator, the chitin and
crab shell-containing tubes sat on the bench top for 5 min
before A, reading to allow insoluble chitin material to settle to
the bottom of the tube. All growth experiments were performed
in biological triplicates. Growth rate calculations were per-
formed with the Prism 6 software package (GraphPad, La Jolla,
CA).
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Results

Sequence Analysis of CILPMOI10A—CjLPMO10A consists of
397 amino acids comprising a signal peptide (residues 1-36)
that is cleaved off during secretion, followed by an N-terminal
family AA10 LPMO domain (residues 37-216; C]'LPMOIOACd),
a CBM5 substrate binding domain (residues 251-309), and a
C-terminal uncharacterized domain (residues 338 -397) (see
Fig. 1A). Phylogenetic analysis of selected AA10 LPMO
sequences (catalytic domains only) shows that GGLPMO10A“¢
does not cluster with any of the established clades or subclades
(Fig. 1B), as also observed by Book et al. (62). The most simi-
lar characterized chitin- and cellulose-oxidizing LPMO10s
(SmLPMO10A (CBP21) and ScLPMO10C) show 33 and 36%
sequence identity to the GGLPMO10A“? sequence, respectively.
The CBMS5 sequence is typical for chitin-active enzymes and
is 45% identical to a well described ortholog present in a
Streptomyces griseus chitinase (SgChil8C), for which the
three-dimensional structure is known (63). The sizes of the
C-terminal domain and the CBM5 are similar (~60 resi-
dues), and despite low overall sequence similarity, conserved
aromatic amino acids of the CBMb5s align with similar resi-
dues in the C-terminal domain (Fig. 2). The C-terminal
domain is rich in glycine (seven), cysteine (four), tryptophan
(four), and tyrosine (four) residues. This domain is also
found in three of the four C. japonicus GH18 chitinases.
Analysis of the sequence by Pfam and dbCAN did not yield
any significant results. The sequence analysis in combina-
tion with binding data (see below) show that the C-terminal
domain is a chitin-specific CBM and is the first representa-
tive in a new CAZy family called CBM73.

Three-dimensional Structure of CLPMO10A“*—The struc-
ture of the catalytic domain of CGGLPMO10A containing copper
in the active site was determined to 1.85-A resolution with
three molecules in the asymmetric unit (Table 2). The overall
structure of CGLPMO10A“® has a pyramid-like shape that is
characteristic for all LPMOs, displaying an Ig-like 3-sandwich
fold with a large protrusion that contains several small helices
and loops (Fig. 3). The B-sandwich is formed by two distorted
B-sheets, one containing three antiparallel B-strands (S1, S4,
and S7) and one containing four antiparallel B-strands (S5, S6,
S8, and S9). The two short B-strands S2 and S3 are oriented
antiparallel or parallel, respectively, to the four-stranded
B-sheet (Fig. 3A). The large protrusion, between (-strands S1
and S3, faces B-strands S1 and S9 and contains five short a-heli-
ces and several loops and contributes to approximately half of
the putative substrate binding surface. Notably, those protru-
sions contain most of the structural diversity in all LPMO fam-
ilies. Structural alignment of CGLPMO10A°? and other struc-
turally characterized LPMO10s shows that the C. japonicus
enzyme shares features with both chitin- and cellulose-oxidiz-
ing LPMO10s (Fig. 4). Similar to ScLPMO10C (CelS2),
ScLPMO10B, and BaLPMO10A, in CjLPMOlOACd the planar
face of the substrate-binding surface protrusion is extended by
one amino acid (Glu-56) compared with SmLPMO10A
(CBP21) and EfLPMO10A.

The active site of GGLPMO10A is similar to other LPMO10s,
containing a copper ion coordinated by two histidines (His-37
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A A 37-216 251- 309 338 - 397
PSL PSL
AA10 ]:[ CBM5 ]:[CBM73]

SgLPMO10f
SsLPMO1

Clade Il

Cellulose, C1/C4-oxidizing

Membrane associated,
unknown activity

FIGURE 1. Sequence analysis of CGJLPMO10A. A, domain architecture of
GLPMO10A. The full-length enzyme contains a signal peptide (SP: residues
1-36) that is cleaved off during secretion resulting in the mature enzyme that
possesses an N-terminal AA10-type LPMO domain followed by a family 5
chitin-binding module (CBM5) and a C-terminal CBM classified as CBM73 (see
text). 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, phylogeny of selected LPMOs from auxiliary activities family 10
built on a previous classification by Book et al. (62), using Phylogeny fr (64).
Enzyme names include additional domains and other relevant sequence
motifs, but the phylogeny is based on the catalytic domains only. The indi-
cated clades are as defined in the study by Book et al. (62). Clade | (subclade C
and D) contains chitin-oxidizing LPMOs and Clade Il (subclade A and B) con-
tains cellulose-oxidizing LPMOs as well as membrane-associated LPMOs with
unknown function. Blue colored protein names represent enzymes that have
been characterized.

Cellulose, C1-oxidizing

and His-136) in a T-shaped histidine brace (Fig. 4). Of the three
protein chains in the asymmetric unit, two (chain A and C)
show copper coordinating protein ligands only, whereas one
(chain B) also shows copper coordinating two water molecules
(Fig. 3B). The variation in copper coordination in the three
chains may reflect variation in the oxidation state of the copper
(43, 67).

Interestingly, the direct environment of the copper coordi-
nation sphere shows features of both cellulose and chitin-active
LPMO10s, even though CJLPMOI10A is active toward chitin
substrates only (see below for activity data). The cavity posi-
tioned in close proximity to the active site in all chitin-specific
LPMOs with known structure (members from family AA10 and
one AA11) is in CGGLPMO10A filled by Arg-197, Asp-202, and
Glu-205, similar to what is observed in cellulose-oxidizing
ScLPMO10C (Fig. 44). Arg-197 is positioned in proximity to
His-136 and shares an H-bond with Glu-205 that coordinates
one of the water molecules interacting with the copper ion in
chain B. The positioning of Glu-205 in relation to the active site
is similar to what is observed for cellulose Cl-oxidizing
LPMO10s (15), viral AA10s with unknown substrate specific-
ity (68), chitin-active AoLPMO11 (11), and starch-active
AoLPMO13 (13) but different from previously characterized
chitin-oxidizing LPMO10s. Whereas this glutamate in other
chitin-oxidizing LPMO10s is located on the second B-strand
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S-S o3
CjLPMO10A DTCATLPS TNPQOVKHNSKRMOA-——NMNTONQ-———-NPSTNSGQYGP
CmLPMO10A NTCAGLPV NNPQOVQYNNR SA———N TQGN-—-——-NPAETSGAYNY]|
CjChil8D VGCGGLS TGGNQVSHNGVKMOA——— TQGQ—-———-DPATNSGPDGV] -CBM5
SgChi18C ATEA--T TNGGTVSYNGRNMTA—-—- TONE====RPETS====IDV|
CjChilscC VDCTGLPV] SGGTQVQEAGKAMKA——-NMNSOGN-——--SPASYSGQWQE
CFiLPMO10A GNCI-SPV NNALVONNGSEMRCLVGGRCTVGG——PMAPGTG AN
CmLPMO10A GNCT-SP NNALVONGGSEMRCTVSGRCSQGG——AMAPGTG NN
CjChilscC GNCT-SPQ SLGQLVTNAGSEMRCTVAGRCSSSAAWAMAPGTGAHROM -FCBM73
CjChil8B YDCTNVPQ TGAIVKNQGNAMOCTVGGRCTVGG-—-PMEPGVG TN
CjChil8D YNCSGVAQ ATGAIVONGGSAMOCTVGGRCTVGG-—-PMAPGSG TN
. 3 . *x & . . e x

FIGURE 2. Multiple sequence alignment of CBM5s and CBM73s. The five CBM5 sequences originate from C. japonicus LPMO10A, Chi18C, and Chi18D,
Cellvibrio mixus LPMO10, and S. griseus Chi18C. The five CBM73 sequences originate from C. japonicus LPMO10A, Chi18B, Chi18C, Chi18D and C. mixus LPMO10.
The pink stars indicate two aromatic residues (YW or WW) for which experiments have shown that they are important for substrate binding by CBM5s (63).

TABLE 2

Diffraction data and refinement statistics for the G;LPMO10A“ structure (PDB code 5FJQ)

Data collection

Refinement statistics

Beamline . ID30A (ESRF, Grenoble) cryst! Rzee (%) ) 22.1/28.4
Wavelength (A) 0.965 Root mean square deviation bond lengths (A) 0.02
Space group C, Root mean square deviation bond length angles (°) 1.9

Unit cell dimensions No. of atoms/B-factor

a, b, c(A) 91.50, 50.17, 114.53 Protein 4320/20.5
o B,y . 90.0, 90.0, 90.0 Solvent 541/27.5
Resolution (A) 45.75 to 1.85 (1.90 to 1.85) Metal 3/22.7
Unique reflections 43,624 (3175) ° Ramachandran plot (%)°

Multiplicity 2.25(2.35) Most favored 95.5
Completeness (%) 96.9 (96.5) Additionally allowed 3.9
Mean I/l 13.1 (5.4) Outliers 0.6
Roens” 0.063 (0.196)

“ Repyse = Sl ENEN/Z id[F,|, where F, and F, are the observed and calculated structure factor amplitudes, respectively. Ry, is calculated from a randomly chosen 5% sam-

ple of all unique reflections not used in refinement.
? Values in parentheses are for the highest resolution shells.
¢ Data were defined using MolProbity (66).
4R was defined by Diederichs and Karplus (65).
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FIGURE 3. Three-dimensional structure of CG/LPMO10A“. A, cartoon representation of the GLPMO10A? secondary structure. a-Helices are shown in blue,
and B-strands are shown in yellow. The copper ion is shown as an orange sphere, and the coordinating histidine side chains (His-37 and His-136) are shown as
gray sticks. The dotted circle shows the protrusion that includes most of the structural diversity in LPMOs. B, surface projection of the substrate binding surface
in GLPMO10A<Y, chain B. The main chain is shown in cartoon representation, and side chains are shown as sticks. The copper ion and selected solvent water
molecules are shown as orange and red spheres, respectively. Surface-exposed residues are labeled using the single letter amino acid code, and those discussed
in the main text are marked with bold letters (E56, Q78, E79, T133, R197, D202, and E205). Glu-79 and Thr-76 show different rotamers in chain A (yellow sticks)

compared with chain B and C (chain B; gray sticks).

(S2), the similarly positioned glutamate in CJLPMOI10A is
found on B-strand nine (S9), as in cellulose-active LPMO10s.
GIn-78 and Thr-133 in GGLPMO10A are highly conserved in
chitin-active LPMOs (family AA10 and AA11) and tend to be
Phe and Trp in the cellulose-active family AA10 LPMOs (Fig.
4B). Thus, based on currently available structure-function
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data, this particular feature, i.e. the Gln-Thr pair, stands out
as a possible determinant of chitin activity. A special char-
acteristic of G;LPMO10A is the presence of a non-conserved
glutamate (Glu-79), which directly interacts with the N-ter-
minal histidine (His-37) in chain B and C but shows another
rotamer in chain A (Fig. 3B). Noteworthy, the active site of
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FIGURE 4. Copper active sites of C1-oxidizing LPMO10s. A, superposition of the CLPMO10A copper active site with chitin-active Enterococcus faecalis
LPMO10A (PDB 4ALC (67)) and cellulose-active S. coelicolor LPMO10C (PDB 40Y7 (15)). Carbon atoms in the three enzymes are colored yellow (EFLPMO10A),
green (ScLPMO10C), and gray (GLPMO10A). Side chains are colored according to the following properties: residues fully conserved in all LPMO10s (purple),
residues highly conserved among chitin- and cellulose-specific LPMO10s (yellow and green, respectively), and residues that are not conserved (gray). Residues
that are either fully or not conserved are numbered according to the GLPMO10A sequence. Note the similar spatial location of Glu-64 in ELPMO10A and
Glu-205/Glu-217 in the other two enzymes. B, sections of a structural sequence alignment related to the active sites in four chitin-oxidizing LPMO10s
(SmLPMO10A, PDB 2BEM; BaLPMO10A, PDB 2YOY; EALPMO10A, PDB 4ALC; and GLPMO10A, PDB 5FJQ) and one cellulose-active LPMO10 (ScLPMO10C, PDB
40Y7); the sequence of cellulose-oxidizing T. fusca LPMO10B, for which no structure is known, was added to the structure-based alignment. The top arrows
illustrates on which B-strands the residues are found. The green and yellow color indicates similarity to cellulose-active ScLPMO10C and chitin-active
EALPMO10A, respectively. The WDR insertion in GLPMO10A is located ~15 A from the catalytic center, and its side chains are not part of the presumed
substrate-binding surface shown in Figs. 3Band 4A. G, active site of GGLPMO10A (chain B). D, active site of the copper-soaked AA10 from Melolontha melolontha

entomopoxvirus (PDB 4X27 (68)) which shows 27% overall sequence identity with GLPMO10A.

A

C]LPMO1 0A° i

B

CILPMO10AC

ScLPMO10Ce®

N
ox’ /0B

SmLPMO10AC:M

Cu(II) in buffer

TABLE 3
Spin Hamiltonian parameters
Data assume co-linear g and A" tensors in all simulations.

Cu(I)

Parameter buffer CLPMO10A ScLPMO10C* SmLPMOI10A”
g, 2.059  2.036 2.015 2.039

g, 2.059  2.091 2.102 2.116

g, 2270 2.267 2.267 2.260

A 12.3 31.8 11.7 42.3

Ayc“b 12.3 26.1 17.0 50.3

A Cub 165 154 153 116

Cu(ll) in buffer

260 280 300 320 340 360 260 280 300 320 340 360

Field (mT) Field (mT)
FIGURE 5. Electron paramagnetic resonance spectroscopy of Cu(ll)-satu-
rated GGLPMO10A<4, A, X-band EPR spectra (—) with simulation (- - -) for
Cu(ll)-saturated GILPMO10A (top) and Cu(ll) in Pipes buffer, pH 6.5. B, compar-
ison of EPR signals of GLPMO10A, ScLPMO10C (cellulose-active), and
SmLPMO10A (chitin-active). The EPR spectra were recorded at 30 K using a
microwave power of 0.5 milliwatts.

CJLPMOI10A bears resemblance to the active site of the
recently described entomopoxvirus AA10 structures (Fig.
4D), whose activity has not been demonstrated yet (68). It
should be noted that a cavity formed by the non-conserved
residues Thr-76, Glu-79, Arg-103, Ala-104, and Asn-105 is
present on the putative binding surface (Fig. 3B), but the
significance of this topological feature is unknown.

EPR Spectroscopy—The immediate environment of the active
site copper ion in GGLPMO10A? was analyzed by EPR spec-
troscopy, as described previously (55), and the EPR spectra
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“ Data were from a previous study by Forsberg et al. (55). ScLPMO10C acts on
cellulose; SmLPMO10A acts on chitin.
® The unit used is 10™* cm ™!

were simulated (Fig. 5). The estimated spin Hamiltonian
parameters are summarized in Table 3. The g and A“" tensors
reflect the copper coordination in the LPMO active site, and of
these the g, and A,“" could be calculated with high accuracy.
The g, and A,“" tensors for CGLPMO10A (g, = 2.267; A,“" =
153:10"* cm™ ') are different compared with other chitin-oxi-
dizing LPMO10s, which yield values that fall between type 1
and type 2 copper enzymes (43, 55). With a higher A, “" value,
the EPR spectrum of GGLPMO10A resembles that of cellulose-
oxidizing LPMOs that yield EPR signals typical for type 2 cop-
per centers (4, 11,13, 15,41, 55) based on the Peisach-Blumberg
classification of type 1 and type 2 copper enzymes (69).
CJLPMOI10A Domains Bind to Chitin—The purified LPMO
and CBM domains were used in binding assays to determine
their substrate specificities. The protein yields (pure protein)
were 1.2, 18, 5, and 6.3 mg/liter culture for CG;LPMOI10A,
CjLPMOlOACd, CBMS5, and the C-terminal domain, respec-
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FIGURE 6. Binding of the GGLPMO10A domains to chitin and cellulose. A-C show binding of the catalytic LPMO domain (A), the CBM5 domain (B), and the
C-terminal domain (C) to chitin and cellulose substrates. The percentage of free protein was determined by measuring the reduction in protein concentration
(A,50) Oover time, in the absence of an electron donor. The experiments were carried out at 22 °C using 10 mg/ml substrate (a-chitin, B-chitin, Avicel, or filter
paper) in 50 mm sodium phosphate buffer, pH 7.0. D, plots of binding data for the CBM5 () and the C-terminal (CBM73) domain (®) incubated with a-chitin.
Poouna Corresponds to bound protein (wmol/g substrate), and Py, corresponds to non-bound protein (um). Each point represents the average of values

obtained in three independent experiments.

tively. Reduction of the protein concentration measured as A, g,
over time showed that the LPMO domain (CJLPMO10A“)
binds weakly and slowly to a- and -chitin and not to cellulose
(Fig. 6A4). The CBM5 (Fig. 6B) showed strong binding to the two
chitin substrates and weak binding to the cellulose substrates
(Avicel and filter paper). The data for the C-terminal domain
showed even stronger binding, with 90% of the binding to both
a- and B-chitin within 15 min of incubation (Fig. 6C). Also, this
domain seemed more specific than the CBM5 because no bind-
ing to cellulose was observed. Allin all, the data indicate that the
C-terminal domain is a novel chitin-binding module, which has
been given the family name CBM73 by the curators of CAZy.
To obtain further insight into the binding of the CBMs, binding
dissociation constants (K,) and binding capacities (B,,,,) were
determined (Fig. 6D) using a-chitin as a substrate. The K and
B,... values obtained were 5.3 um and 4.8 umol/g a-chitin for
the CBM5 module and 4.3 um and 6.4 umol/g a-chitin for the
CBM?73 module. These values are in the same range as dissoci-
ation constants and binding capacities reported for other CBMs
(39, 70, 71).

CJLPMOI0A Is a Chitin-targeting LPMO—Chromato-
graphic and mass spectrometry analysis of soluble products
generated upon incubation of GGLPMOI10A with a range of
polysaccharide substrates (cellulose, mannans, xyloglucan,
xylans, starch, soluble chito-oligosaccharides, and chitin)
revealed activity toward a- and B-chitin (see below), whereas
activity toward other substrates was not detected (results not
shown). The products detected upon incubation with chitin
were chito-oligosaccharide aldonic acids (i.e. products oxidized
at the C1 carbon), ranging in degree of polymerization from
three (DP3) to eight (DP8), with DP6 being the most abundant
product after 24 h of incubation (Fig. 7). Product profiles were
similar for a- and B-chitin. The full-length enzyme produced
significantly higher amounts of product than the truncated
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enzyme (CGLPMO10AY) on both a- and B-chitin, indicating
that one or both of the additional domains (CBM5 and the
C-terminal domain) are important for the efficiency of the
enzyme.

CJLPMOI0A Acts in Synergy with an Endochitinase—Syn-
ergy experiments showed that the degradation of a-chitin by
S. marcescens endochitinase (SmChil8C) was substantially
increased in the presence of either full-length or truncated
C/LPMOI10A (Fig. 8A4). The level of synergy obtained was equal
for both GGJLPMO10A variants. In both cases, after 24 h 19.2 and
5.0% of the chitin were solubilized in the presence and absence
of the LPMO, respectively. In the absence of a chitinase,
C/LPMO10A and CJLPMO10A“ dissolved 5.2 and 1.4% of the
chitin after 24 h of incubation, respectively. Quantification
of solubilized oxidized products showed that the two
CJLPMOI10A variants are equally active when SmChil8C is
present in the reaction mixture (Fig. 8B). In the absence of the
chitinase, the full-length LPMO showed higher activity,
whereas the truncated LPMO variant appeared unaffected
except for the final sampling time point of the reaction (Fig. 8B).
The data thus show that, in the absence of a chitinase, the activ-
ity of the truncated variant (GGLPMO10A“?) ceases earlier com-
pared with the full-length enzyme (Fig. 8B).

The quantity of soluble products formed by full-length and
truncated CGLPMO10A was then compared with the quantity
of oxidized products remaining bound to the insoluble chitin
fraction. After incubation of the enzyme with the substrate for
24 h, essentially all products generated by the full-length
enzyme were soluble, whereas ~75% of the products formed by
the truncated enzyme remained in the insoluble fraction of the
substrate (Fig. 8C).

CJLPMOI0A Is Required for Efficient Utilization of Insoluble
Chitinous Substrates—Growth analysis was performed on wild
type C. japonicus and gene disruption mutants of G;GLPMO10A
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FIGURE 7. Activity of full-length and truncated CG/LPMO10A. A, chromato-
graphic analysis of oxidized chito-oligosaccharides from degradation reac-
tions containing 10 mg/ml a-chitin (top chromatograms) or B-chitin (middle
chromatograms) after 24 h of incubation with full-length (solid lines) or trun-
cated (dotted lines) GGLPMO10A, with standards for oxidized chito-tetraose
(DP40x) and chito-pentaose (DP50x). B, MALDI-TOF MS analysis of products
generated by the full-length LPMO acting on a-chitin. Prior to the analysis,
the samples were saturated with sodium, to simplify the spectra. For each
oligomeric product, two major adducts are observed: [DP4-8ox + Na]* and
[DP4—8ox—H + 2Na]*. All the reactions were carried out in 20 mm Bistris
propane buffer, pH 7.2, with 0.5 um Cu?"-saturated LPMO and 1 mm ascor-
bate as external electron donor.

and CJLPMO10B. Wild type and mutant strains all grew well in
defined media that had either glucose or GIcNAc as a sole car-
bon source (Fig. 9, A and B). However, when grown on insoluble
chitin substrates, the GGLPMO10A mutant showed a reproduc-
ible growth defect on B-chitin leading to an ~2-fold slower
growth rate compared with the wild type strain (Fig. 9C). The
C/LPMO10B mutant also showed a slight growth defect. A
mutant with a defect in the type II secretion system (general
secretory protein) was completely unable to grow using insolu-
ble chitinous substrates (Fig. 9, C and D). The type II secretion
system has been shown to be the sole mechanism responsible
for secretion of carbohydrate-active enzymes into the environ-
ment by C. japonicus (60). Thus, growth of the general secretory
protein mutant reflects chitin-independent growth of C.
japonicus, which, as expected, did not occur. When grown
on an unprocessed chitinous substrate, crab shells, the
C/LPMO10A mutation led to an extended lag phase of about
100 h, whereas the growth rate was only slightly reduced (Fig.
9D).
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Discussion

C. japonicus is a well studied plant cell wall-degrading bacte-
rium possessing an extensive portfolio of carbohydrate-active
enzymes targeting cellulose and other complex plant cell wall
polysaccharides (60, 72, 73). However, the genome also con-
tains a system for chitin utilization that has not been studied
previously. Apart from the chitin-oxidizing CJLPMO10A
described here, the putative chitinolytic machinery includes
four GH18 chitinases, one GH19 chitinase, two GH20 N-acetyl-
B-hexosaminidases, and one GH46 chitosanase (72). Indeed,
our results demonstrate that the bacterium can grow on both
pure chitin and an environmentally relevant chitinous sub-
strate (crab shell). The growth data largely corroborate the
enzymology for the two LPMOs produced by C. japonicus,
showing that CLPMO10B is specific for cellulose, and
CJLPMO10A is specific for chitin. The growth data show that
the absence of CJLPMOI10A prevents C. japonicus from
degrading chitin efficiently, although it is still able to reach
growth levels obtained by the wild type. This suggests that the
complement of chitinases harbored by the bacterium is able to
degrade the insoluble substrate, although not as effectively as in
the presence of LPMO activity. This arrangement mirrors the
enzyme synergy observed for cellulose degradation by the bac-
terium, where the cellulose-active LPMO, CJLPMO10B, was
indicated to be important for efficient cellulose utilization (36).
Somewhat surprisingly, the C/LPMO10B mutant showed
reduced growth on chitin, albeit to a much lesser extent than
the CGGLPMO10A mutant. We do not currently have an expla-
nation for this observation, which may be taken to suggest the
presence of previously undiscovered LPMO functionalities.

The ability of C. japonicus to grow on crab shells is not sur-
prising because these shells represent a growth medium rich in
protein and carbohydrates (chitin). The crab exoskeleton is con-
structed of a rigid composite material containing protein-
coated a-chitin fibers embedded in a CaCO; matrix. In the
absence of transcriptomic or proteomic data, it is not possible
to determine whether it was the protein or the chitin (or both)
that was used as a carbon/nitrogen source in the growth ex-
periment depicted in Fig. 9D. Nevertheless, the 100-h lag in
growth observed for the GGLPMO10A mutant indicates that
CjLPMO10A has a role in rendering the substrate accessible for
the bacterium. It is tempting to speculate that the LPMOs are
important in the initial growth phase where the concentration
of chitinases is low and the LPMO-chitinase synergy is required
to solubilize enough substrate to sustain growth.

Since the discovery of LPMOs in 2010 (1), several studies
have been published that describe the biochemical and bio-
physical aspects of these enzymes (4-6, 8, 13, 14, 18, 41, 42).
CJLPMO10A is interesting because it represents a chitinolytic
enzyme in the uncharacterized chitin-degrading machinery of
C. japonicus, and also because its amino acid sequence is sub-
stantially different compared with other LPMO10s studied
(Fig. 1) (62). Structurally, the overall fold and shape of
CJLPMO10A are similar to other LPMO structures, but the
pattern of residues on the substrate-binding surface is different.
In general terms, the binding surface seems to represent a
“hybrid” of the surfaces of known chitin-active and known cel-
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lulose-active LPMO10s. The surface also seems to be more
extended, in particular through a glutamate (Glu-56) that is far
from the active site (Fig. 3B). Also, GGLPMO10A has a cavity in
the non-conserved protrusion of the substrate-binding surface
(Fig. 3), which is unlike any other LPMO structure published.
Other chitin-active LPMO10s have a similarly sized cavity in
close proximity to the active site that has been proposed to
accommodate O, (41) or an acetyl group of a GIcNAc (15) dur-
ing LPMO catalysis. This active site cavity is not present in
cellulose-targeting LPMO10s, where a positively charged side
chain (arginine or histidine) fills the space represented by
the cavity (Fig. 4A4) (15). Interestingly, this is also the case for
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CJLPMO10A, where Arg-197 and, to a lesser extent, Asp-202
and Glu-205 fill the cavity (Figs. 3 and 4). This is another feature
rendering the extended active site architecture of G;LPMO10A
more similar to that of LPMO10s that are active on cellulose.
The hybrid character of CGGLPMO10A is also visible in the
alignment of sequence fragments surrounding the catalytic
center shown in Fig. 4; Arg-197 and Glu-205 in CGGLPMO10A
are common to cellulose-active LPMO10s, whereas GIn-78
and Thr-133 are common to chitin-active LPMOs. Further-
more, the EPR signature of C;LPMO10A is more similar to
the cellulose-active LPMO10s (like ScLPMO10C) than to
chitin-active LPMO10s (like SmLPMO10A). The specificity of

JOURNAL OF BIOLOGICAL CHEMISTRY 7309

/T0Z ‘ST J8go100 U0 S30UB10S 817 10 A1SIBAIUN UeiBemioN 1 /610°0g [ mmmy/:dny Wwo.j papeo umod


http://www.jbc.org/

An LPMO Important for Chitin Utilization in C. japonicus

CJLPMO10A toward chitin (and not cellulose) is intriguing,
and further studies of this enzyme may eventually allow a
deeper insight into the determinants for LPMO substrate spec-
ificity. Interestingly, comparison of CJLPMO10A with the
recently published AA10 structure of viral origin (68) revealed
an intriguing similarity between the catalytic centers and sub-
strate-binding surfaces of these enzymes (Fig. 4, C and D), even
though the overall sequence similarity is low (27% sequence
identity). The viral AA10s are essential for viral penetration of
the chitinous insect gut peritrophic matrix (that contains
a-chitin), which enables infection by virus particles (68).

An interesting property of CGGLPMO10A is the presence of
two CBMs, a common CBM5 chitin-binding module and a pre-
viously uncharacterized C-terminal domain (Fig. 1A4). The
present results clearly show that the C-terminal domain is a
chitin-specific CBM, which has founded the CBM73 family in
CAZy. Homologues of CBM73 are present in chitinases from
other bacteria from the phylum of Proteobacteria, including
three of the four C. japonicus GH18 chitinases as well as several
Vibrio sp. chitinases. Despite low sequence similarity to the
CBM5 family, conserved substrate-binding aromatic amino
acids of the CBMb5s align remarkably well with similar residues
in the CBM73s (Fig. 2). This indicates that the mechanism of
substrate binding may be similar to the CBMb5s and the
CBM73s. It should be noted, however, that the presence of two
additional cysteines, two additional aromatic residues, and
multiple glycines (Fig. 2) may endow the CBM73 with proper-
ties that are different from CBMb5s. Indeed, the two domains
showed differences in the binding studies with «-chitin (Fig.
6D), and in contrast to the CBM5, the CBM73 did not bind to
cellulose. A deeper investigation of the CBM73s is needed to
unravel their structure and the mechanism of substrate inter-
action and to unravel the degree of functional similarity and
complementarity vis-a-vis the CBM5.

Fig. 8B shows that the presence of the CBMs in CGGLPMO10A
has a major effect on the solubilization of oxidized products by
the LPMO. Solubilization ceases much earlier for the truncated
variant than for the full-length enzyme. Because release of sol-
uble oxidized products normally requires two cleavages in the
same chitin chain, one possible explanation for the observed
differences is that the CBMs target the LPMO to similar regions
of the substrate, resulting in lytic events in a limited area, i.e.
with a high chance of hitting the same chain twice. For the
truncated variant, a higher fraction of oxidized chain ends
remains attached to the insoluble substrate (Fig. 8C). However,
overall, the truncated variant is clearly less active than the full-
length enzyme. Therefore, a more probable explanation for the
observed differences is that the CBMs enable the LPMO to bind
productively to regions of the substrate that are inaccessible for
the LPMO domain alone. This explanation is compatible with
the binding data showing that the catalytic module alone binds
more weakly to chitin than the full-length enzyme (Fig. 6).

Most interestingly, although the presence or absence of the
CBMs has a clear effect on LPMO functionality (binding affinity
and oxidative activity) when acting alone, the CBMs did not
influence the strong synergy obtained when combining
CJLPMO10A with an endochitinase in chitin solubilization
experiments (Fig. 84). One possible explanation is that the
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amount of LPMO added was saturating and that the activity
difference between the two variants thus became invisible in
terms of overall substrate solubilization (Fig. 84; note that both
enzymes are endo-acting). Importantly, Fig. 88 shows that in
the presence of the chitinase the LPMO variants catalyzed sim-
ilar degrees of substrate oxidation (in contrast to what was
observed for the LPMO variants acting alone). Assuming that
the LPMO cannot bind productively to a substrate surface that
already has been oxidized by the same LPMO, an attractive
explanation for these observations is that after LPMO action,
the chitinase removes chitin chains in the oxidized region of the
substrate. By doing so, the chitinase could uncover new binding
surfaces for the LPMOs that may be equally accessible to both
LPMO variants. Thus, it may be that the LPMO and the endo-
acting chitinase work closely together, removing the substrate
layer by layer by their combined action. Such a scenario would
add a new dimension to our perception of how LPMOs and
GHs collaborate.

In conclusion, we have shown that C. japonicus is able to
metabolize chitin in both its pure and native form. The ability of
the bacterium to grow efficiently on this recalcitrant substrate
is dependent on the presence of the chitin-specific LPMO,
CJLPMO10A, an enzyme with an unusual sequence and active
site architecture compared with other chitin-active LPMO10s.
The presence of two CBMs coupled to the LPMO catalytic
domain enables the enzyme to bind tightly to chitin and likely
enables the enzyme to access substrate regions that are not
accessible for the catalytic domain only.
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