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Bacterial endochitinases play important roles in environmental chitin degradation
and have good applications. Although the structures of some endochitinases, most
belonging to the glycoside hydrolase (GH) family 18 and thermostable, have been
reported, the structural basis of these enzymes for chitin degradation still remain unclear
due to the lack of functional confirmation, and the molecular mechanism for their
thermostability is also unknown. Here, we characterized a GH18 endochitinase, Chi23,
fromn marine bacterium Pseudoalteromonas aurantia DSM6057, and solved its structure.
Chi23 is a thermostable enzyme that can non-processively hydrolyze crystalline and
colloidal chitin. Chi23 contains only a catalytic domain that adopts a classical (B/a)g
TIM-barrel fold. Compared to other GH18 bacterial endochitinases, Chi23 lacks the
chitin-binding domain and the p-hairpin subdomain, indicating that Chi23 has a novel
structure. Based on structural analysis of Chi23 docked with (GIcNAc)s and mutational
analysis, the key catalytic residue (Glu117) and seven substrate-binding residues (Asn9,
GIn157, Tyr189, Asn190, Asp229, Trp260, and GIn261) are revealed. Among these
identified residues, Asn9, Asp229 and GIn261 are unique to Chi23, and their cumulative
roles contribute to the activity of Chi23 against both crystalline and soluble chitin. Five
substrate-binding residues (Tyr189, Asn190, Asp229, Trp260, and GIn261) are found to
play important roles in maintaining the thermostability of Chi23. In particular, hydrogen
bond networks involving Asp229 and GIn261 are formed to stabilize the protein structure
of Chi23. Phylogenetic analysis indicated that Chi23 and its homologs represent a new
group of GH18 endochitinases, which are widely distributed in bacteria. This study
sheds light on the molecular mechanism of a GH18 endochitinase for chitin degradation.
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INTRODUCTION

Chitin, an insoluble linear polysaccharide of P-1,4 linked
N-acetyl-D-glucosamine (GlcNAc), is the second most abundant
biopolymer in nature after cellulose. In nature, chitin is organized
in crystalline arrangements and constitutes the main structural
component of arthropod exoskeletons, fungal cell walls and
insect cuticles. Colloidal chitin is a kind of chitin comprising
an amorphous part and a relatively crystalline part. Compared
to crystalline chitin, colloidal chitin is easier to be degraded by
chitinases. Chitinases, including endochitinases, exochitinases
and N-acetylglucosaminases, can hydrolyze chitin into chitin
oligosaccharides and/or monosaccharides, and are widely
distributed in bacteria (Suginta et al, 2016), fungi (Takaya
et al., 1998) and plants (Cavada et al., 2006), which play key
roles in natural chitin degradation and recycling. Chitinases are
also gaining increasing attention in medicine, agriculture, food
industry and environmental management (Oyeleye and Normi,
2018). Endochitinases are attractive in chitin oligosaccharide
preparation and other industrial applications due to their distinct
action mode from exochitinases and N-acetylglucosaminases.
However, endochitinases reported to be active on crystalline
chitin are still limited, which therefore, need to be
further explored.

Bacterial chitinases are distributed in glycoside hydrolase
(GH) families 3, 5, 18, 19, 20, 23, 48, 84, and 116. Among
chitinases, those from the GH family 18 (GH18) are most
extensively studied due to their large amount in nature and
efficient degradation of crystalline chitin. The catalytic domains
(CaD) of GH18 chitinases adopt the classical (/a)g TIM-barrel
fold with a conserved catalytic DxDXE motif (Perrakis et al,
1994; Matsumoto et al., 1999). All GH18 chitinases are retaining
enzymes, and their catalysis depends on the double displacement
substrate-assisted mechanism (van Aalten et al., 2001; Oyeleye
and Normi, 2018). Until now, a considerable amount of GH18
chitinases are reported to be thermostable at high temperatures,
making them good candidates for industrial application (Wen
et al., 2002; Oku and Ishikawa, 2006). However, the molecular
basis for their thermostability is largely unknown.

Based on sequence similarity, GH18 bacterial chitinases are
grouped into three subfamilies, A, B, and C (Suzuki et al,
1999). Most characterized GH18 bacterial chitinases belong to
the subfamily A. Chitinases of this subfamily are commonly
processive exochitinases with a deep substrate cleft owing to
the insertion of a small chitin insertion domain (CID) into
their CaD domains (Perrakis et al., 1994; Matsumoto et al.,
1999; Houston et al., 2002; Pantoom et al.,, 2011; Chen et al,,
2018). Processive chitinases play an important role in efficient
degradation of crystalline chitin, and the underlying degradation
mechanisms have been studied. Structural analysis has revealed
the importance of aromatic residues in the CaD and CID for
enzyme activity and processivity (Watanabe et al., 2003; Suginta
et al., 2007; Zakariassen et al.,, 2009; Li and Greene, 2010).
Tryptophans in the chitin-binding domain (CBD) and other
additional domains are also found to have roles in crystalline
chitin hydrolysis (Uchiyama et al., 2001; Katouno et al., 2004).
Recently, by using single-molecule imaging, the processive

movements of Serratia marcescens chitinase A (SmChiA) on
crystalline chitin were directly observed (Nakamura et al., 2018a),
and its rate constants and productive binding ratio were revealed
(Nakamura et al., 2018b).

In contrast to the extensive studies on the chitinases from
subfamily A, only a limited number of bacterial chitinases
from subfamily B are characterized, including ChiNCTU2 from
Bacillus cereus NCTU2 (Wen et al., 2002), MmChi60 from
Moritella marina (Stefanidi and Vorgias, 2008), CjChil8C
from Cellvibrio japonicus (Monge et al., 2018), SmChiC from
Serratia marcescens (Suzuki et al., 1999), SpChiC from Serratia
proteamaculans (Purushotham et al., 2012) and SsChil8B
from Streptomyces sp. F-3 (Sun et al., 2019). Different from
subfamily A chitinases that are processive exochitinases, all
reported subfamily B chitinases but ChiNCTU2 are modular
endochitinases containing a CaD and one or more CBDs,
which non-processively hydrolyze crystalline and colloidal chitin.
ChiNCTU?2 is an exochitinase containing only a CaD, which can
hydrolyze colloidal chitin but not crystalline chitin (Wen et al,,
2002). Among these enzymes, only the structures of ChiNCTU2
(Hsieh et al., 2010), MmChi60 (Malecki et al., 2013) and SmChiC
(Payne et al., 2012) are reported. All the catalytic domains of the
subfamily B chitinases lack a CID and have a shallow substrate-
binding cleft (Hurtado-Guerrero and van Aalten, 2007; Hsieh
et al., 2010; Payne et al., 2012; Malecki et al., 2013). Structural
analyses have revealed that the subfamily B chitinases harbor
fewer aromatic residues than those of subfamily A (Hurtado-
Guerrero and van Aalten, 2007; Hsieh et al., 2010; Payne et al,,
2012; Malecki et al.,, 2013). Although potential residues involved
in substrate binding and catalysis for the subfamily B chitinases
have been suggested based on the limited structures, their
contributions to chitin degradation, especially for crystalline
chitin, are still unclear.

Thermostable endochitinases active on crystalline chitin have
good industrial and biotechnological potentials. However, reports
on such enzymes are still limited. In this study, we characterized
a thermostable endochitinase (Chi23) that can hydrolyze both
crystalline and colloidal chitin. Chi23, from a marine bacterium
Pseudoalteromonas aurantia DSM6057, is a member of the
subfamily B of the GHI8 family. However, different from
other modular endochitinases of the subfamily B, Chi23 is
a single-domain enzyme containing only a catalytic domain.
We solved the crystal structure of the wild-type Chi23 and
modeled its structure with (GIcNAc)s. Based on structural and
mutational analyses, the key residues of Chi23 involved in
substrate binding and catalysis were revealed, and its structural
basis for chitin degradation and for high thermostability
was also probed.

MATERIALS AND METHODS
Sequence Analysis of Chi23

MUSCLE was used to perform multiple sequence alignment
(Edgar, 2004). Software MEGA 7.0 was used for phylogenetic
analysis (Kumar et al., 2016). SignalP 4.1 (Petersen et al., 2011)
was used to identify the potential signal peptide sequence.

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2457


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

GH18 Endochitinase Catalysis and Thermostability

Gene Cloning and Mutagenesis
Pseudoalteromonas aurantia DSM6057 was obtained from the
DSMZ. The chi23 gene was amplified from the genomic
DNA of P. aurantia DSM6057 via PCR using gene-specific
primers (Table 1). The amplified fragment was ligated into
the vector pET22b to construct the recombinant plasmid
pET22b-chi23. Site-directed point mutants were created by the
QuikChange mutagenesis method (Xia et al., 2014) with primers
containing mutations (Table 1) and with plasmid pET22b-
chi23 as the template. All the recombinant plasmids were
verified by sequencing.

Protein Expression, Purification and
Zymogram Analysis

The wild-type Chi23 protein and all mutants were expressed in
Escherichia coli BL21 (DE3) cells and induced by the addition of
1 mM isopropyl-B-D-thiogalactopyranoside at 20°C and 110 rpm
for 20 h. Cells were collected and disrupted by pressure in
a binding buffer (50 mM Tris-HCI, 100 mM NaCl, pH 8.0)
containing 5 mM imidazole. The crude extract was loaded
onto Ni-NTA agarose resin (Qiagen, United States), washed
with 15 mM imidazole in the binding buffer, and eluted
with 350 mM imidazole in the binding buffer. Recombinant
His-tagged proteins were further purified by gel filtration
chromatography on a Superdex-200 column (GE Healthcare,
Sweden) equilibrated with 10 mM Tris-HCI buffer (pH 8.0)
containing 100 mM NaCl. The eluted enzyme fractions were
checked on SDS-PAGE (12.5%). Zymogram analysis was also
performed to confirm the target protein. Chitinase activity of the

purified protein was detected on gels by using the fluorescent
substrate 4-methylumbelliferyl-B-D-N,N’-diacetylchitobiose [4-
MU-(GIcNAc),] (Sigma, United States) (Barboza-Corona et al.,
1999; Nagpure et al, 2014). Protein concentrations were
determined by Pierce BCA Protein Assay Kit (Thermo Scientific,
United States).

Colloidal Chitin Preparation

Colloidal chitin was prepared as previously described (Roberts
and Selitrennikoff, 1988) with some modification. Briefly, 10 g
of powdered chitin (Carbosynth, China) was dissolved in cold
concentrated HCI (200 mL) and stirred at 180 rpm and 10°C for
2 h. 2.5 L of cold deionized water was added to the hydrolysate
with continuous stirring for 10 min and the resultant chitin
suspension was centrifugated at 9,000 rpm and 4°C for 10 min.
The chitin pellets were washed repeatedly with cold deionized
water until the pH of the filtrate was about 5.0, and then dissolved
in deionized water to the concentration of 50 mg/mL.

Enzymatic Activity Assays

Chitinase activity was determined by measuring the production
of reducing sugars from colloidal or crystalline chitin. The
standard reaction system (220 pnL) contained 50 mM sodium
acetate buffer (pH 5.0), 0.8-15 pM enzyme and 10 mg/mL
colloidal chitin, which was replaced by 60 mg/mL crystalline
chitin in a final volume of 1 mL when crystalline chitin was used
as substrate. After incubation at 60°C for 15 min (for colloidal
chitin substrate) or 20 min (for crystalline chitin substrate), the
reaction was terminated by the addition of dinitrosalicylic acid

TABLE 1 | Primers used in this study.

Gene product Primer Sequence (5'-3')2
Chi23 Chi23-F AAGAAGGAGATATACATATGTCTAAAACCATTACCTATTATAACTCG (Ndel)
Chi23-R TGGTGGTGGTGGTGCTCGAGGCTATTCAGCGATTGTGCAA (Xhol)
N9A NOA-F TATTATGCCTCGGGCGCGGTCCCGCTCAT
N9A-R CCCGAGGCATAATAGGTAATGGTTTTAGACAT
G79A G79A-F TCATTTGGTGGCGCCACCATGGGTTCCAACGCTT
G79A-R TGGCGCCACCAAATGAGATCAATACTTTCTGCCCCTTGTG
T8OA T8OA-F CGCCATGGGTTCCAACGCTTATCGTTCGTTGTCA
T80A-R TTGGAACCCATGGCGCCGCCACCAAATGAGATC
D115A D115A-F ATATAGCTTATGAAGATACGGCCGCGTTCACTGGTCAAG
D115A-R GCCGTATCTTCATAAGCTATATCCACGCCATCTAACTGAT
E117A E117A-F TATAGATTATGCAGATACGGCCGCGTTCACTGGTCAAG
E117A-R GCCGTATCTGCATAATCTATATCCACGCCATCTAACTGAT
Q157A Q157A-F ATTTCTCATGCACCTGCACCTCCTTATTTGGAGCAAGGC
Q157A-R TGCAGGTGCATGAGAAATGATGTAGTCAGGGCTCGG
Y189A Y189A-F TTAAATGTGCAGTTTGCCAACAACCCGCCATGG
Y189A-R GGCAAACTGCACATTTAACCAGTCAATCTCTTGTCCC
N190A N190A-F TGTGCAGTTTTACGCCAACCCGCCATGGAGTGCT
N190A-R TTGGCGTAAAACTGCACATTTAACCAGTCAATCTCTTGTCCCA
D229A D229A-F TGTCACGCAGAACGCTGCGGGTTCTGGGTATATGC
D229A-R AGCGTTCTGCGTGACAGGAAAGCCAGCAATAACCTTCTC
W260A W260A-F ATTATGAATGCGCAGTTCTCAAGTGACCACAATGGT
W260A-R AACTGCGCATTCATAATGCCGCCAAGGCTAGAT
Q261A Q261A-F ATTATGAATTGGGCGTTCTCAAGTGACCACAATGGTGATT
Q261A-R AGAACGCCCAATTCATAATGCCGCCAAGGCTAGAT

aThe cloning sites used are underiined, and the restriction enzymes are indicated in parentheses.
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(DNS) into the mixture. The amount of reducing sugars released
into the mixture was determined with GIcNAc as the standard
using the DNS method (Miller, 1959). One unit of enzyme
activity is defined as the amount of enzyme required to release
1 pmol of reducing sugars per min.

Biochemical Characterization

Substrate specificity assays of Chi23 were carried out with
crystalline chitin, colloidal chitin, glycol chitosan, chitosan and
avicel. The optimum temperature (Top;) for Chi23 and its
mutants was measured at temperatures ranging from 0 to 90°C
at pH 5.0. For thermostability assay, Chi23 was preincubated at
temperatures ranging from 60°C to 80°C for different periods
of time, and the residual activity was measured at 60°C. The
optimum pH of Chi23 was determined at 60°C in the Britton-
Robinson buffer ranging from pH 2.0 to 10.0. For pH stability
assay, the enzyme was preincubated in buffers with a pH range
of 2.0-13.0 at 0°C for 1 h, and then the residual activity was
measured at pH 5.0 and 60°C. The effect of NaCl on Chi23
activity was determined at NaCl concentrations ranging from 0
to 4.0 M. For halotolerance assay, the enzyme was incubated at
0°C for 1 h in buffers containing NaCl ranging from 0 to 4.5 M
before the residual activity was measured at 60°C. The effects of
selected metal ions on Chi23 activity were examined at pH 5.0
and 60°C in a final concentration of 1 or 10 mM.

Enzyme kinetics assays were carried out in Mcllvaine’s buffer
(pH 5.0) using 4-MU-(GIcNAc), at concentrations from 0.01
to 0.6 mM. Kinetic parameters were calculated by non-linear
regression fit directly to the Michaelis—Menten equation using the
Origin8 software. The overall secondary structures of wild-type
Chi23 and its mutants were investigated at 25°C using a J-810
circular dichroism (CD) spectropolarimeter (Jasco, Japan). CD
spectra were collected from 200 to 250 nm at a scanning rate of
200 nm/min with a path length of 0.1 cm. All proteins used were
at a concentration of 9.8 uM in 10 mM Tris-HCI buffer (pH 8.0)
containing 100 mM NaCl.

Apparent Melting Temperature (T,)
Differential scanning calorimetry (DSC) measurements were
carried out over a temperature range of 10 to 110°C at a scanning
rate of 1°C/min using a MicroCal VP-DSC microcalorimeter
(GE Healthcare, Sweden). The sample solutions contained
approximately 29.5 WM enzyme dissolved in Tris-HCl buffer
(10 mM Tris-HCI, 100 mM NaCl, pH 8.0), and the Tris-HCl
buffer was used as reference solution for accuracy. Prior to
loading, all solutions were filtered using 0.22 pwm pore size
membrane filter and degassed. All data were analyzed using
Origin8 software and further processed by fitting to a non-2-
state model.

Analysis of Hydrolysis Products From

Chitooligomers

Thin layer chromatography (TLC) analysis was carried
out as described by Huang and Chen (2005) with some
modification. Reaction mixture (60 pL) containing 3.3 mg/mL of
chitooligomers (chitobiose-chitohexaose) and 32.8 nM of Chi23

was incubated at 60°C for 12 h. After boiling the mixtures for
15 min, the reaction products were spotted onto a silica gel plate
and developed with n-butyl alcohol-acetic acid-water-ammonia
(10:5:5:1, v/v/v/v) for 3 h. To visualize the hydrolysis products,
the developed plate was sprayed using a diphenylamine-aniline-
phosphate reagent (0.8 g diphenylamine, 40 mL acetone, 0.8 mL
aniline and 4 mL of 85% phosphoric acid) and then heated at
105°C for 10 min.

Time course of (GlcNAc)g hydrolysis by the wild-type Chi23
was also measured. Hydrolysis of (GIcNAc)s by Chi23 was
carried out at pH 5.0 and 60°C for 5-120 min and the
concentrations of the enzyme and substrate used were 32.8 nM
and 6.2 mg/mL, respectively. The resultant hydrolysis products
were analyzed by gel filtration chromatography on a Superdex
Peptide 10/300 GL column (GE Healthcare, Sweden) at a flow rate
of 0.4 mL/min using 0.2 M ammonium hydrogen carbonate as
the running buffer. Elution was monitored at 210 nm using a UV
detector. LabSolutions software was used to online monitoring
and data analysis.

Crystallization, Data Collection, and

Structure Determination

Wild-type Chi23 for crystallization was diluted to 5 mg/mL in
10 mM Tris-HCI (pH 8.0) containing 100 mM NaCl. Chi23
crystals grew at 18°C in the buffer containing 0.05 M KH,POy4
and 20% (w/v) PEG 8000. All the x-ray diffraction data were
collected on the BL18Ul Beamline at Shanghai Synchrotron
Radiation Facility using Area Detector Systems Corporation
Quantum 315r. The initial diffraction data sets were processed by
the HKL3000 program (Minor et al., 2006). The crystal structure
of Chi23 was solved by molecular replacement using the PPL2
structure (PDB code 2GS]) as the starting model. Subsequent
refinement was performed using Coot (Emsley and Cowtan,
2004) and Phenix (Adams et al., 2002). All structure figures were
generated using PyMOL software.

Molecular Docking

Schrédinger software’ was used to conduct the Chi23 and
(GleNAc)s docking. The crystal structure of Chi23 was first
optimized by Protein Preparation Wizard to optimize the
structure and minimize the energy to make it more stable.
Then Schrédinger LigPrep software (LigPrep, Schrodinger,
LLC, New York, NY, United States, 2019) was used to
preprocess (GlcNAc)s to obtain its low energy three dimensional
conformers. Finally, (GIcNAc); was docked into the binding site
of minimized Chi23 using the Glide (Friesner et al., 2006) with
the standard precision scoring mode. In molecular docking, the
candidate with the lowest binding energy was chosen.

RESULTS AND DISCUSSION
Sequence Analysis of Chi23

Chitin utilization experiment indicated that the marine bacte-
rium P. aurantia DSM6057 (Gauthier and Breittmayer, 1979)

'https://www.schrodinger.com/

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2457


https://www.schrodinger.com/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

GH18 Endochitinase Catalysis and Thermostability

could use colloidal chitin as the sole carbon source, suggesting
that this strain produces chitinases for chitin degradation. We
then sequenced the genome of this strain to find out its chitinases.
Based on gene annotation, a gene encoding a putative chitinase
was identified from the genome sequence, which was named
chi23. The Chi23 protein comprises 280 amino acid residues
with a calculated molecular mass of 30.4 kDa, and no signal
peptide sequence can be predicted in Chi23 sequence by SignalP
4.1. Among the characterized enzymes, Chi23 is most closely
related to the GH18 endochitinase PPL2 from Parkia platycephala
seeds (Cavada et al., 2006) with a low sequence identity of 30%.
By blasting against the Conserved Domains Database (CDD),
Chi23 was found to be a single-domain enzyme, containing only
a GHI18 catalytic domain. Phylogenetic analysis showed that
Chi23 belongs to the subfamily B of the GH18 family (Figure 1).
Multiple sequence alignment suggested that the key catalytic
residue of Chi23 is Glu117, which is located in the typical DxDxE
motif (Matsumoto et al., 1999) of the GH18 chitinases (Figure 2).

Biochemical Characterization of Chi23

Chi23 was over-expressed in E. coli BL21 (DE3) and purified.
SDS-PAGE analysis showed that the purified Chi23 displays an
apparent molecular mass of approximately 30 kDa, accordant
to that predicted from its sequence (30.4 kDa) (Figure 3A).
Only one fluorescent band with an apparent molecular mass of
30 kDa was observed in zymogram analysis, indicating that the

purified Chi23 is an active chitinase (Figure 3A). Recombinant
Chi23 could hydrolyze both crystalline and colloidal chitin, but
showed little activity toward glycol chitosan, chitosan or avicel
(Table 2). The optimal temperature for Chi23 activity was 60°C
(Figure 3B). Chi23 was stable at 60°C, and retained over 40% of
its maximal activity after 1 h incubation at 70°C (Figure 3C),
suggesting that Chi23 is a thermostable enzyme. Chi23 had
the highest activity at pH 5.0 and showed good tolerance over
a wide pH range, retaining over 60% activity at pH 2.0-11.0
(Figures 3D,E). Similar to MmChi60 (Stefanidi and Vorgias,
2008), basic solutions with pH values in a range of 8.0-10.0
had small impact on Chi23 stability, but severely decreased or
fully abolished the activity of Chi23, suggesting that the protein
structure of Chi23 is possibly maintained under basic conditions.
Chi23 activity could be stimulated by 3.0 M NaCl by 1.6 folds
(Figure 3F), consistent with its marine origin. Moreover, after
1 h incubation in 4.5 M NaCl, Chi23 still retained 84% activity
(Figure 3G). Thus, Chi23 is a thermostable, halotolerant, and
acidic chitinase. Like other GH18 subfamily B chitinases (Wen
et al., 2002; Stefanidi and Vorgias, 2008), Chi23 activity was
hardly affected by K, Li*, Ba?*, Ca?*, Mg?* or Ni?* at
1-10 mM concentrations, but severely inhibited by Cu?* at
10 mM concentration (Table 3). Chi23 activity was also strongly
inhibited by Co?*, Fe?*, and Mn?* at 10 mM concentration,
which, however, had no effect on the activity of MmChi60
(Stefanidi and Vorgias, 2008).

54 Serratia marcescens (1HOG)

98 Klebsiella pneumoniae (3Q0OK)

Nicotiana tabacum (3ALF)
Coccidioides posadasii (1D2K)
Bacillus circulans (11TX)
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56 —I: Serratia marcescens (1CTN)
100
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FIGURE 1 | Phylogenetic analysis of Chi23 and other chitinases from the GH18 family. The unrooted phylogenetic tree was constructed by using the
neighbor-joining method with a Jones-Taylor—Thornton (JTT) matrix-based model using 202 amino acid positions. Bootstrap analysis of 1,000 replicates was

conducted, and values above 50% are shown.
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FIGURE 2 | Multiple sequence alignment of Chi23 and other chitinases from the GH18 subfamily B. Using ESPript 3.0, secondary structures of Chi23 are shown
above alignment and those of the endochitinase PPL2 (PDB code 2GSJ) from Parkia platycephala seeds under alignment. Helices are indicated by springs, strands
by arrows, turns by TT letters. Identical residues are shown in white on a black background, and similar residues are in bold black. Chitinases from bacteria and
eukaryotes are marked by black and green squares, respectively. The conserved DxDxE motif containing the catalytic Glu (marked by a star) is boxed. Selected
residues of Chi23 for mutation are indicated by red circles.
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FIGURE 3 | SDS-PAGE and zymogram analysis of purified Chi23 and Biochemical characterization of Chi23 using colloidal chitin as substrate. (A) SDS-PAGE and
zymogram analysis of purified Chi23. Lane M, protein mass markers; lane 1, purified Chi23; lane 2, zymogram of Chi23. (B) Effect of temperature on the activity of
Chi28. (C) Effect of temperature on the stability of Chi23. (D) Effect of pH on the activity of Chi23. (E) Effect of pH on the stability of Chi23. (F) Effect of NaCl on the
activity of Chi23. (G) Effect of NaCl on the stability of Chi23. The graphs show data from triplicate experiments (means + SD).

TLC analysis showed that (GIcNAc), and (GlcNAc)3 were the
predominant products when crystalline chitin, colloidal chitin
and chitooligomers (chitotriose-chitohexaose) were hydrolyzed
by Chi23 (Figures 4A,B). Chi23 could not hydrolyze (GlcNAc),,
and the products from (GlcNAc)s degradation were not all
(GlcNAc), (Figure 4B), suggesting that Chi23 functions as
an endochitinase rather than an exochitinase. To reveal the
action mode of Chi23, time course of (GlcNAc)s hydrolysis by
Chi23 was performed. Degradation products from (GlcNAc)s
by Chi23 were (GlcNAc),, (GlcNAc); and (GlcNAc)y at first,
and the resulting (GIcNAc)4 was subsequently hydrolyzed into
(GleNAc), (Figure 4C), which further indicated that Chi23 is
an endochitinase.

Overall Structural Analysis of Chi23

To ascertain the structural basis of Chi23 for chitin degradation,
the crystal structure of Chi23 was solved at 1.80-A resolution by
molecular replacement using the PPL2 structure (30% sequence
identity with Chi23, PDB code 2GSJ) (Cavada et al, 2006)
as the starting model. The crystallographic and refinement
statistics are summarized in Table 4. The crystal of Chi23

TABLE 2 | The substrate specificity of Chi23.

Substrate Specific activity (U/mg)
Crystalline chitin 0.1 £0.01
Colloidal chitin 1.2+0.02

Glycol chitosan LD

Chitosan LD

Avicel LD

belongs to the P12; space group with four molecules loosely
packed per asymmetric unit. Gel filtration analysis showed
that Chi23 presents as monomers in solution (Figure 5A).
Consistent with sequence analysis, structural analysis also
showed that Chi23 is a single-domain protein containing only
a CaD, which is distinct from other endochitinases of the
GH18 subfamily B that are all modular proteins (Payne et al,,
2012; Malecki et al, 2013). Like the catalytic domains of
the other chitinases from the GH18 subfamily B, the overall
structure of Chi23 adopts the classical (B/a)s TIM-barrel
fold (Figure 5B), most closely resembling the structures of
PPL2 (Cavada et al., 2006) and ChiNCTU2 (PDB code 3N11)

TABLE 3 | Effects of metal ions on Chi23 activity.

Metal ions Relative activity (%)
1mM 10 mM

None 100 100
K+ 106.8 + 1.6 100.1 £ 2.6
Lit 106.5+ 1.5 1221 £ 3.0
Ba?t 109.7 £ 3.5 1052+ 1.9
Ca?t 109.0 + 1.3 1042 +1.4
Co?* 57.0+1.3 27.0+06
cu?t 40.8+1.5 LDa
Fe2+ 60.0+ 1.7 109+1.2
Mg?+ 1259+ 1.1 106.3 £ 1.5
Mn2+ 372427 37+13
Ni2+ 1165+ 2.8 104.6 £ 2.2
Zn?+t 84.0+4.0 57.0+04

4L D indicates that the value was less than the limit of detection.

4L D indicates that the value was less than the limit of detection.
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FIGURE 4 | Hydrolysis of crystalline chitin, colloidal chitin and chitooligomers by the purified Chi23. (A) TLC showing the complete hydrolysis of crystalline chitin
(powder) and colloidal chitin by Chi23. Lane Std, standard mix of (GIcNAc)1-g; lane P + E, hydrolysis of crystalline chitin; lane C + E, hydrolysis of colloidal chitin.
(B) TLC showing the complete hydrolysis of chitooligomers (GIcNAC)z-g by Chi23. Lane Std, standard mix of (GIcNAc)1-s; lanes 2 + E to 6 + E, hydrolysis of
chitooligomers from (GIcNAc), to (GIcNAc)s, respectively. (C) Time course of (GlcNAc)s hydrolysis by Chi23. Hydrolysis of (GIcNAc)s was carried out at pH 5.0 and
60°C for 5-120 min and the concentrations of the enzyme and substrate used were 32.8 nM and 6.2 mg/mL, respectively.
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TABLE 4 | Diffraction data and refinement statistics of the wild-type Chi23.

Parameters Chi23
Diffraction data

Space group P124

Unit cell

a, b, c A 68.62, 87.49, 88.84
o By () 90.00, 95.30, 90.00
Resolution range (A) 50.00-1.80 (1.86-1.80)2
Redundancy 6.4 (6.5)
Completeness (%) 99.9 (99.9)
Rmerge (%)° 12.8 (31.6)

I/ol 30.3(10.2)

Refinement statistics

R-factor (%) 21.5
Free R-factor (%) 23.7
RMSD from ideal geometry

Bond lengths (&) 0.011
Bond angles (°) 1.00
Ramachandran plot (%)

Favored 97.70
Allowed 2.30
Outliers 0
Overall B-factors (A2) 18.51

a@Numbers in parentheses refer to data in the highest resolution shell.
PRmerge = T Zil I(hKl); - < I(hk) > | /S S < I(hKl); >.

(Hsieh et al., 2010), with the root mean square deviations
of 2.89 A (202 monomer Co atoms) to PPL2 and 3.48 A
(217 monomer Ca atoms) to ChiNCTU2. Chi23 comprises
14 o-helices and 10 p-sheets (Figure 5B). The -catalytic
IB3DxDxE!N” motif is located in the loop between 6 and a5,
and a hydrogen bond is formed between the catalytic residues
Aspl15 and Glul17.

Although Chi23 has similar overall structure to the catalytic
domains of the other chitinases from the GH18 subfamily
B, some differences in their structures are also observed. All
known bacterial chitinases from the GH18 subfamily B contain
a small B-hairpin subdomain composed of two antiparallel
B-sheets (7 and B8 in ChiNCTU?2) and an extra a-helix (a5 in
ChiNCTU?2) to extend their substrate-binding clefts (Hsieh et al.,
20105 Payne et al., 2012; Malecki et al., 2013), which is absent
from all eukaryotic chitinases of this subfamily (Terwisscha van
Scheltinga et al., 1994; Cavada et al., 2006; Hurtado-Guerrero and
van Aalten, 2007; Schuttelkopf et al., 2010; Masuda et al., 2015).
For Chi23, it only has such an a-helix, and lacks the B-sheets
for the formation of a fB-hairpin subdomain (Figures 5C,D).
Therefore, different from other bacterial chitinases from the
GH18 subfamily B, Chi23 does not have a f-hairpin subdomain.
All chitinases of the subfamily B, except for PPL2, harbor
several long flexible loops in different regions. For example,
three long loops between B4-04, a7-a8, and a10-B10 are present
in ChiNCTU2 to elongate its binding cleft (Hsieh et al,
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FIGURE 5 | Structural analysis of Chi23. (A) Gel filtration analysis of recombinant Chi23 and markers. Chi23 monomer has a calculated molecular mass of 30.4 kDa.
Two protein size markers are carbonic anhydrase (29 kDa) and ovalbumin (44 kDa). (B) The overall structure of Chi23. The key catalytic residue of Chi23 is shown in
sticks. (C) Structural superimposition of Chi23 (magenta) and PPL2 (yellow). (D) Structural superimposition of Chi23 (magenta) and ChiNCTU2 (cyan). ChiNCTU2
has a B-hairpin subdomain (marked by red circle) and three long loops (marked by black circles) in structure, which are all absent in Chi23 and ChiNCTU2.

loopl (B4-a4)

2010). However, similar to PPL2 (Cavada et al., 2006), Chi23
only has extremely short loops in these corresponding regions
(Figures 5C,D). Moreover, surface residues Phe30-Ser44 in
Chi23 form two antiparallel B-sheets, which are conserved in
nearly all eukaryotic chitinases of the GH18 subfamily B, but not
in the bacterial chitinases of this subfamily where only one or no
corresponding p-sheet is formed. Taken together, the structure of
Chi23 is distinct from those of the other modular endochitinases
from the GH18 subfamily B.

Key Residues Involved in Substrate
Binding and Catalysis in Chi23

To investigate the substrate-binding mode of Chi23, we tried
to obtain the structure of Chi23 binding a substrate. We
cocrystallized the wild-type Chi23 and its inactive mutants

D115A and E117A with different chitooligomers. Unfortunately,
no electron density was observed for the substrate in the structure
of Chi23 or its mutants. Instead, we modeled the structure of
the wild-type Chi23 in complex with (GlcNAc)s by molecular
docking. Several candidates were obtained and we chose the
lowest energy candidate for the following analysis. In the modeled
structure, (GIcNAc)s is bound in the negatively charged substrate
cleft (Figure 6A).

Five sugar subsites from —3 to +2 are revealed in the
substrate-binding cleft of the structure of Chi23 docked with
(GleNAc)s, and the scissile glycosidic bond between the —1
and the +1 subsites is located close to the side chain of the
predicted catalytic Glull7 (Figure 6B). The GIcNAc residue
bound at the —1 subsite is in an unfavorable boat conformation,
and stabilized by the side chains of Tyr189, Asn190 and Asp229
through hydrogen bonds and by Trp260 through hydrophobic
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FIGURE 6 | Analyses of the key amino acid residues in Chi23 for substrate binding and catalysis. (A) Electrostatic surface view of Chi23 docked with (GICNAC)s
substrate. The positively charged regions are shown in blue and the negatively charged regions in red. (B) Detailed structure of Chi23 modeled with (GIcCNAC)s.
Residues involved in the binding and catalysis of (GIcNAc)s are shown as cyan sticks, and the substrate (GIcNAc)s is shown as yellow sticks. Interactions between
Chi23 residues and (GIcNAc)s within hydrogen-bond distance are shown as dashed lines. (C) Activities of the wild-type Chi23 and its mutants against crystalline
chitin. (D) Activities of Chi23 and its mutants against colloidal chitin. (E) Activities of Chi23 and its mutants against 4-MU-(GIcNAc)
mutants. In (C-E), the activity of the wild-type Chi23 is defined as 100%, and the Chi23 subsites to which the modeled (GIcNAc)s binds are also indicated.
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2. (F) CD spectra of Chi23 and its

stacking. The boat conformation of the sugar at the —1 subsite
is critical for the initiation of the enzymatic cleavage (Brameld
and Goddard, 1998). Except for Asp229, other residues involved
in the binding of the -1 sugar are highly conserved in the
GH18 subfamily B (Figure 2). All the acetamido groups of
(GleNAc)s are stabilized by hydrogen bonds. Residues Thr80,
Trp260 and GIn261, Tyr189, GIn157 and Gly79 are hydrogen

bonded to the C2-acetamido group of GIcNAc unit at subsites
from —3 to 42, respectively, mainly through their side chains.
The O3 hydroxyl groups of the —2, +1 and +2 sugar
residues also form hydrogen bonds with Asn9, Glull7 and
Gly79, respectively. There is also a hydrogen bond between
the O6 hydroxyl group of the —3 sugar and the main-chain
oxygen atom of Asn9.
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To analyze the roles of the potential residues involved in
substrate binding and catalysis in chitin degradation, single-
point mutations of the residues to Ala were performed in Chi23,
and the activities and kinetic parameters of the mutants were
measured and compared to those of the wild-type enzyme
(Figures 6C-E and Table 5). Mutations of residues Aspll5
and Glul17 in the catalytic > DxDxE!Y” motif led to complete
loss of enzymatic activity toward insoluble and soluble chitin,
demonstrating their key roles in the catalysis. Except for T80A
at the —3 subsite and G79A at the +2 subsite, all mutations
on the residues predicted to be involved in substrate binding
at subsites from —2 to +1 severely decreased or even abolished
the activity of Chi23 against crystalline chitin, colloidal chitin or
4-MU-(GIcNAc);, and reduced both the substrate affinity and
kcar of Chi23, indicating that residues GIn157, Tyr189, Asn190,
Asp229, Trp260, GIn261 and Asn9 at subsites from —2 to +1
play important roles in Chi23 for the binding and degradation of
insoluble and soluble chitin. Mutation T80A had little effect on
the enzymatic activity or the k.u/Ky, value of Chi23, suggesting
that Thr80 possibly contributes little to the binding of soluble
and insoluble chitin. Mutation G79A significantly stimulated 4-
MU-(GIcNAc), hydrolysis of Chi23 but had a minor impact
on crystalline and colloidal chitin hydrolysis, and similar cases
were observed in Vibrio carchariae chitinase A (Suginta et al,,
2007) and Bacillus circulans chitinase ChiAl (Watanabe et al.,
2003), suggesting that the binding and degradation of long-
chain chitin tends to be influenced by a cluster of the surface-
exposed residues in the substrate cleft rather than by a particular
residue. In Bacillus circulans chitinase ChiAl, the increase in the
hydrolytic activity against chitooligomers by mutations W164A
and W285A at subsites +1 and +2, respectively, was perhaps
attributed to the weakness of substrate inhibition (Watanabe
et al., 2003). However, no inhibitory effect on the Chi23 activity

TABLE 5 | Kinetic parameters of Chi23 and its mutants?.

Enzyme Km Vimax kcat Relative Topt
(wM) (nmol/min/mg)  (s=' x 1073)  kcat/Km® (°C)
WT-Chi23  64.6 £11.7 10.7 £0.9 54+05 100% 60
Catalytic residues
D115A LDe LD LD LD LD
E117A LD LD LD LD LD
Potential binding residues
N9A 90.1 £ 134 42+03 21+0.2 281% 60
G79A 72.6 +6.9 576 +£25 29.5+1.3 477.3% 60
T80A 856 +7.2 14.4+0.5 7.3+0.3 101.6% 60
Q157A 1041 +£17.5 44403 22402 255% 60
Y189A LD LD LD LD LD
N190A 77.4+16.2 0.04 £ 0.004 0.02 £ 0.002 0.3% 60
D229A 80.1 £6.3 2.7 +0.1 1.4 +£0.05 20.4% 45
W260A LD LD LD LD LD
Q261A 86.3 £ 6.6 0.9 +£0.04 0.5+ 0.02 6.3% 50

4Reactions were conducted in triplicate in Mcllivaine’s buffer (pH 5.0) at 60°C
using 4-MU-(GIcNAc), as substrate over a concentration range of 0.01-0.6 mM.
bPercem‘ages were calculated relative to the wild-type Chi23. °LD indicates that
the value was less than the limit of detection.

was observed for 4-MU-(GIcNAc), at the tested concentrations
ranging from 0.01 to 0.6 mM, implying that other reason
may explain its enhanced activity toward 4-MU-(GIcNAc),,
which needs further study. Mutation G79A influenced only
the ke of Chi23 in 4-MU-(GIcNAc), degradation but not its
Ky, consistent with the main chain of Gly79 involved in the
substrate binding. CD spectroscopy analysis showed that the
secondary structures of the mutants exhibited little deviation
from that of the wild-type Chi23, indicating that the changes in
the enzymatic activity and kinetic parameters of the mutants are
caused by residue substitution rather than structural changes in
Chi23 (Figure 6F).

Comparison of the Substrate-Binding
Clefts of Chi23 and Other GH18

Endochitinases

In the GH18 family, several endochitinases active on crystalline
chitin with specific activities ranging from 0.03 to 1.5 U/mg have
been reported, including MmChi60, CjChil8C, SmChiC, SpChiC
and SsChil8B, which are all modular enzymes containing one or
more CBDs in addition to the CaD (Suzuki et al., 1999; Stefanidi
and Vorgias, 2008; Purushotham et al., 2012; Monge et al., 2018;
Sunetal,, 2019). Compared to other GH18 endochitinases, Chi23
lacks a CBD, but has similar efficiency on crystalline chitin
degradation (Table 2). To further reveal the mechanism for
chitin degradation, especially for crystalline chitin, by Chi23, a
comparative analysis of the structures of Chi23 and other GH18
endochitinases was carried out (Figure 7).

Similar to the catalytic domains of other GH18 endochitinases,
Chi23 has a shallow groove-like binding cleft (Figure 7A).
However, Chi23 displays differences in substrate binding
involving residues Asn9, Asp229 and GIn261 compared to other
GH18 endochitinases (Figures 7B-E). The side chain of Asp229
in Chi23 is hydrogen bonded to the O6 group of the -1
sugar to keep its boat conformation, which is replaced by a
small hydrophobic Ala conserved in all other chitinases of the
GH18 subfamily B (Figures 7B-E). However, mutant D229A
of Chi23 showed significantly reduced activity to crystalline
and colloidal chitin and a much lower activity to 4-MU-
(GlecNAc), (Figures 6C-E), demonstrating the importance of
Asp229 in Chi23 for the hydrolysis of insoluble and soluble
chitin. GIn261 in Chi23 stabilizes the acetamido group of the
—2 sugar through its side chain, and mutation analysis indicates
that GIn261 is important for both insoluble and soluble chitin
degradation (Figures 6B-E). The counterpart of GIn261 of
Chi23 is a small hydrophilic Ser that is conserved in most
reported chitinases of the GH18 subfamily B (Figures 7B-E). No
interaction is found between the corresponding Ser and bound
chitooligomers in ChiNCTU2 (Hsieh et al., 2010) or MmChi60
(Malecki et al., 2013). Asn9 participates in the substrate binding
of Chi23 through either its side chain or main chain. Asn9 of
Chi23 is replaced by a conserved aromatic His in other bacterial
chitinases or by a small conserved Gly in eukaryotic chitinases
in the GH18 subfamily B. Mutation analysis indicates that Asn9
in Chi23 plays an important role in insoluble and soluble chitin
degradation (Figures 6C-E). However, its counterparts in both

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2457


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wang et al. GH18 Endochitinase Catalysis and Thermostability

A 3 . ) Y189/Y208,
L A "
S I GlcNAc)«t;,(\,, W260/W300 G79/A106
/%g_g_j ) S D229/A268
e
- 4 T80/D107
= ) o D115/D139
\Y 7, N‘ /f/ =)
H Q261/8301
\V 4
MmChi60 (4MB5) NO/M32

SmChiC (4AXN)

FIGURE 7 | Structural comparison of the substrate-binding clefts of Chi23, ChiNCTU2, MmChi0 and SmChiC. (A) The substrate-binding clefts of Chi23,
ChiNCTU2 (PDB code 3N18), MmChi60 (PDB code 4MB5) and SmChiC (PDB code 4AXN). The substrate-binding clefts are shown as surface and colored in
apricot. The (GIcNAc)s docked into Chi23, the (GIcNAc)4 bound to ChiNCTU2, and the (GlcNAc)s bound to MmChi60 are shown as yellow sticks. (B-E)
Superposition of the substrate-binding clefts of Chi23 (magenta) and ChiNCTU2 (cyan) or/and MmChi60 (yellow) or/and SmChiC (gray). In (B-E), the (GIcNAc)s
docked into Chi23 is shown as green lines. Residues involved in the catalysis and substrate binding are shown as sticks, and colored in magenta for Chi23, in cyan

for ChiNCTU2, in yellow for MmChi60, and in gray for SmChiC.
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ChiNCTU2 (His41) (Hsieh et al., 2010) and MmChi60 (His38)
(Malecki et al., 2013) are far away from the bound chitooligomers,
and only a weak hydrophobic stacking interaction is formed
between His38 of MmChi60 and chitopentose, and no interaction
forms between His41 of ChiNCTU?2 and chitooligomers due to
the buried property of this residue. Altogether, these data indicate
that the three unique residues Asn9, Asp229 and GIn261 play
an important role in Chi23 for chitin degradation, and their
cumulative roles in substrate binding and catalysis contribute to
the activity of the single-domain Chi23 against both crystalline
and soluble chitin.

Structural Basis for the High
Thermostability of Chi23

To study the contribution of identified substrate-binding
residues to the thermostability of Chi23, the apparent melting
temperatures (T),) and optimal temperatures (T,p;) of Chi23
and its mutants were measured and compared. The T, and
Topt values of mutants N9A, G79A, T80A and QI57A were
similar to that of Chi23 (a T,y of 60°C and a T, of 77°C),
suggesting that these residues may contribute little to the
thermostability of Chi23. In contrast, mutation Q261A at the
—2 subsite and all mutations including Y189A, N190A, D229A
and W260A at the —1 subsite led to 6-14°C reduction in
the T, of Chi23 (Figure 8A), indicating the important roles
of these substrate-binding residues at the —1 and —2 subsites
in stabilizing the protein structure of Chi23. Among these
five mutants, the Ty values of mutants Y189A and W260A
are undetectable due to the complete loss of their activity,
mutant N190A had an unchanged T,p;, and mutants D229A
(45°C) and Q261A (50°C) had much lower Ty values than
the wild-type Chi23 (60°C) (Table 5). Moreover, both D229A
and Q261A became very unstable at 60°C, further supporting
that residues Asp229 and GIn261 play an important role in
maintaining the structural stability of Chi23. A detailed structural
analysis of Chi23 showed that the side chain of Asp229 forms

four hydrogen bonds with the solvent-exposed residues Thr226
and Ser264, and that the side chain of GIn261 is hydrogen
bonded to residues Ser10 and Asn9 lining on the substrate cleft
surface (Figure 8B). The mutation of the hydrophilic Asp229
or GIn261 to small hydrophobic Ala led to the disruption
of the hydrogen bond networks involving these two residues
and their surrounding residues in Chi23, and therefore the
protein structure of Chi23 became less rigid and less stable
at high temperatures. The contribution of hydrogen bonds to
protein thermostability was also reported in other glycoside
hydrolases (Vogt et al., 1997; Han et al,, 2018). In addition,
the absence of long flexible loops may also benefit the high
thermostability of Chi23.

Chi23 and Its Homologs Form a New

Group of GH18 Endochitinases

Among the reported GHI18 endochitinases, Chi23 is most
closely related to the eukaryotic single-domain endochitinase
PPL2 (Cavada et al, 2006), with a low sequence identity of
30%, suggesting that Chi23 is a new member of the GHI18
endochitinases. In addition to sequence, Chi23 is also different
from reported GH18 bacterial endochitinases in structure due to
the lack of the CBD and the p-hairpin subdomain (Figure 5).
Blasting analysis revealed that more than 140 homologs of Chi23
are found in the NCBI non-redundant (nr) protein database,
which are all potential single-domain proteins and distributed
in various bacterial species (Figure 9A). Phylogenetic analysis
showed that Chi23 and its homologs are clustered as a group
separate from the cluster of the reported GH18 endochitinases
(Figure 9B). Chi23 and its homologs are more closely related
to GH18 eukaryotic endochitinases than to reported GH18
bacterial modular endochitinases (Figure 9B). Thus, based on
the differences in sequence and structure between Chi23 (and
its homologs) and other GH18 bacterial endochitinases, Chi23
and its homologs are suggested to represent a new group of
GH18 endochitinases.

A 25000 R
. —YI189A
) ——NI190A
© 20000 —Nisoa
> . ——W260A
'g 15000 —— Q1A
E ]
= 10000
[&]
'M .
A 5000
a,
Q J
0+ | T T
50 60 70 80
Temperature ("C)

sticks.

go/fg(

FIGURE 8 | Residues involved in the thermostability of Chi23. (A) Differential scanning calorimetry (DSC) thermograms for Chi23 and its mutants. (B) The hydrogen
bond networks in Chi23 involving residues Asp229 and GIn261 (magenta sticks with hydrogen atoms shown). (GlcNAc)s docked into Chi23 is shown as yellow
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CONCLUSION

Chi23 is a marine bacterial endochitinase capable of degrading
crystalline and colloidal chitin. Chi23 and its homologs
are widespread in bacteria and represent a new group of
GH18 endochitinases, suggesting that they may play an
important role in marine and terrestrial chitin degradation
and recycling. Chi23 is also a thermostable enzyme, thus
making it a potential candidate for the industrial processing
of chitin. Our structure-function analysis on Chi23 broadens

our knowledge on the molecular mechanisms for the GH18
endochitinases in chitin degradation, and offers a basis for
developing the industrial applications of Chi23 and other
GH]18 chitinases.

DATA AVAILABILITY STATEMENT

The nucleotide sequence encoding Chi23 has been deposited in
the GenBank database with the accession number MK948094.

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2457


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

GH18 Endochitinase Catalysis and Thermostability

The structure of wild-type Chi23 has been deposited in PDB
under the accession number 6K7Z.

AUTHOR CONTRIBUTIONS

Y-ZZ and X-YS designed the research. P-YL and X-LC directed
the research. Y-JW, W-X]J, YZ, and Y-SZ performed the
experiments. P-YL solved the structure. H-YC, C-YL, and PW
helped in analyzing the structural data. Y-JW, P-YL and X-LC
wrote the manuscript.

FUNDING

This work was supported by the National Key R&D Program
of China (Grants 2018YFC0310704, 2018YFC1406700, and

REFERENCES

Adams, P. D., Grosse-Kunstleve, R. W., Hung, L. W, Toerger, T. R., McCoy, A. .,
Moriarty, N. W., et al. (2002). PHENIX: building new software for automated
crystallographic structure determination. Acta Crystallogr. D Biol. Crystallogr.
58, 1948-1954. doi: 10.1107/S0907444902016657

Barboza-Corona, J. E., Contreras, J. C., Velazquez-Robledo, R., Bautista-Justo, M.,
Gomez-Ramirez, M., Cruz-Camarillo, R., et al. (1999). Selection of chitinolytic
strains of Bacillus thuringiensis. Bitechnol. Lett. 21, 1125-1129. doi: 10.1023/a:
1005626208193

Brameld, K. A., and Goddard, W. A. (1998). Substrate distortion to a boat
conformation at subsite-1 is critical in the mechanism of family 18 chitinases.
J. Am. Chem. Soc. 120, 3571-3580. doi: 10.1021/ja972282h

Cavada, B. S., Moreno, F. B., da Rocha, B. A., de Azevedo, W. F. Jr., Castellon,
R. E., Goersch, G. V., et al. (2006). cDNA cloning and 1.75 A crystal structure
determination of PPL2, an endochitinase and N-acetylglucosamine-binding
hemagglutinin from Parkia platycephala seeds. FEBS J. 273, 3962-3974. doi:
10.1111/j.1742-4658.2006.05400.x

Chen, W., Qu, M., Zhou, Y., and Yang, Q. (2018). Structural analysis of group II
chitinase (ChtlII) catalysis completes the puzzle of chitin hydrolysis in insects.
J. Biol. Chem. 29, 2652-2660. doi: 10.1074/jbc.RA117.000119

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32, 1792-1797. doi: 10.1093/nar/gkh340

Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for molecular
graphics. Acta Crystallogr. D Biol. Crystallogr. 60, 2126-2132. doi: 10.1107/
50907444904019158

Friesner, R. A., Murphy, R. B., Repasky, M. P., Frye, L. L., Greenwood, J. R,,
Halgren, T. A, et al. (2006). Extra precision glide: docking and scoring
incorporating a model of hydrophobic enclosure for protein-ligand complexes.
J. Med. Chem. 49, 6177-6196. doi: 10.1021/jm0512560

Gauthier, M. J.,, and Breittmayer, V. A. (1979). A new antibiotic-producing
bacterium from seawater. Int. J. Syst. Evol. Microbiol. 29, 366-372. doi: 10.1099/
00207713-29-4-366

Han, Y., Yu, R, Gao, P, Lu, X,, and Yu, W. (2018). The hydrogen-bond network
around Glu160 contributes to the structural stability of chitosanase CsnA from
Renibacterium sp. QD1. Int. ]. Biol. Macromol. 109, 880-887. doi: 10.1016/j.
ijbiomac.2017.11.071

Houston, D. R., Shiomi, K., Arai, N., Omura, S., Peter, M. G., Turberg, A,
et al. (2002). High-resolution structures of a chitinase complexed with natural
product cyclopentapeptide inhibitors: mimicry of carbohydrate substrate. Proc.
Natl. Acad. Sci. U.S.A. 99, 9127-9132. doi: 10.1073/pnas.132060599

Hsieh, Y. C., Wu, Y. J.,, Chiang, T. Y., Kuo, C. Y., Shrestha, K. L., Chao, C. F,,
et al. (2010). Crystal structures of Bacillus cereus NCTU2 chitinase complexes
with chitooligomers reveal novel substrate binding for catalysis: a chitinase
without chitin binding and insertion domains. J. Biol. Chem. 285, 31603-31615.
doi: 10.1074/jbc.M110.149310

2018YFC1406706), the National Natural Science Foundation of
China (Grants 91751101, 41676180, 31630012, and 31570042),
AoShan Talents Cultivation Program Supported by Qingdao
National Laboratory for Marine Science and Technology
(2017ASTCP-0S14 and QNLM20160RP0310), Taishan Scholars
Program of Shandong Province (2009TS079), the Key Research
Project of Shandong Province (2017GSF21106), and the Young
Scholars Program of Shandong University (2017WLJH57).

ACKNOWLEDGMENTS

We thank the staffs from BL18U1 and BL19U1 beamlines of
National Facility for Protein Sciences Shanghai (NFPS) and
Shanghai Synchrotron Radiation Facility, for assistance during
data collection.

Huang, C.J., and Chen, C. Y. (2005). High-level expression and characterization of
two chitinases, ChiCH and ChiCW, of Bacillus cereus 28-9 in Escherichia coli.
Biochem. Biophys. Res. Commun. 327, 8-17. doi: 10.1016/j.bbrc.2004.11.140

Hurtado-Guerrero, R., and van Aalten, D. M. (2007). Structure of Saccharomyces
cerevisiae chitinase 1 and screening-based discovery of potent inhibitors. Chem.
Biol. 14, 589-599. doi: 10.1016/j.chembiol.2007.03.015

Katouno, F., Taguchi, M., Sakurai, K., Uchiyama, T., Nikaidou, N., Nonaka, T, et al.
(2004). Importance of exposed aromatic residues in chitinase B from Serratia
marcescens 2170 for crystalline chitin hydrolysis. J. Biochem. 136, 163-168.
doi: 10.1093/jb/mvh105

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.
doi: 10.1093/molbev/msw054

Li, H., and Greene, L. H. (2010). Sequence and structural analysis of the chitinase
insertion domain reveals two conserved motifs involved in chitin-binding. PLoS
One 5:e8654. doi: 10.1371/journal.pone.0008654

Malecki, P. H., Raczynska, J. E., Vorgias, C. E., and Rypniewski, W. (2013).
Structure of a complete four-domain chitinase from moritella marina, a marine
psychrophilic bacterium. Acta Crystallogr. D Biol. Crystallogr. 69, 821-829.
doi: 10.1107/50907444913002011

Masuda, T., Zhao, G., and Mikami, B. (2015). Crystal structure of class III chitinase
from pomegranate provides the insight into its metal storage capacity. Biosci.
Biotechnol. Biochem. 79, 45-50. doi: 10.1080/09168451.2014.962475

Matsumoto, T., Nonaka, T., Hashimoto, M., Watanabe, T., and Mitsui, Y. (1999).
Three-dimensional structure of the catalytic domain of chitinase Al from
Bacillus circulans WL-12 at a very high resolution. Proc. JPN. Acad. Ser. B 75,
269-274. doi: 10.2183/Pjab.75.269

Miller, G. L. (1959). Use of dinitrosalicylic acid reagent for determination of
reducing sugar. Anal. Chem. 31, 426-428. doi: 10.1021/ac60147a030

Minor, W., Cymborowski, M., Otwinowski, Z., and Chruszcz, M. (2006). HKL-
3000: the integration of data reduction and structure solution-from diffraction
images to an initial model in minutes. Acta Crystallogr. D Biol. Crystallogr. 62,
859-866. doi: 10.1107/S0907444906019949

Monge, E. C.,, Tuveng, T. R., Vaaje-Kolstad, G., Eijsink, V. G., and Gardner, J. G.
(2018). Systems analysis of the glycoside hydrolase family 18 enzymes from
Cellvibrio japonicus characterizes essential chitin degradation functions. J. Biol.
Chem. 293, 3849-3859. doi: 10.1074/jbc.RA117.000849

Nagpure, A., Choudhary, B., and Gupta, R. K. (2014). Mycolytic enzymes produced
by Streptomyces violaceusniger and their role in antagonism towards wood-
rotting fungi. J. Basic Microbiol. 2014, 397-407. doi: 10.1002/jobm.201200474

Nakamura, A., Okazaki, K. I, Furuta, T., Sakurai, M., and Iino, R. (2018a).
Processive chitinase is brownian monorail operated by fast catalysis after
peeling rail from crystalline chitin. Nat. Commun. 9:3814. doi: 10.1038/s41467-
018-06362-6363

Nakamura, A., Tasaki, T., Okuni, Y., Song, C., Murata, K., Kozai, T., et al. (2018b).
Rate constants, processivity, and productive binding ratio of chitinase a revealed

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2457


https://doi.org/10.1107/S0907444902016657
https://doi.org/10.1023/a:1005626208193
https://doi.org/10.1023/a:1005626208193
https://doi.org/10.1021/ja972282h
https://doi.org/10.1111/j.1742-4658.2006.05400.x
https://doi.org/10.1111/j.1742-4658.2006.05400.x
https://doi.org/10.1074/jbc.RA117.000119
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1021/jm051256o
https://doi.org/10.1099/00207713-29-4-366
https://doi.org/10.1099/00207713-29-4-366
https://doi.org/10.1016/j.ijbiomac.2017.11.071
https://doi.org/10.1016/j.ijbiomac.2017.11.071
https://doi.org/10.1073/pnas.132060599
https://doi.org/10.1074/jbc.M110.149310
https://doi.org/10.1016/j.bbrc.2004.11.140
https://doi.org/10.1016/j.chembiol.2007.03.015
https://doi.org/10.1093/jb/mvh105
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1371/journal.pone.0008654
https://doi.org/10.1107/S0907444913002011
https://doi.org/10.1080/09168451.2014.962475
https://doi.org/10.2183/Pjab.75.269
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1107/S0907444906019949
https://doi.org/10.1074/jbc.RA117.000849
https://doi.org/10.1002/jobm.201200474
https://doi.org/10.1038/s41467-018-06362-6363
https://doi.org/10.1038/s41467-018-06362-6363
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

GH18 Endochitinase Catalysis and Thermostability

by single-molecule analysis. Phys. Chem. Chem. Phys. 20, 3010-3018. doi: 10.
1039/c7cp04606e

Oku, T., and Ishikawa, K. (2006). Analysis of the hyperthermophilic chitinase
from Pyrococcus furiosus: activity toward crystalline chitin. Biosci. Biotechnol.
Biochem. 70, 1696-1701. doi: 10.1271/bbb.60031

Oyeleye, A., and Normi, Y. M. (2018). Chitinase: diversity, limitations, and trends
in engineering for suitable applications. Biosci. Rep. 38:BSR2018032300. doi:
10.1042/BSR20180323

Pantoom, S., Vetter, I. R., Prinz, H., and Suginta, W. (2011). Potent family-18
chitinase inhibitors: x-ray structures, affinities, and binding mechanisms. J. Biol.
Chem. 286, 24312-24323. doi: 10.1074/jbc.M110.183376

Payne, C. M., Baban, J., Horn, S. J., Backe, P. H., Arvai, A. S., Dalhus, B., et al.
(2012). Hallmarks of processivity in glycoside hydrolases from crystallographic
and computational studies of the Serratia marcescens chitinases. J. Biol. Chem.
287, 36322-36330. doi: 10.1074/jbc.M112.402149

Perrakis, A., Tews, L., Dauter, Z., Oppenheim, A. B., Chet, I., Wilson, K. S., et al.
(1994). Crystal- structure of a bacterial chitinase at 2.3-angstrom resolution.
Structure 2, 1169-1180. doi: 10.1016/S0969-2126(94)00119-117

Petersen, T. N., Brunak, S., von Heijne, G., and Nielsen, H. (2011). SignalP 4.0:
discriminating signal peptides from transmembrane regions. Nat. Methods
8:785. doi: 10.1038/nmeth.1701

Purushotham, P., Sarma, P., and Podile, A. R. (2012). Multiple chitinases of an
endophytic Serratia proteamaculans 568 generate chitin oligomers. Bioresour.
Technol. 112, 261-269. doi: 10.1016/j.biortech.2012.02.062

Roberts, W. K., and Selitrennikoff, C. P. (1988). Plant and bacterial chitinases differ
in antifungal activity. Microbiology 134, 169-176. doi: 10.1099/00221287-134-
1-169

Schuttelkopf, A. W., Gros, L., Blair, D. E., Frearson, J. A., van Aalten, D. M., and
Gilbert, I. H. (2010). Acetazolamide-based fungal chitinase inhibitors. Bioorg.
Med. Chem. 18, 8334-8340. doi: 10.1016/j.bmc.2010.09.062

Stefanidi, E., and Vorgias, C. E. (2008). Molecular analysis of the gene encoding
a new chitinase from the marine psychrophilic bacterium Moritella marina
and biochemical characterization of the recombinant enzyme. Extremophiles 12,
541-552. doi: 10.1007/s00792-008-0155-159

Suginta, W., Sirimontree, P., Sritho, N., Ohnuma, T., and Fukamizo, T. (2016).
The chitin-binding domain of a GH-18 chitinase from vibrio harveyi is crucial
for chitin-chitinase interactions. Int. J. Biol. Macromol. 93, 1111-1117. doi:
10.1016/j.ijbiomac.2016.09.066

Suginta, W., Songsiriritthigul, C., Kobdaj, A., Opassiri, R., and Svasti, J. (2007).
Mutations of Trp275 and Trp397 altered the binding selectivity of Vibrio
carchariae chitinase A. Biochim. Biophys. Acta 1770, 1151-1160. doi: 10.1016/
j.bbagen.2007.03.012

Sun, X, Li, Y., Tian, Z, Qian, Y., Zhang, H., and Wang, L. (2019). A novel
thermostable chitinolytic machinery of Streptomyces sp. F-3 consisting of
chitinases with different action modes. Biotechnol. Biofuels 12:136. doi: 10.1186/
s13068-019-1472-1471

Suzuki, K., Taiyoji, M., Sugawara, N., Nikaidou, N., Henrissat, B., and Watanabe,
T. (1999). The third chitinase gene (chiC) of Serratia marcescens 2170 and

the relationship of its product to other bacterial chitinases. Biochem. J. 343,
587-596. doi: 10.1042/bj3430587

Takaya, N., Yamazaki, D., Horiuchi, H., Ohta, A., and Takagi, M. (1998).
Cloning and characterization of a chitinase-encoding gene (chiA) from
Aspergillus nidulans, disruption of which decreases germination frequency
and hyphal growth. Biosci. Biotechnol. Biochem. 62, 60-65. doi: 10.1271/bbb.
62.60

Terwisscha van Scheltinga, A. C., Kalk, K. H., Beintema, J. J., and Dijkstra,
B. W. (1994). Crystal structures of hevamine, a plant defence protein with
chitinase and lysozyme activity, and its complex with an inhibitor. Structure
2,1181-1189. doi: 10.1016/S0969-2126(94)00120- 120

Uchiyama, T., Katouno, F., Nikaidou, N., Nonaka, T., Sugiyama, J., and Watanabe,
T. (2001). Roles of the exposed aromatic residues in crystalline chitin hydrolysis
by chitinase A from Serratia marcescens 2170. J. Biol. Chem. 276, 41343-41349.
doi: 10.1074/jbc.M103610200

van Aalten, D. M. F., Komander, D., Synstad, B., Gaseidnes, S., Peter, M. G., and
Eijsink, V. G. H. (2001). Structural insights into the catalytic mechanism of
a family 18 exo-chitinase. Proc. Natl. Acad. Sci. U.S.A. 98, 8979-8984. doi:
10.1073/pnas.151103798

Vogt, G., Woell, S., and Argos, P. (1997). Protein thermal stability, hydrogen bonds,
and ion pairs. J. Mol. Biol. 269, 631-643. doi: 10.1006/jmbi.1997.1042

Watanabe, T., Ariga, Y., Sato, U., Toratani, T., Hashimoto, M., Nikaidou, N.,
et al. (2003). Aromatic residues within the substrate-binding cleft of Bacillus
circulans chitinase A1 are essential for hydrolysis of crystalline chitin. Biochem.
J. 376, 237-244. doi: 10.1042/BJ20030419

Wen, C. M., Tseng, C. S., Cheng, C. Y., and Li, Y. K. (2002). Purification,
characterization and cloning of a chitinase from Bacillus sp. NCTU2. Biotechnol.
Appl. Biochem. 35, 213-219.

Xia, Y., Chu, W, Qi, Q, and Xun, L. (2014). New insights into the
QuikChangeTM process guide the use of phusion DNA polymerase
for site-directed mutagenesis. Nucleic Acids Res. 43:e12. doi: 10.1093/nar/
gkull89

Zakariassen, H., Aam, B. B., Horn, S. J., Varum, K. M., Sorlie, M., and Eijsink,
V. G. (2009). Aromatic residues in the catalytic center of chitinase a from
Serratia marcescens affect processivity, enzyme activity, and biomass converting
efficiency. J. Biol. Chem. 284, 10610-10617. doi: 10.1074/jbc.M900092200

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Wang, Jiang, Zhang, Cao, Zhang, Chen, Li, Wang, Zhang, Song
and Li. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

16

October 2019 | Volume 10 | Article 2457


https://doi.org/10.1039/c7cp04606e
https://doi.org/10.1039/c7cp04606e
https://doi.org/10.1271/bbb.60031
https://doi.org/10.1042/BSR20180323
https://doi.org/10.1042/BSR20180323
https://doi.org/10.1074/jbc.M110.183376
https://doi.org/10.1074/jbc.M112.402149
https://doi.org/10.1016/S0969-2126(94)00119-117
https://doi.org/10.1038/nmeth.1701
https://doi.org/10.1016/j.biortech.2012.02.062
https://doi.org/10.1099/00221287-134-1-169
https://doi.org/10.1099/00221287-134-1-169
https://doi.org/10.1016/j.bmc.2010.09.062
https://doi.org/10.1007/s00792-008-0155-159
https://doi.org/10.1016/j.ijbiomac.2016.09.066
https://doi.org/10.1016/j.ijbiomac.2016.09.066
https://doi.org/10.1016/j.bbagen.2007.03.012
https://doi.org/10.1016/j.bbagen.2007.03.012
https://doi.org/10.1186/s13068-019-1472-1471
https://doi.org/10.1186/s13068-019-1472-1471
https://doi.org/10.1042/bj3430587
https://doi.org/10.1271/bbb.62.60
https://doi.org/10.1271/bbb.62.60
https://doi.org/10.1016/S0969-2126(94)00120-120
https://doi.org/10.1074/jbc.M103610200
https://doi.org/10.1073/pnas.151103798
https://doi.org/10.1073/pnas.151103798
https://doi.org/10.1006/jmbi.1997.1042
https://doi.org/10.1042/BJ20030419
https://doi.org/10.1093/nar/gku1189
https://doi.org/10.1093/nar/gku1189
https://doi.org/10.1074/jbc.M900092200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Structural Insight Into Chitin Degradation and Thermostability of a Novel Endochitinase From the Glycoside Hydrolase Family 18
	Introduction
	Materials and Methods
	Sequence Analysis of Chi23
	Gene Cloning and Mutagenesis
	Protein Expression, Purification and Zymogram Analysis
	Colloidal Chitin Preparation
	Enzymatic Activity Assays
	Biochemical Characterization
	Apparent Melting Temperature (Tm)
	Analysis of Hydrolysis Products From Chitooligomers
	Crystallization, Data Collection, and Structure Determination
	Molecular Docking

	Results and Discussion
	Sequence Analysis of Chi23
	Biochemical Characterization of Chi23
	Overall Structural Analysis of Chi23
	Key Residues Involved in Substrate Binding and Catalysis in Chi23
	Comparison of the Substrate-Binding Clefts of Chi23 and Other GH18 Endochitinases
	Structural Basis for the High Thermostability of Chi23
	Chi23 and Its Homologs Form a New Group of GH18 Endochitinases

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


