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Abstract 1 
Chitosanases belong to glycoside hydrolase families 5, 7, 8, 46, 75 and 80 and 2 
hydrolyse GlcN polymers produced by partial or full deacetylation of chitin. Herein, we 3 
determined the crystal structure of chitosanase from Mitsuaria chitosanitabida 4 
(McChoA) at 1.75 Å resolution, the first structure of a family 80 chitosanase. McChoA 5 
is a 34 kDa extracellular protein of 301 amino acids that fold into two (upper and lower) 6 
globular domains with an active site cleft between them. Key substrate-binding features 7 
are conserved with family 24 lysozymes and family 46 chitosanases. The distance 8 
between catalytic residues E41 and E61 (10.8 Å) indicates an inverting type mechanism. 9 
Uniquely, three disulphide bridges and the C-terminus might contribute to enzyme 10 
activity. 11 
 12 
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1. Introduction 1 
Chitosan is a deacetylated product of chitin consisting of a polymer of N-acetyl 2 
glucosamine (GlcNac) that is generally thought to contain more than 50% glucosamine 3 
(GlcN). Chitosanases (EC3.2.1.132) hydrolyse chitosan into oligomers and dimers of 4 
GlcN; hence they are useful for producing chitooligosaccharides and GlcN for use in the 5 
food and pharmacological industries [1, 2]. Chitosanases belong to glycoside hydrolase 6 
(GH) families 5, 7, 8, 46, 75 and 80, based on the classification of Henrissat [3]. GH5, 7, 7 
and 8 chitosanases also possess other glycoside hydrolase activities such as cellulase 8 
and licheninase. Chitosanases have been found in many different microorganisms, 9 
including a few in plants [4]. The enzymatic properties and complete amino acid 10 
sequences of bacterial chitosanases have been reported from Bacillus circulans MH-K1 11 
[5], Streptomyces sp. N174 [6], Nocardioides sp. N106 [7], Nocardioides sp. K-01, 12 
Amycolatopsis sp. CsO-2 [8], Mitsuaria chitosanitabida (formerly Matsuebacter 13 
chitosanotabidus) [9-11] and Pseudomonas sp. A-01 [12], and eukaryotic chitosanases 14 
from Fusarium solani [13] and Aspergillus oryzae [14] have also been reported. It is 15 
important to understand the substrate recognition and catalytic mechanisms of 16 
chitosanases based on their three-dimensional structures. Although crystal structures of 17 
chitinases from several species have been determined [15], structural information is 18 
only available for two families: family 46 (Streptomyces sp. N174, 1CHK [16]; Bacillus 19 
circulans MH-K1, 1QGI [17]; 2D05, K281P mutant [5]; Streptomyces sp. SirexAA-E, 20 
4ILY; Microbacterium sp. OU01, 4OLT, inactive mutant with hexasaccharide; 4QWP, 21 
complex with digested substrates [18, 19]), and family 8 (Bacillus sp. K17 [20]). All of 22 
these are inverting type enzymes and are considered to act in a non-processive mode. In 23 
GH46, domain motion apparently results in an induced fit mechanism of substrate 24 
binding, as indicated by structural analysis of the Microbacterium sp. OU01 chitosanase 25 
complexed with hexaglucosamine ((GlcN)6) [18, 19].  26 

M. chitosanotabida, originally isolated as a chitosan degrading bacterium, 27 
belongs to the b-proteobacteria [21]. Chitosanase McChoA from M. chitosanotabida 28 
has been purified, and its gene cloned and sequenced [9], and functionally expressed in 29 
fission yeast [22]. The N-terminal 80 amino acid residues of McChoA are processed 30 
upon secretion. Two amino acids (Glu41 and Glu61) were identified as catalytic 31 
residues based on mutagenic analysis and catalytic activity measurements [23]. 32 
Chitosanases similar to McChoA are found in a variety of closely related species 33 



isolated from natural environments [11]. A thermostable form of McChoA has been 1 
generated by random mutagenesis [10]. The accumulating knowledge suggests that this 2 
GH80 chitosanase has unique features. Previous purification and characterisation of 3 
McChoA is summarised in Table 1. McChoA is able to completely hydrolyse chitosan 4 
but not chitin or cellulose [9]. The gene encoding McChoA has been cloned and its 5 
amino acid sequence deduced. Full-length McChoA is synthesised as a 391 residue 6 
precursor, and the 80 N-terminal amino acids are removed during secretion [9]. 7 

In the present work, we determined the crystal structure of McChoA at 1.75 Å 8 
resolution, and explored this first structure of a GH80 chitosanase. 9 
 10 
2. Materials and methods 11 
2.1 Protein preparation 12 
Recombinant ChoA from M. chitosanotabida was purified from E. coli expressing the 13 
gene encoding McChoA. Briefly, a ~1 kb DNA fragment encoding a 311 amino acid 14 
mature form of McChoA was cloned into the SphI and HindIII sites of the pQE31 15 
vector using standard procedures and primers 16 
TAGCATGCCGCCGCGGCGGGCGTGAT (to generate a SphI site) and 17 
ATCCCGGGAAGCTTATTTGTATAGTTCATC (to generate a HindIII site) to 18 
amplify the choA gene by PCR. The resulting McChoA protein contains a 19 
hexa-histidine tag at the N-terminus. Native McChoA was expressed in E. coli JM109 20 
cells, and purification of selenomethionine-substituted McChoA (Se-McChoA) was 21 
performed using E. coli B834 (DE3) harbouring pQE31-choA and pREP4 (lacI kanr). E. 22 
coli B834 (DE3) cells were grown in minimal medium containing 50 µg/mL DL-SeMet 23 
and 50 µg/mL kanamycin and ampicillin to an optical density (OD600) of 0.5. 24 
Expression of choA was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside 25 
(IPTG), and culturing continued for a further 5 h at 37˚C. Cells were pelleted by 26 
centrifugation and disrupted by sonication. McChoA and Se-McChoA were purified 27 
using a Ni-NTA affinity column, and purified Se-McChoA at 20 mg/mL was used for 28 
crystallisation.  Crystallisation of Se-McChoA was performed at 22°C by the sitting 29 
drop vapour diffusion method using 0.2 M ammonium sulphate, 25% (w/v) 30 
polyethylene glycol (PEG) 4000 and 0.1 M Na acetate (pH 5.6) as the precipitant. 31 
Crystals of Se-McChoA belong to the orthorhombic space group P212121 with unit cell 32 
dimensions a = 51.9 Å, b = 56.4 Å and c = 207.1 Å.  33 



 1 
2.2 Data collection and processing 2 
X-ray diffraction data were collected from Se-McChoA crystals at beamline BL45XU 3 
of SPring-8 (Sayo, Hyogo, Japan) using radiation with a wavelength of 1.02 Å. X-ray 4 
diffraction experiments were performed under a cold N2 gas stream (100 K) using a 5 
Rigaku R-AXIS V image plate detector. The structure was determined by MAD phasing 6 
as described previously [24]. The structural model was constructed with Arp/Warp [25] 7 
and refined with phenix.refine [26] following data re-processing using XDS [27]. There 8 
are two highly similar but independent ChoA molecules in the asymmetric unit with a 9 
root mean square deviation (rmsd) of 0.46 Å. Data collection and refinement statistics 10 
are listed in Table 2. Sequence alignment was performed with Clustal Omega [28], and 11 
figures were drawn using ESPript [29].  12 
 13 
3. Results and discussion 14 
3.1 Overall structure 15 
The overall molecular structure of McChoA includes 12 α-helices and 5 β-strands (Figs. 16 
1 and 2) that fold into upper and lower domains of comparable size; the upper domain 17 
of 153 amino acids spans residues 1-22 and 46-176 and includes helices α1-7 and 18 
strands β1-5; the lower domain of 158 amino acids spans residues 23–45 and 177-311 19 
and includes helices α7-12. The longest helix, α7, forms the backbone that connects the 20 
two globular domains. 21 

McChoA belongs to the GH80 group, which is grouped into the GH-I clan 22 
together with other inverting enzymes from GH24 (lysozymes) and GH46 23 
(chitosanases). Although the sequence identity between McChoA and GH46 24 
chitosanases whose structures have been determined is less than 20% (16.3% and 17.4% 25 
with Streptomyces sp. N174 and Bacillus circulans MH-K1 chitosanases, respectively), 26 
the overall assembly is similar, with all structures sharing a similar two-domain 27 
arrangement although some topological differences are apparent (Fig. 1). Conversely, 28 
GH8 chitosanase from Bacillus sp. K-17 shares only 11.1% sequence identity with 29 
McChoA, and has a very different topological assembly, forming a typical α6/α6 double 30 
barrel structure. 31 

Due to the topological similarity with GH46 chitosanases, we were able to 32 
successfully superpose McChoA with the hexaglucosamine complex structure of 33 



Microbacterium OU01 chitosanase (PDB ID: 4OLT; Figs. 3 and 4). Although each 1 
domain had to be aligned independently, no severe clashes resulted from the 2 
superposition, suggesting that the two domains of McChoA may be able to rotate almost 3 
13°, as calculated by CCP4/DynDom [30]. This indicates that the domains of McChoA 4 
may close upon substrate binding. The mechanical hinges are formed from the loop 5 
regions between α1 and α2 (45-50) and α6 and α7 (158-163) that are analogous with 6 
residues 29-33 and 108-111 in OU01 chitosanase [19]. It is reasonable to assume a 7 
similar closed form of McChoA, even though insertions of two and six residues are 8 
present.  9 

Another overall difference was the unique configuration of disulphide bonds 10 
in McChoA, which has six cysteines, all of which form disulphide bonds 11 
(Cys56-Cys151, Cys227-Cys235 and Cys260-Cys297; Fig. 2). One of them, 12 
Cys56-Cys151, was also observed in the Bacillus circulans MH-K1 chitosanase as 13 
Cys50-Cys124. Our previous mutational analysis showed that replacement of any of 14 
these cysteines results in the loss of catalytic activity [23]. The importance of these 15 
features is discussed in the following section. 16 
 17 
3.2 Catalytic mechanism and substrate recognition 18 
McChoA appears to catalyse an inverting hydrolysis reaction, based not only on the 19 
structural similarity with GH-I clan enzymes, but also the distance between the two 20 
catalytic residues (Glu41 and Glu61) determined in our previous work [23]. The active 21 
site cleft can be clearly seen, with Glu41 located on helix α1 of the lower domain, and 22 
Glu61 located on helix α3 of the upper domain (Fig. 2). The distance between oxygen 23 
atoms of Glu41 and Glu61 is ~10.8 Å. This value is similar to those in the apo 24 
structures of GH46 chitosanases, and consistent with the distance predicted for an 25 
inverting hydrolysis reaction [31]. By comparison, this distance is changed to 7.7 Å in 26 
the predicted closed McChoA structure.  27 

Residues in the active site cleft are highly conserved with those of GH46 28 
enzymes, implying a similar mechanism of substrate recognition. GH-I clan enzymes 29 
share an invariant core [32] comprising the region around one β-sheet consisting of β1, 30 
β2 and β3 in the upper domain, and the two helices (α1 and α8) that form the base of 31 
subsites in the lower domain. In the OU01 enzyme, Ser27 (corresponding to Gly43 in 32 
McChoA), Tyr37 (Tyr55), Arg45 (Arg70), Thr58 (Gly83), Asp60 (Asp84), His203 (no 33 



equivalent in McChoA) and Asp235 (no equivalent in McChoA) form the -2, -1 and +1 1 
subsites that are essential for substrate binding and catalysis [18]. Superposition of the 2 
structures indicated that Arg70 and Asp84 of McChoA are located in the -2 subsite (Fig. 3 
4), consistent with our previous study in which mutation of these residues abolished 4 
catalytic activity [23]. 5 

By contrast, five distinct regions are visible in the primary sequence: (i) the 6 
loop between β1 and β2, which provides the catalytic base residue Glu61; (ii) the loop 7 
between α10 and α11 that forms the base of the kissing loops; (iii) the region containing 8 
β4 and β5 between α5 and α6; (iv) the loop connecting α8 and α9 that forms the -3 9 
subsite in GH46 chitosanases; (v) α12 and its extended C-terminal region. The third of 10 
these regions is located far from the active site cleft and might only contribute to the 11 
integrity of the upper domain. Although the Asn142Ser mutation in this region 12 
increased enzyme activity [10], its relation to the structure remains unclear. 13 

The first two regions described above form the edges of both globular 14 
domains in the active site cleft, and determine the dynamic and polymorphic character 15 
of GH46 chitosanases [33]. The lower domain loop between α9 and α10 (α10 and α11 16 
in McChoA) is structurally different in the apo and substrate-bound forms in GH46 17 
chitosanases [19]. Substrate binding presumably induces this variation that causes the 18 
loop to be flipped over the substrate or loop α2-β2 of the upper domain. This kissing 19 
structure might be maintained by a salt bridge between Arg45 and Glu200 in OU01 20 
chitosanase (Fig. 4). In McChoA, Asp255 is one of three aspartates in the corresponding 21 
loop that may form a salt bridge with Arg70 in the upper domain. However, it is 22 
possible that the bulky loop β1-β2 containing a short helix may interfere with the 23 
flipping of the lower globular domain loop.  24 

The last two regions might contribute to the -3 subsite. The extended 25 
C-terminal region is uniquely conserved in GH80 enzymes, and lies close to loop α8-α9. 26 
While the corresponding loop α7-α8 expands and forms the base of the -3 subsite in 27 
OU01 chitosanase, this region is compact and does not provide any subsites in McChoA. 28 
To compensate for this, the C-terminal extended chain spans across α11 and α10, and 29 
finally reaches and lies beside α9 to form this subsite (Figs. 2B and 4). At its C-terminal 30 
end, Gln311 is located close to the putative -3 subsite. Even though the electron density 31 
of its side chain is somewhat ambiguous, the backbone is clearly visible and supported 32 



by hydrogen bonds between the NH group and the OG atom of Ser211. Moreover, the 1 
adjacent residue Trp310 is embedded in a hydrophobic cluster.  2 

Interestingly, the C-terminal residue is limited to glutamine or asparagine in 3 
all known GH80 sequences. Although there is no direct evidence for its importance, we 4 
have a possible explanation. We previously reported that three nonsense mutants at the 5 
C-terminal region (Trp247*, Trp261*, Gln284*) abolished enzyme activity [23]. All of 6 
these mutants lack Gln311, and also Cys297. Since all six cysteines are needed for 7 
maximum catalytic activity as stated above, we conclude that they are essential for 8 
stabilising the proper folded structure. However, the Cys297Gly mutant did exhibit 9 
slight but significant catalytic activity, and the possibility that other disulphides may 10 
form cannot be excluded at this stage [23]. Although the -3 subsite is not considered to 11 
be essential for chitosan hydrolysis in GH46 [18, 19], the role of the C-terminal residue 12 
in GH80 should be investigated by mutagenesis and enzymatic assays.  13 
 14 
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Figure legends 1 
Figure 1. Sequence alignment of McChoA with GH46 chitosanases. Amino acid 2 
sequences of Mitsuaria chitosanitabida ChoA (M. chit.), Bacillus circulans (1QGI), 3 
Streptomyces sp. N174 (1CHK), Streptomyces sp. SirexAA-E (4ILY) and 4 
Microbacterium sp. OU01 (4OLT) are indicated. The mature McChoA, which is 5 
generated after removal of the 80-residue N-terminal signal sequence, begins at Alanine 6 
1. Amino acid residues that are identical in McChoA are indicated by white characters 7 
on a red background. Catalytic acid residues (Glu41 in McChoA) are indicated by a red 8 
star, and catalytic base residues in McChoA (Glu61) and GH46 chitosanases are 9 
indicated by a blue star and blue triangle, respectively. The secondary structures of 10 
McChoA and 4OLT are indicated above and below the alignment, respectively. 11 
 12 
Figure 2. Three-dimensional structure of McChoA. The 12 α-helices are coloured 13 
red, and the 5 β-strands are coloured yellow. The N- and C-termini are also indicated. 14 
Disulphide bonds are shown in yellow stick representation and numbered using a 15 
smaller font size. The catalytic general acid (Glu41) and base (Glu61) are also shown.  16 
 17 
Figure 3. Comparison with OU01 chitosanase. The enzyme-substrate model of 18 
McChoA was constructed by simply superposing each domain of McChoA onto the 19 
Microbacterium sp. OU10 chitosanase structure complexed with (GlcNAc)6 as 20 
described. A, Structures of McChoA. The upper and lower domains of McChoA are 21 
coloured green and cyan, respectively. A transparent model of the lower domain 22 
indicates the original orientation in the crystal structure, as shown in Fig. 2B. B, 23 
Structure of OU10 chitosanase coloured magenta. (GlcNAc)6 is shown in yellow stick 24 
representation in both figures. 25 
 26 
Figure 4. Putative model of substrate binding. A close-up view of the superposed 27 
model shown in Fig. 3 coloured in the same way. Residues of McChoA described in the 28 
main text are labelled, and residues of OU01 chitosanase are coloured magenta. The 29 
figure is drawn as a parallel view stereo image. 30 

31 



Table 1 Characteristics of McChoA chitosanase from Mitsuaria chitosanitabida 1 
3001 2 
Molecular weight 33,613 (mature form) 

41,742 (precursor form) 

Length 311 aa (mature form) 

391 aa (precursor form) 

Optimum pH 5.0-6.0 

Optimum temperature 30-40°C 

Thermal stability 50°C (30% 1 hr) 

pI 9.6 

Preference of substrate Chitosan (90% deacetylated) >Chitosan 

(100% deacetylated) >Colloidal Chitin 

 3 
4 



Table 2 X-ray data collection and structure determination statistics 1 
 2 
 Se-Met ChoA 

Space group P212121 

Unit cell (Å) a, b, c 51.9, 56.4, 207.1 

Wavelength (Å) 1.02 

Resolution (Å) 43.66-1.75 (1.81-1.75) 

Rmerge 0.057 (0.139) 

Completeness 0.993 (0.987) 

Mean I / σI 23.7 (12.4) 

CC1/2 0.998 (0.988) 

Number of observed reflections 446,719 (43,766) 

Unique reflections 61,905 (6,048) 

Number of atoms A / B / Wat 2,370 / 2,374 / 680 

Rwork / Rfree 0.160 / 0.192 

Rmsd for bonds 0.006 

Rmsd for angles 1.04 

Ramachandran favoured / outliers 

(%) 

97.6 / 0 

Clash score 1.6 

Average B factor A / B / Wat 13.8 / 13.8 / 22.7 

 3 
 4 
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