
American Journal of Molecular Biology, 2012, 2, 341-350                                                    AJMB 
http://dx.doi.org/10.4236/ajmb.2012.24035 Published Online October 2012 (http://www.SciRP.org/journal/ajmb/) 

Biocatalytic production of chitosan polymers from shrimp 
shells, using a recombinant enzyme produced by Pichia 
pastoris 

Eduardo Mere Del Aguila1, Laidson Paes Gomes1, Cristina Tristão Andrade2, Joab Trajano Silva1, 
Vânia Margaret Flosi Paschoalin1 

 

1Universidade Federal do Rio de Janeiro, Instituto de Química, Rio de Janeiro, Brazil 
2Universidade Federal do Rio de Janeiro, Instituto de Macromoléculas Professora Eloisa Mano, Rio de Janeiro, Brazil 
Email: emda@iq.ufrj.br 
 
Received 4 August 2012; revised 4 September 2012; accepted 19 September 2012 

ABSTRACT 

Chitosan has a unique chemical structure with high 
charge density, reactive hydroxyl and amino groups, 
and extensive hydrogen bonding. Chitin deacetylase 
(EC 3.5.1.41) catalyzes the hydrolysis of the N-ace- 
tamido groups of N-acetyl-D-glucosamine residues in 
chitin, converting it to chitosan and releasing acetate. 
The entire ORF of the CDA2 gene encoding one of 
the two isoforms of chitin deacetylase from Saccha- 
romyces cerevisiae was cloned in Pichia pastoris. The 
Tg (Cda2-6xHis)p was expressed at high levels as a 
soluble intracellular protein after induction of the 
recombinant yeast culture with methanol, and puri- 
fied using nickel-nitrilotriacetic acid chelate affinity 
chromatography, resulting in a protein preparation 
with a purity of >98% and an overall yield of 79%. 
Chitin deacetylase activity was measured by a col- 
orimetric method based on the -phthalaldehyde re- 
agent, which detects primary amines remaining in 
chitinous substrate after acetate release. The recom- 
binant enzyme could deacetylate chitin, chitobiose, 
chitotriose and chitotetraose, with an optimum tem- 
perature of 50˚C and pH 8.0, determined using oli- 
gochitosaccharides as the substrates. The recombi- 
nant protein was also able to deacetylate its solid 
natural substrate, shrimp chitin, to a limited extent, 
producing chitosan with a degree of acetylation (DA) 
of 89% as determined by Fourier transform infrared 
spectroscopy. The degree of deacetylation was in- 
creased by pre-hydrolysis of crystalline shrimp chitin 
by chitinases, which increased the deacetylation ratio 
triggered by chitin deacetylase, producing chito-oli- 
gosaccharides with a degree of acetylation of 33%. 
The results described here open the possibility to use 
the rCda2p, combined with chitinases, for biocata- 
lytic conversion of chitin to chitosan with controlled 
degrees of deacetylation. We show herein that the 

crystalline chitin form can be cleanly produced in 
virtually quantitative yield if a combined and sequen- 
tial enzyme treatment is performed. 
 
Keywords: Chitin Deacetylase; Chitosan; Chitin, Pichia 
pastoris; Deacetylation Degree 

1. INTRODUCTION 

Chitin is an unbranched polysaccharide composed of β- 
linked 2-acetamido-2-deoxy-D-glucose (N-acetyl-D-glu- 
cosamine) units found in the shells of crustaceans, cuti- 
cles of insects, cell walls of fungi, and in a number of 
other lower plants and animals [1]. In nature, 10 gigatons 
of chitin is synthesized and degraded each year. The chi- 
tin polymer displays a 0.9% degree of acetylation, 7% 
nitrogen content, and nitrogen/carbon ratio of 0.146 [2]. 

Chitin has many useful biological properties such as 
biocompatibility, biodegradability, hemostatic activity, 
and wound-healing property, but its use has been limited 
by its low solubility in water and most common organic 
solvents [3]. However, chitosan, a partially deacetylated 
form of chitin composed by N-acetyl-D-glucosamine and 
N-D-glucosamine units that are randomly or block-dis- 
tributed throughout the biopolymer chain, is readily so- 
luble in dilute acids, rendering it more accessible for 
utilization and chemical reactions. Chitosan has been 
used in several biomedical applications, in orthopedic 
tissue engineering [4], wound dressing and artificial skin, 
personal-care products [5], and for drug delivery [6]. 

Deacetylation of chitin to chitosan is usually achieved 
by thermo-chemical treatment using alkali solutions at 
high temperatures for extended periods of time. In the 
heterogeneous alkaline method, chitin is treated with a 
hot (70˚C - 150˚C), concentrated solution of NaOH (10% 
- 60%), and 5 to 45 mL of alkaline solution per gram of 
chitin. Chitosan prepared by this method is produced as  
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an insoluble precipitate in a ~85% - 93% deacetylated 
form. Thermo-chemical methods have three critical dis- 
advantages: 1) They consume considerable amounts of 
energy; 2) They waste a large amount of concentrated 
alkaline solution, resulting in an increase in the level of 
environmental pollution; and 3) They lead to products 
with a broad range of molecular weights and a heteroge- 
neous extent of deacetylation [7]. A green alternative for 
chitosan production is the enzymatic deacetylation of 
chitin using chitin deacetylase under mild conditions [5], 
giving a product with more homogeneous characteristics. 
Chitin deacetylase (CDA-EC 3.5.1.41) catalyzes the dea- 
cetylation of N-acetyl-D-glucosamine residues in chitin, 
and is a member of the carbohydrate esterase family 4 
(CE-4s), as defined in the CAZY database (www.cazy.org) 
[8]. This enzyme plays a role in cell-wall biosynthesis in 
Mucor rouxii and Absidia coerulea [5]; it is suggested to 
participate in plant-pathogen interactions to promote 
plant invasion in Colletotrichum lindemuthianum and 
Aspergillus nidulans [5]; and to be essential to ascospore 
cell-wall rigidity and resistance against lytic enzymes in 
Saccharomyces cerevisiae [5]. 

The genes encoding chitin deacetylase from M. rouxii, 
Rhizopus circinans, S. cerevisiae and C. lindemuthianum 
have been cloned and characterized [5,9] and expressed 
in Escherichia coli [10] and in Pichia pastoris [11]. 

Two chitin deacetylase genes, namely CDA1 and CDA2, 
have been identified in S. cerevisiae. Comparison of the 
deduced amino acid sequence of Cda1p (284 amino acids, 
34.6 kDa) and Cda2p (274 amino acids, 35.6 kDa) 
showed an identity of 57% and a similarity of 72% 
throughout their entire amino acid sequence, with a gap 
of 10 amino acids starting at position 39 of Cda1p [12]. 
Cda2p is a glycoprotein with an apparent molecular mass 
of approximately 43 kDa and a carbohydrate content of 
approximately 18% by weight. The purified enzyme has 
an optimum pH of 8.0 and an optimum temperature of 
activity at 50˚C, requires at least two N-acetyl-D-gluco- 
samine residues (chitobiose) for catalysis, and is partially 
inhibited by acetate [13]. 

The mode of action of CDA from M. rouxii has been 
investigated on a ~32% randomly deacetylated water- 
soluble chitosan substrate, with an average polymerize- 
tion degree of 30. Using 1H- and 13C-NMR spectroscopy, 
it was found that the enzyme hydrolysed the acetyl 
groups of the substrate according to a multiple-attack 
mechanism with a degree of multiple attack of three. 
This is the maximum number of successive deacetyla- 
tions that could be achieved by the enzyme because the 
maximum number of the consecutive N-acetyl-D-gluco- 
samine residues that were found in this substrate polymer 
was three [14]. 

The enzymes are highly homologous and, furthermore, 
there is a universal conserved region that exhibits a sig- 
nificant similarity to the rhizobial nodulation proteins 

(NodB proteins), certain regions in microbial acetyl xylan 
esterases, xylanases, peptidoglycan deacetylase and sev- 
eral uncharacterized open reading frames (ORFs) in Ba- 
cillus sp. This conserved region has been assigned as the 
NodB homology domain [15]. Multiple sequence align- 
ment of chitin deacetylase family demonstrates that the 
sequences contain five well conserved catalytic motifs 
which make up the active site of the deacetylase domain 
in the CE-4 family [16]. The five catalytic motifs cover 
several conserved histidine and aspartic acid residues, 
which were similarly observed in other CE-4 family 
members such as S. pneumoniae peptidoglycan deacety- 
lase and S. lividans xylan esterase [17]. 

The production, characterization and application of 
CDA are a fundamental and vital area of current research, 
considering its potential and biotechnologically significant 
role in chitin deacetylation. Considering this, it is pertinent 
to search for novel extracellular CDA producers, which 
could result in markedly higher levels of the enzyme. 
The CDA thus obtained should preferably be stable under 
standard conditions of catalysis such as pH, temperature, 
etc., which may translate into higher yields and potentially 
lower cost of the end product. 

The development of viable processes for the controlled 
hydrolysis of chitosan is attracting interest, because the 
functional and biological effects of these biopolymers are 
highly dependent upon their composition and molar mass 
[18]. 

Chitinases (E.C. 3.2.1.14) are capable of converting 
chitins and chitosans to low-molecular-mass products. 
They randomly hydrolyze β-1,4 bonds between the sugar 
units, and produce N-acetylglycosamine and N,N’- dia- 
cetylchitobiose as the sole reaction products. Chitinases 
from higher plants are classified in families 18 and 19, 
based on the similarity of their sequences to the glycosyl 
hydrolases [19]. These classes of enzymes can break up 
the crystalline chitin structure, and should increase the 
accessibility of deacetylation enzymes to the resultant 
chitosans. 

In the present study, the ORF encoding the Saccharo- 
myces cerevisiae CDA2 gene was cloned and expressed 
in Pichia pastoris. The recombinant protein was purified 
to homogeneity, and its catalytic activity was evaluated 
by following the formation of primary amine on natural 
or artificial chitin substrates using the o-phthalaldehyde 
reagent. Chitosans with 33% deacetylation can be pro- 
duced by bioconversion, using a combination of enzy- 
matic treatment of crystalline chitin by chitinases and 
chitin deacetylase. 

2. MATERIALS AND METHODS 

2.1. Strains, Plasmids and Supplies 

Pichia pastoris strain X33, Escherichia coli strain DH5α, 
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plasmids pPICZ A and pUC18, restriction enzymes, 
Platinum® Taq DNA Polymerase High Fidelity (Invi- 
trogen), shrimp phosphatase, and customized primers 
were purchased from Invitrogen. T4 polynucleotide kinase 
was obtained from USB. T4 DNA ligase was purchased 
from Promega. Ni-NTA Superflow was obtained from 
Qiagen. The gel extraction kit was purchased from GE 
Healthcare Life Sciences, and the GelCode® 6xHis Pro- 
tein Tag Stain Reagent kit from Pierce. Di-N-acetyl chi- 
tobiose, tri-N-acetyl chitotriose and tetra-N-acetyl chito- 
tetraose were purchased from IsoSep. Shrimp crystalline 
chitin was prepared in our laboratory. All other chemi- 
cals used were of reagent grade. Media LB (10 g bacto 
tryptone, 50 g bacto yeast extract and 10 g NaCl in 1 L) 
and YPD (10 g yeast extract, 20 g peptone and 20 g glu- 
cose in 1 L) were used for routine growth and mainte- 
nance of the E. coli and P. pastoris strains, respectively. 
LB medium plus ampicillin (25 µg/mL) and YPD me- 
dium plus zeocin (100 µg/mL) were used for selection of 
E. coli and P. pastoris transformants, respectively. Buff- 
ered glycerol-complex medium (BMGY) containing, per 
liter, 10 g yeast extract, 20 g peptone, 100 mM potassium 
phosphate, 13.4 g yeast nitrogen base without amino 
acids, and 10 mL glycerol, pH 6.0 was used for growth 
of P. pastoris transformants. The buffered methanol- 
complex medium (BMMY) contained all the same com- 
ponents as BMGY, except glycerol, which was replaced 
by 10% methanol per liter, and was used for induction of 
the heterologous protein expression. 

2.2. Cloning of CDA2 into pPICZ A Expression 
Vector 

Genomic DNA was extracted from S. cerevisiae strain 
W303-1A (Sambrook and Russell, 2001) and used as a 
DNA template for PCR amplification, using the set 
primers Cda2forward (5’-CTCGAGATGAGAATACA 
ACTAAATAC-3) and Cda2reverse (5’-GGGCCCGGA 
CAAGAATTCTTTTAT-3’) carrying restriction sites for 
XhoI and ApaI, respectively (boldface). PCR was per- 
formed using Taq DNA polymerase High Fidelity™ (In- 
vitrogen) for 30 cycles at 92˚C for 10 s, 55˚C for 30 s 
and 68˚C for 4 min, and 1 cycle at 68˚C for 7 min. The 
948 bp PCR product was phosphorylated using T4 
polynucleotide kinase and cloned into SmaI-digested and 
dephosphorylated plasmid pUC18. The resultant plasmid 
(pEMDA-P2) was transformed into DH5α cells, and the 
transformants were selected in Luria Broth (BD™) plus 
ampicillin (25 µg/mL) plates. Plasmid DNA from trans- 
formants was digested with ApaI and XhoI restriction 
enzymes, and the ApaI/XhoI 948 bp fragment purified 
from agarose gel was cloned into ApaI/XhoI-digested and 
dephosphorylated plasmid pPICZ A. The ligation pro- 
duct was transformed into DH5α, and positive clones 

were selected in LB plus zeocin (25 µg/mL) plates. 
Plasmid pEMDA-Z2 (4246 bp), containing the alcohol 
oxidase (AOX1) promoter and the entire open reading 
frame of the CDA2 gene, in frame with c-myc epitope 
and poly-histidine (6xHis) tag coding sequences, was 
isolated (Figure 1). The plasmid was cut in the 5’ AOX1 
region with BglII, and transformed into P. pastoris strain 
X33 by electroporation (1500 V, 25 μ FD and 200 Ω). 
Transformants were selected on YPD plus zeocin (100 
µg/mL) plates, and the presence of the chromosomal 
integration of the CDA2 expression cassette was as- 
sessed by a confirmatory PCR using primers  
5’-GACTGGTTCCAATTGACAAGC-3’ and 5’-GCAA 
ATGGCATTCTGACATCC-3’ (AOX1 primers), per- 
formed for 30 cycles at 95˚C for 1 min, 54˚C for 1 min 
and 72˚C for 1 min, and 1 cycle at 72˚C for 7 min. 

2.3. Overexpression of the Chitin Deacetylase 
Fusion Protein 

Pichia pastoris cells X33/EMDA-Z2 were inoculated in 
25 ml of BMGY medium at 28˚C with vigorous shaking 
(250 rpm), cultured to saturation (OD600 nm of 6.0) and 
harvested by centrifugation. The pellet cell was resus- 
pended in 100 mL of BMMY medium and the cells were 
allowed to grow for a further 48 h, with the addition of 
0.5% (v/v) methanol after the first 24 h. 

2.4. Purification of the Cda2p Recombinant  
Protein 

After methanol induction, X33/EMDA-Z2 transformants  
 

 

Figure 1. Recombinant map of pEMDA-Z2. PCR amplified S. 
cerevisiae CDA2 gene (0.945 kb) was inserted in pPICZA (3.3 
kb) after Xho I/Apa I digestion. 
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were harvested by centrifugation (10 min at 4100 × g) 
and the pellet was resuspended in 10 mL of 0.05 M lysis 
buffer. The cell suspension was left in an ice bath for 30 
min, homogenized for 1 min with an equal volume of 
glass beads in a Braun cell homogenizer (B. Braun 
Biotech), and then chilled for another 1 min in an ice 
bath. The crude extract was centrifuged at 12,000 × g (10 
min at 4˚C) and the supernatant was loaded onto a 5 mL 
Ni-NTA Superflow column, previously equilibrated in 
50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole pH 
8.0 without lysozyme (1 mg/mL), and 1 mM PMSF, and 
allowed to interact for 18 h. Free proteins were washed 
with 100 mL of 50 mM NaH2PO4, 300 mM NaCl, and 20 
mM imidazole pH 8.0, and the bound proteins were 
eluted with 50 mL of 50 mM NaH2PO4, 300 mM NaCl, 
and 100 mM imidazole pH 8.0. The elution fractions 
were followed by measuring the optical density at 280 
nm in a Beckman DU® 640 spectrophotometer (1 OD 
280 nm = 1.866 mg/mL). The Cda2p pooled fraction was 
dialyzed against 10 mM Tris buffer pH 6.7 for 24 h, and 
filtered through a 0.22 μm-pore membrane. 

Cda2p purification was evaluated by discontinuous 
denaturing SDS-polyacrylamide gel electrophoresis (12.5% 
acrylamide monomers in the running gel) performed 
according to Laemmli (1970) [20]. Gels were stained 
with Coomassie brilliant blue G-250. Polyhistidine-tag- 
containing proteins were detected by using the Pierce® 
6xHis Protein Tag Stain Reagent Set kit (Thermo Sci- 
entific) following the manufacturer’s recommendations. 

2.5. Preparation of Chitinases 

Chitinases were obtained from Vitis vinifera L. cv “Red 
Globe” and purified by fractionation in 80% (v/v) am- 
monium sulfate, followed by dialysis and filtration [21]. 

2.6. Chitin Deacetylase Activity Assays 

Chitin deacetylase activity was estimated by using syn- 
thetic chito-oligosaccharides (di-N-acetyl chitobio-se, tri- 
N-acetyl chitotriose, and tetra-N-acetyl chitotetraose, Iso- 
Sep) or crystalline shrimp chitin, deproteinated, demin- 
eralized, and depigmented as described previously [22] 
as substrates [23]. In brief, 50 µg of each synthetic sub- 
strate or 1 mg of crystalline shrimp chitin was incubated 
with 0.3 and 2 U, respectively, of the purified recombi- 
nant chitin deacetylase in 25 mM phosphate buffer, pH 
8.0, containing 1 mg/mL of BSA, for 1 h at 50˚C. The 
reaction was stopped by heating at 100˚C for 10 min. 
The amount of primary amine formed was determined 
spectrophotometrically after derivatization with o-phtha- 
laldehyde (OPA). One unit of enzyme activity is defined 
as the amount of the enzyme required to produce 1 µmol 
of primary amine per minute under the above conditions. 

2.7. Deacetylation of Shrimp Chitin 
Pre-Hydrolyzed by Chitinases  

Ten milligrams of shrimp crystalline chitin was treated 
with 10 U of purified recombinant chitin deacetylase in 
25 mM buffer, pH 8.0, containing 1 mg/mL of BSA (fi- 
nal volume 750 μL) for 1 h at 50˚C, as described above. 
Alternatively, crystalline chitin was pre-hydrolyzed by 
6.0 U of purified chitinases in 50 mM sodium acetate 
buffer pH 3.0 at 42˚C for 50 min in a final volume of 20 
mL. The reaction was stopped by heating at 100˚C for 10 
min in sealed tubes, centrifuged (9000 g for 5 min), and 
the pellet was treated with Cda2p as described. 

2.8. FTIR Spectroscopy Analysis of Chitosans 

Fourier Transform Infrared (FTIR) spectra were recorded 
in a Perkin-Elmer spectrometer, model 1720 (Salem, MA, 
USA), with an accumulation of 20 scans, and a resolu- 
tion of 2 cm–1. KBr, permanently maintained in an oven 
at 50˚C, was used to prepare transparent disks. Chitin 
samples and the resulting product obtained by enzyme 
treatment were thoroughly dried and carefully weighed 
(2 mg) before grinding with 100 mg·KBr. Spectral bands 
at 1420 cm–1 and 1320 cm–1 were taken as the reference 
and characteristic bands, respectively, and the absorb- 
ance ratio A1320/A1420 was calculated in order to deter- 
mine DA [24]. 

3. RESULTS 

3.1. Isolation and Sequencing of the CDA2 Gene 

The YLR308W/CDA2 coding sequence was success-fully 
amplified by PCR using total genomic DNA from S. 
cerevisiae strain W303-1A as a template. The 948 bp 
PCR product was directly cycle-sequenced with ABI 
BigDye Terminator v. 3.1, using the primers Cda2for- 
ward and Cda2reverse in separate sequencing reactions 
on an ABI 3730 × l DNA Analyzer at the W. M. Keck 
Foundation Biotechnology Resource Laboratory (Yale 
University, USA). The sequences obtained were com- 
pared to the YLR308W/CDA2 sequence available at the 
Saccharomyces cerevisiae Genome Database  
(www.yeastgenome.org), by using the Clustal 3.0 program. 
The forward and reverse sequences covered 92.4% of the 
YLR308W/CDA2 ORF with only two mismatches, con- 
firming that the amplified segment corresponded to the 
CDA2 gene (Figure 2). 

3.2. Cloning of the CDA2 and Expression of the 
Heterologous Protein in P. Pastoris 

The 948 bp amplified fragment was phosphorylated and 
inserted into SmaI-cut and dephosphorylated pUC18, 
creating pEMDA-P2 (3634 bp). The XhoI/ApaI EMDA-  
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Figure 2. Nucleotide sequence alignment of PCR product and 
CDA2 gene. Foward (CDA2-5) and reverse (CDA2-3) nucleotide 
sequences of the PCR product targeting yeast CDA2 gene were 
aligned with the CDA2 sequence available at Saccharomyces 
cerevisiae genome database (www.yeastgenome.org) using the 
Clustal 3.0 program. 

 
P2-derived fragment was ligated to XhoI/ApaI-cut plas- 
mid pICZA, producing the 4246 bp plasmid pEMDA-Z2 
containing the entire YLR308W/CDA2 ORF under the 
control of AOX1 promoter and fused in frame with 
c-myc epitope/6xHis tag. BglII-cut pEMDA-Z2 was in- 
serted into the host P. pastoris strain X33 by electropora- 
tion. Integration by homologous recombination of the 
expression cassette within the 5’ AOX1 chromosomal 
region was identified by the presence of the 1272 bp di- 
agnostic fragment amplified by the AOX1 primers. Re- 
combinant X33/EMDA-Z2 cells were grown in BMGY 
medium. The cells were transferred to BMMY medium 
[with 0.5% (v/v) methanol] and cultured for 48 h, with a 
new addition of methanol to a final concentration of 
0.5% after 24 h to maintain induction. Under these con- 
ditions, SDS-PAGE analysis of the total cell protein re- 
vealed a protein band of 37 kDa, which appeared after 12 
h, peaked at 48 h, and decreased in intensity after 60 h of 
induction; no corresponding band was present in the 

control cells (results not shown). CDA2-5       -----------------------TGATTTGCA-TGTATTATTGCACTTTCCCCNTCTGGG
CDA2-3       ------------------------------------------------------------
YLR308W      ATGAGAATACAACTAAATACAATTGATTTGCAATGTATTATTGCACTTTCCT-GTCTGGG

 
CDA2-5       GCAATTTGTTCACGCGGAAGCTACTAGGGAAGATTTAAAGCAGATAGACTTTCAATTTCC
CDA2-3       ------------------------------------------------------------
YLR308W      GCAATTTGTTCACGCGGAAGCTAATAGGGAAGATTTAAAGCAGATAGACTTTCAATTTCC

 
CDA2-5       TGTATTGGAAAGGGCAGCT-ACAAAAACGCCTTTTCCGGATTGGCTT-AGTGCATTT-AC
CDA2-3       ----TGGGAAAGGGCAGGTTACCAAAACGCTTTTCCGGGATGGGCTTTAGTGCATTTTAC
YLR308W      TGTATTGGAAAGGGCAGCT-ACAAAAACGCCTTTTCCGGATTGGCTT-AGTGCATTT-AC

 
CDA2-5       CGGGTTAAAAGAATGGCCTGGGTTAGATCCACCTTATATACCTTTAGATTTC-ATTGATT
CDA2-3       CGGGTTAAAAGAAGGCCCTGGGTTAGATCCCCCTTATATCCCTTTAGATTTCCATTGATT
YLR308W      CGGGTTAAAAGAATGGCCTGGGTTAGATCCACCTTATATACCTTTAGATTTC-ATTGATT

 
CDA2-5       TC-AGTCAAATT--CCAGATTATAAGG-AATATGATCAAAACCATTGCGACAGTGTTCCA
CDA2-3       TCCAGTCAAAATTCCCAGATTATAAGGGAATATGATCAAAACCATTGCGACAGTGTTCCA
YLR308W      TC-AGTCAAATT--CCAGATTATAAGG-AATATGATCAAAACCATTGCGACAGTGTTCCA

 
CDA2-5       AGGGACTCGTGCTCTTTCGATTGCCATCACTGCACCGAACACGATGATGTGTACACATGT
CDA2-3       AGGGACTCGTG-TCTTTCGGTTGCCATCACTGCACCGAACACGATGATGTGTACACATGT
YLR308W      AGGGACTCGTGCTCTTTCGATTGCCATCACTGCACCGAACACGATGATGTGTACACATGT

 
CDA2-5       TCCAAACTTTCCCAGACATTTGACGATGGTCCTTCTGCTTCCACTACTAAATTATTGGAC
CDA2-3       TCCAAACTTTCCCAGACATTTGACGATGGTCCTTCTGCTTCCACTACTAAATTATTGGAC
YLR308W      TCCAAACTTTCCCAGACATTTGACGATGGTCCTTCTGCTTCCACTACTAAATTATTGGAC

 
CDA2-5       CGGTTGAAGCATAATTCCACCTTCTTCAATTTAGGTGTCAATATAGTTCAACATCCAGAT
CDA2-3       CGGTTGAAGCATAATTCCACCTTCTTCAATTTAGGTGTCAATATAGTTCAACATCCAGAT
YLR308W      CGGTTGAAGCATAATTCCACCTTCTTCAATTTAGGTGTCAATATAGTTCAACATCCAGAT

 
CDA2-5       ATCTATCAAAGAATGCAAAAGGAGGGACACTTAATCGGCTCACATACCTGGTCTCACGTA
CDA2-3       ATCTATCAAAGAATGCAAAAGGAGGGACACTTAATCGGCTCACATACCTGGTCTCACGTA
YLR308W      ATCTATCAAAGAATGCAAAAGGAGGGACACTTAATCGGCTCACATACCTGGTCTCACGTA

 
CDA2-5       TATTTGCCAAATGTATCGAATGAAAAAATTATAGCTCAAATTGAATGGTCCATCTGGGCG
CDA2-3       TATTTGCCAAATGTATCGAATGAAAAAATTATAGCTCAAATTGAATGGTCCATCTGGGCG
YLR308W      TATTTGCCAAATGTATCGAATGAAAAAATTATAGCTCAAATTGAATGGTCCATCTGGGCG

 
CDA2-5       ATGAATGCTACTGGCAACCATACCCCCAAATGGTTCAGACCTCCATATGGCGGAATAGAT
CDA2-3       ATGAATGCTACTGGCAACCATACCCCCAAATGGTTCAGACCTCCATATGGCGGAATAGAT
YLR308W      ATGAATGCTACTGGCAACCATACCCCCAAATGGTTCAGACCTCCATATGGCGGAATAGAT

 
CDA2-5       AATAGAGTAAGAGCAATAACAAGGCAATTTGGCTTACAAGCCGTCTTATGGGATCACGAT
CDA2-3       AATAGAGTAAGAGCAATAACAAGGCAATTTGGCTTACAAGCCGTCTTATGGGATCACGAT
YLR308W      AATAGAGTAAGAGCAATAACAAGGCAATTTGGCTTACAAGCCGTCTTATGGGATCACGAT

 
CDA2-5       ACTTTTGATTGGAGCCTCCTTCTCAATGATTCTGTCATAACTGAACAAGAAATTCTTCAA
CDA2-3       ACTTTTGATTGGAGCCTCCTTCTCAATGATTCTGTCATAACTGAACAAGAAATTCTTCAA
YLR308W      ACTTTTGATTGGAGCCTCCTTCTCAATGATTCTGTCATAACTGAACAAGAAATTCTTCAA

 
CDA2-5       AATGTAATAAACTGGAACAAGTCAGGAACCGGATTAATATTAGAACACGATTCNN-----
CDA2-3       AATGTAATAAACTGGAACAAGTCAGGAACCGGATTAATATTAGAACACGATTCAACGGAA
YLR308W      AATGTAATAAACTGGAACAAGTCAGGAACCGGATTAATATTAGAACACGATTCAACGGAA

 
CDA2-5       ------------------------------------------------------------
CDA2-3       AAAACTGTCGATCTTGCCATTAAAATAAATAAGTTGATAGGTGATGATCAATCAACAGTT
YLR308W      AAAACTGTCGATCTTGCCATTAAAATAAATAAGTTGATAGGTGATGATCAATCAACAGTT

3.3. Purification of the Recombinant Cda2p 

Recombinant CDA2p was purified to apparent homoge- 
neity, as judged by the 12.5% SDS-PAGE, by a one-step 
procedure using nickel-nitrilotriacetic acid (Ni-NTA) 
affinity chromatography, with an overall yield of 79% 
and a purification factor of 11 (Table 1). The apparent 
molecular mass of the purified protein (37 kDa) (Figure 
3(a)) corresponds to the expected mass of the recombi-
nant peptide coded by the CDA2 ORF fused in frame 
with c-myc and 6XHis-tag coding sequences. The poly- 
histidine tail in the recombinant protein was confirmed 
by staining with the GelCode® 6xHis Protein Tag Stain 
reagent Set (Figure 3(b)). 

The specific activity of the purified preparation (39.7 
U/mg) was about 20-fold lower than the native Cda2p 
[23]. This difference can be attributed mainly to the use 
of (GlcNAc)6 to assay native Cda2p, which is a two-fold 
better substrate than (GlcNAc) 4 used in the present 
study [23] and perhaps to the absence of Co2+ in the re- 
action mix, since this metallic ion is known to enhance 
the chitin deacetylase activity [5]. 

3.4. Characterization of the Catalytic Activity of 
the Recombinant Cda2p 

A novel colorimetric assay was developed for screening 
the Cda2p preparation activity, which is based on the 
specificity of the reaction of o-phthalaldehyde with pri- 
mary amines formed upon deacetylation of the chitinous 
substrates, producing a colored product that was esti- 
mated at 340 nm. 

Using N-acetylchitotetraose as a substrate and the 
o-phthalaldehyde reagent, the influence of pH (in the 
range from 7.0 to 10.0) and temperature (in the range 
from 30˚C to 80˚C) on the chitin deacetylase activity was 
evaluated. The optimum pH was 8.0, similar to those 
described in the literature [5]. The optimum temperature 
was 50˚C, at which the enzyme remained stable for at 
least 90 minutes (data not shown). Under these conditions, 
the primary amine was formed linearly up to 30 min, and 
all subsequent reactions were performed under these ini- 
tial velocity conditions. The recombinant chitin deacety- 
lase preparation exhibited the same pH and temperature 
reported in a previous study, considering the Cda2p ex- 
pressed in both S. cerevisiae [25] and E. coli [10]. 

In order to test the deacetylation specificity of the re- 
combinant chitin deacetylase, N-acetyl chito-oligosac- 
charides (chitobiose, chitotriose and chitotetraose) and 
crystalline shrimp chitin were used as substrates, and the 
amounts of primary amines formed were compared to 
those obtained with N-acetyl chitotetraose. The rCda2p 
deacetylated all the substrates tested, but the increase in  
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Table 1. Purification of recombinant chitin deacetylase. 

Purification step Total protein (mg) Specific activity (U·mg–1·min–1)* Total activity (U) Yield (%) Purification (fold)

Crude extract 38.1 3.6 137.2 100 - 

Ni-NTA chromatography 8.0 39.7 317.6 79 11 

(*) One unit of enzyme activity is defined as the amount of enzyme required to produce 1 μmol of amine per minute when incubated with 120 nmoles of 
chitotetraose. 

 

 
(a)                                         (b) 

Figure 3. Electrophoretic analysis of the recombinant chitin deacetylase. Purified recombinant 
chitin deacetylase preparation was electrophoresed on a 12.5% SDS-PAGE. Protein bands 
were visualized by staining with Coomassie blue R (a) or by GelCode® 6xHis Protein Tag 
Stain reagent Set (b). lane P, protein molecular mass markers; lane 1, positive control lysate 
(35 kDa) from the 6xHis Protein Control Set (Pierce), lane 2, purified Cda2p following the 
purification. 

 
chain length enhanced the effectiveness of the enzyme. 
The correlation between the structural features of the 
chitinous substrates and the extent of enzymatic deacety- 
lation was clearly demonstrated when crystalline shrimp 
chitin was used as a substrate: an increased rate of 
deacetylation was observed, in comparison to the N- 
acetylchito-oligomers with 2, 3 and 4 units of polymeri- 
zation (Table 2), as previously reported for the purified 
enzymes from S. cerevisiae [26] and from Scopulariopsis 
brevicaulis [5]. 

3.5. Biocatalytic Production of Chitosans 

The deacetylation of shrimp chitin by the recombinant 
chitin deacetylase in 30 min led to a decrease of 5.1% in 
the degree of acetylation (Table 2). This result encour- 
aged us to pursue the study of the deacetylation of Cda2p 
or its natural substrate. In a scaled-up experiment, 10 mg 
of crystalline shrimp chitin was treated by recombinant 
chitin deacetylase for 3 h, and the degree of acetylation 
(DA) of the chitin substrate was estimated by FTIR 
(Figure 4). In FTIR spectra, the amide I band was split 
into two components, attributed to the two types of 
amide H-bonds formed in high-molecular-weight -chitin 
[27]. The amide II band at 1550 cm–1, attributed to the 
C-N bond stretching and to C-N-H bonds bending in 
secondary amides, was also present. From the spectral 
data, DA was estimated by using the calibration curve 
reported in the literature [28] and the absorbance ratios 

A1320/A1420 were determined. These ratios led to a DA of 
100% and 89% for control and enzyme-deacetylated 
chitin samples, respectively. The chitinous product showed 
a DA of 89% after deacetylase treatment; although this 
succeeded well, it was necessary to increase the deacety- 
lation. This was tested by pre-hydrolysis of crystalline 
shrimp chitin by chitinases, which increased the deacety- 
lation ratio, triggered by chitin deacetylase, producing 
chito-oligosaccharides with a DA of 33% (Figure 5). 
The remaining major impediment to an enzymatic hy- 
drolysis process is the extremely low hydrolytic suscep- 
tibility of the natural chitin substrate, due to its high de- 
gree of crystallinity. We showed herein for the first time 
that the crystalline chitin form can be cleanly produced 
in virtually quantitative yield if a combined and sequen- 
tial enzyme treatment is performed. 

4. DISCUSSION 

A chitin deacetylase protein from S. cerevisiae was 
cloned and expressed in P. pastoris, and the recombinant 
enzyme was purified to homogeneity. The methyl-tro- 
phic yeast P. pastoris proved to be a suitable system for 
heterologous protein expression, because of, among other 
favorable properties, the existence of a strong and tightly 
regulated promoter from the alcohol oxidase 1 gene, 
AOX, which in combination with an optimal codon us- 
age bias when expressing the CDA2 gene from S. cere- 
visiae, accommodated high expression levels of the Cda2  
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Table 2. Deacetylation of N-acetylchito-oligosaccharides and chitin by the recombinant Cda2 protein. 

Substrate Amount of substrate as acetamido residues (nmol) Amount of primary amine produced (nmol) Deacetylation (%)

(GlcNAc)2 235.6 5.5 2.3 

(GlcNAc)3 239.0 9.5 4.0 

(GlcNAc)4 240.7 12 5.0 

Shrimp chitina 4920.0(*) 250 5.1 

Cda2p (0.3 U) was added to assays, which were performed in a total volume of 150 µl of 25 mM Tris-Cl buffer at pH 8.0, containing 50 µg of each 
chito-oligosaccharide or 1 mg of shrimp crystalline chitin. The reaction was run for 30 min at 50˚C and stopped by heating at 100˚C. Free amines released by 
the chitin deacetylase reaction were evaluated by the o-phthalaldehyde method. (a) 2 U enzyme used in the assay. (*) assuming a mean chain length of 4500 
monosaccharide units for shrimp chitin. 

 

 

Figure 4. FT-IR spectra of chitin deacetylase products. (a) 
Shrimp crystalline chitin; (b) 10 mg of shrimp crystalline chitin 
treated by recombinant chitin deacetylase (0.3 U) for 3 h in 25 
mM phosphate buffer, pH 8.0, containing 1 mg/mL of BSA at 
50˚C. 

 

 

Figure 5. FT-IR spectra of chitosans produced by chitinase and 
chitin deacetylase treatment. (a) Shrimp crystalline chitin; (b) 
10 mg of shrimp crystalline chitin treated by recombinant chitin 
deacetylase (2 U) for 1 h in 25 mM phosphate buffer, pH 8.0, 
containing 1 mg/mL of BSA at 50˚C; (c) 10 mg of shrimp 
crystalline chitin treated by purified chitinase (1.2 U) on 50 
mM sodium acetate buffer pH 3.0 at 42˚C for 50 min, followed 
by treatment with purified recombinant chitin deacetylase (2 U) 
for 1 h. 

protein. In addition, P. pastoris is transformed by inte- 
gration of the expression cassette into the chromosome at 
a specific locus, to generate genetically stable Cda2p 
transformants [29]. Methanol-induced expression of CDA2 
integrated into the P. pastoris genome allowed large- 
scale production of a soluble 37 kDa cytosolic protein. 
This was compatible with the expected molecular mass 
for cda2 chitin deacetylase fused with c-myc epitope and 
polyhistidine (6xHis) tag recombinant protein, it was 
predicted to have 310 amino acids overall and a molecu- 
lar mass of 35558.5 Da, assuming that the putative sig- 
nal peptide (25 amino acids long) was processed. 

The agreement with previous reports, the apparent 
molecular mass of the purified protein is close to 35 kDa, 
similar to the Cda2p expressed in Escherichia coli and to 
the N-deglycosylated enzyme form expressed in P. pas- 
toris [13]. The results described here are also consistent 
with the expression of the enzyme in its N-deglycosy- 
lated form, as previously reported for the recombinant C. 
lindemuthianum chitin deacetylase expressed in P. pas- 
toris [25]. Treatment of the purified protein in the poly- 
acrylamide gel with thymol and sulfuric acid showed that 
it was not a glycosylated protein (results not shown) [30]. 
These results, however, differ from those observed for 
native enzymes that were purified in their glycosylated 
forms from different organisms such as C. lindemu- 
thianum [31], M. rouxii [32], and S. cerevisiae [33]. 

Purification of the recombinant enzyme to apparent 
homogeneity (Figure 3(a)) was effectively achieved by a 
single-step chromatography procedure employing a 
Ni-NTA column, which exploits the 6xHis tag added to 
the recombinant Cda2p. The specific activity of the puri- 
fied preparation (39.7 U/mg) was about 20-fold lower 
than that of native Cda2p [13]. This difference can be 
attributed mainly to the use of (GlcNAc)6 as a substrate 
to assay native Cda2p, which is a two-fold better sub- 
strate than the (GlcNAc)4 used in the present study [25]; 
and, perhaps, to the absence of Co2+ in the reaction mix, 
since this metallic ion is known to enhance the chitin 
deacetylase activity [5]. Notably, total loss of enzyme 
activity was observed after deglycosylation of Cda2p 
from S. cerevisiae [13], which could be restored by the 
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addition of 1 mM CoCl2. Here, recombinant Cda2p was 
shown to be active in its deglycosylated form and in the 
absence of Co2+. The effect of Co2+ on the enzyme activ- 
ity was not tested. 

The recombinant chitin deacetylase preparation exhib- 
ited the same optimum pH (8.0) and temperature (50˚C) 
reported for the recombinant Cda2p expressed in S. cere- 
visiae [13] and in E. coli [10]. It seems that a high opti- 
mum temperature is a characteristic of this enzyme, since 
optimum temperatures in the range of 50˚C to 60˚C have 
been reported for chitin deacetylase from A. coerulea [34] 
and several other fungal enzymes [5]. Similarly, the op- 
timum pH of most extracellular chitin deacetylases 
ranges from 7 to 12 [5]. Using N-acetylchitotetraose as a 
substrate, pH 8.0 and at 50˚C, the reaction ran under ini- 
tial velocity conditions for up to 30 min, as judged by the 
quantification of the primary amine formed using οph- 
thalaldehyde [35]. 

Although this reagent has been reported to be useful to 
determine the degree of deacetylation of chitosan of 
various molecular weights [36], to the best of our 
knowledge, this is the first use of this reagent to assay 
chitin deacetylase activity. Up to the present, assays for 
chitin deacetylase activity have been based on the release 
of radioactive acetate from glycol chitin radiolabeled in 
the N-acetyl group [13]; on quantification of acetate re- 
lease using acetyl-CoA synthetase, citrate synthase, and 
malate dehydrogenase in a coupled system [25,33]; or on 
chemical detection of glucosamine residues with 3- 
methyl-2-benzothiazolone hydrazone after deamination 
with nitrous acid [26,37]. Therefore, the use of a method 
that employs readily available reagents could help to 
increase the interest of researchers in the study of chitin 
deacetylase. 

The purified chitin deacetylase was active on N-ace- 
tylchito-oligosaccharides [(GlcNAc)2, (GlcNAc)3 and 
(GlcNAc)4] and on native-shrimp crystalline chitin (Ta- 
ble 2). The deacetylase activity increased with the degree 
of polymerization of the N-acetylchito-oligosac- charides, 
as previously reported for the enzyme purified from S. 
cerevisiae [13] and from Scopulariopsis brevicaulis [26]. 
Acting on tetra-N-acetyl chitotetraose, the enzyme showed 
maximum activity, reaching 5% DA (degree of deacety- 
lation). The degree of deacetylation of (GlcNAc)4 by 
chitin deacetylase found in this study was lower than 
previously reported [13]. However, in this study, we used 
a shorter assay time (30 minutes) than the time used in 
the previous report (48 hours). 

When crystalline shrimp chitin, the natural substrate, 
was hydrolyzed by chitin deacetylase, the degree of 
deacetylation obtained was 11%, which is low but still 
higher than several others reported in previous studies 
[26], and paves the way for the development of an effi- 
cient enzymatic process for production of chitosan with a 

controlled degree of deacetylation. This is an encourage- 
ing result, since the deacetylation level is higher than 
those reported by other studies [26,31,34]. It is well 
known that the high crystallinity of chitin microfibril, 
promoted by the hydrogen bond-stabilized packaging of 
chitin polymer, greatly impedes the access of the enzyme 
to the deacetylation reaction site in the chitin molecule. 
Pretreatment to destroy the chitin crystalline structure 
prior to addition of the enzyme seems to be desirable, in 
order to improve the deacetylation rate and produce no- 
vel chitosan polymers and oligomers. 

Most of the other chitinous substrates without deace- 
tylation cannot be affected by CDA, even though their 
particle size is very small [38]. It is thought that enzy- 
matic deacetylation is profoundly affected by the physi- 
cal properties of the substrate, such as crystallinity, de- 
gree of deacetylation, particle size, and origin. 

The pre-hydrolysis of chitin by grape chitinases in- 
creased the degree of deacetylation to 33%. It seems that 
the preparation of chitinases undoes the interaction be- 
tween the molecules of chitin obtained from shrimp. This 
type of α-chitin forms a dense packaging resulting from 
the antiparallel arrangement of the polymer chains, which 
favors the existence of numerous inter- and intrachain 
hydrogen links in the same and neighboring lamellae, 
forming a rigid and resistant structure, which could hin- 
der access of the recombinant deacetylase to the acetyl 
groups of the chito-oligosaccharide [39]. 

Nowadays, the deacetylation of chitin to chitosan is 
usually achieved using a strong alkali at high tempera- 
tures for extended periods of time. This is an environ- 
mentally unsuitable process, as is the treatment with hy- 
drolytic, non-specific enzymes, a difficult-to-control proc- 
ess that frequently gives a broad and heterogeneous 
range of products. Moreover, because the enzyme prepa- 
rations that are used tend to be rather crude and are de- 
rived from different organisms, including fungi and plants, 
that are known to produce chitinolytic enzymes, there 
remains some doubt concerning which enzymes actually 
catalyze the hydrolysis reaction [40]. 

Biocatalytic conversion of chitosans using the purified 
forms of both chitinases and chitin deacetylase has been 
described in few studies [21]. Recently, several comer- 
cially available hydrolytic enzymes including lysozyme, 
cellulase, papain, pectinases, and hemicellulase were 
found to catalyze the cleavage of the glycoside bond in 
chitosan [26,41]. However, the use of enzymes with nar- 
row specificity for the substrate (chitin), chitinases and 
chitin deacetylase, certainly opens a possible route to 
optimize the hydrolysis reactions controlling the produc- 
tion of chito-oligosaccharides. 

The practicality of using this recombinant protein for 
biocatalytic conversion of chitin to chitosan, mainly when 
combined with chitinases, which in optimum conditions 
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can produce chitosan oligomers with defined sizes and 
degrees of deacetylation for use in specific applications, 
was demonstrated. Preparation of chitin deacetylase from 
S. cerevisiae and grape chitinases could be a viable al- 
ternative for the production of industrialized chito-oli- 
gosaccharides, because enzymatic hydrolysis is rapid, the 
production conditions are mild, complicated production 
equipment is not required, and the cost of production is 
low. 
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