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1.1. Chitin: from “fungine” to the world-wide used polymer 

1.1.1. Discovery of chitin 

In 1799, A. Hachett, an English scientist decalcified shells of crustaceans i.e. crabs, shrimps and 

prawns and discovered a “material particularly resistant to usual chemicals”. Twelve years 

later, Henri Braconnot, a French scientist, extracted this new material from mushrooms and 

named it “fungine”.  In 1823, another French scientist, Odier, found “fungine” in exoskeletons 

of insects and named it “chitin”, after the Greek word for “tunic” (Muzarelli, 1977; Khoushab 

and Yamabhai, 2010). Further research on chitin lead to the discovery by Lassaigne in 1843, 

that chitin contains nitrogen and by Ledderhose in 1878 that it is composed of glucosamine 

and acetic acid (Muzarelli, 1977). The term “chitin” survived to our times and refers to the one 

of the most abundant polymers, next to cellulose and lignin (Gao et al., 2016). Besides 

crustaceans, fungi and insects, chitin has been found throughout the world in numerous 

organisms including yeasts (Molano et al., 1980), sponges (Ehrlich et al., 2007), eggs of 

nematodes (Sharp, 2013), diatoms (Durkin et al., 2009), squid pen (Roberts, 1992), algae 

(Pearlmutter and Lembi, 1978), amoeba (Rudal and Kenchington, 1973), and in fish 

Paralipophrys trigloides (Wagner et al., 1993).  

1.1.2. Structure of chitin and chitosan 

Depending on the source, chitin occurs in two allomorphs, α- and β-forms (Rinaudo, 2006). In 

α- chitin, the chains are arranged in anti-parallel manner (Figure 1.1.A), and  they are densely 

packed with both inter- and intra-H bonds. Consequently, α-chitin is unable to swell in water 

and is the most rigid chitin form (Minke and Blackwell, 1978). In β-chitin, chains are arranged 

in parallel manner (Figure 1.1.B) with a reduced number of intra-H bonds thus β-chitin is more 

susceptible to water swelling and has more flexible and softer structure (Gardner and 

Blackwell, 1975; Merzendorfer and Zimoch, 2003). The existence of a third form of chitin, γ-

form (Figure 1.1.C), characterised by sets of two parallel chains and a single anti-parallel chain, 

was also proposed, but detailed analysis revealed, that it is a variant of α-chitin (Atkins, 1985). 

α- chitin is the most abundant form, which occurs in fungal and yeast cell walls, tendons and 

shells of crustaceans as well as in insect cuticle (Rinaudo, 2006), where it delivers mechanical 

strength and stability (Merzendorfer and Zimoch, 2003). Due to its abundancy, α-chitin is the 

major source of industrially available chitin. 
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Figure 1.1. Arrangement of the chains in α- chitin (A), β-chitin (B), and γ-chitin (C). 

 

From a chemical point of view, chitin is a linear polymer of of N-acetylglucosamine (GlcNAc) 

and some glucosamine (GlcN) units linked with β-(1,4)- glycosidic bonds (Figure 1.2.) (Rinaudo, 

2006). The common natural derivative of chitin is chitosan. Chitosan is produced after partial 

or full-deacetylation of chitin. Chitin and chitosan are distinguished by the degree of 

deacetylation (DDA). When DDA is below 50 %, then the polymer is entitled chitin and in the 

opposite, polymer with DDA above 50 % is entitled chitosan (Roberts, 1992). Both polymers 

can differ in the molecular weight (Mw). The average Mw of native chitin can exceed one 

million, whereas commercial chitosan products fall in the range from 100,000 to 1,200,000 

(Struszczyk, 2002). Low Mw chitin and chitosan products are obtained by hydrolysis of the 

native polymer chain. DDA and Mw are important parameters influencing the physicochemical 

and biological properties of chitin and chitosan (Kumirska et al., 2011). The value of DDA and 

molecular weight determine solubility of the polymer in aqueous acid solutions and extent of 

swelling in water. The solubility increases with the increase of DDA and the decrease of Mw. 

Thus chitosan, in contrast to chitin, is soluble in most aqueous solutions of organic acids such 

as formic, acetic, lactic, and citric acid (Struszczyk, 2002). 

 

 

Figure 1.2. Chemical structure of chitin (A) and chitosan (B). 

 

A                       B                       C 

A                                       B                                      
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1.1.3. Industrial application of chitin and chitosan 

In 1930s and 1940s, chitin and chitosan attracted considerable attention as materials with 

potential industrial applications. In that time, 50 patents describing the use of chitin and 

chitosan were published, e.g. for production of films, threads, sizing agents, tubes, straws, 

seamless sausage casings (Rigby et al., 1936; Thor, 1940) and water-proof paper (Arnold, 

1936). However, lack of adequate manufacturing facilities and the strong competition from 

synthetic polymers restricted commercial development of these natural polymers. The 

revitalized interest in chitin appeared in 1970s, when chitin-containing seafood shells, i.e. 

crab, shrimp, and lobster, needed to be utilized. At that time, waste shells were dumped in 

landfill or the sea without any processing, that led to a serious environmental pollution of 

coastal areas (Ahmed and Ikram, 2017) and strict environmental regulations by USA banning 

the dumping of waste shells. Consequently, this waste stream was considered as a cheap 

resource of chitin, that with a production of approximately 6 to 8 million tons of chitin globally 

per year can be used almost without limitations (Gao, 2016). Therefore, utilization of chitin 

from waste shells is profitable from an environmental and an economic point of view. 

However, currently only a small part of this biopolymer is utilized. One of the reasons is the 

relatively laborious isolation process of chitin from crustacean shells. The isolation process 

comprises three steps: 1) demineralization (acid treatment mainly with HCl) which removes 

inorganic matters (mainly calcium carbonate), 2) deproteinization (alkaline treatment mainly 

with NaOH) for the removal of protein matter, 3) decolourization (bleaching by chemical 

reagents) to achieve colourless product (Pokhrel et al., 2015). The other reason is the 

robustness of chitin and its insolubility in water and common solvents (Pillai et al., 2009). 

One of the most important industrial application of chitin is the production of chitosan. 

Materials obtained from chitosan have many beneficial biological properties, e.g. non-toxicity, 

biodegradability, biocompatibility, antioxidant and antimicrobial activities; therefore they 

have been used in tissue engineering and drug delivery in the medical and pharmaceutical 

fields (Kumirska et al., 2011). Chitosan has also high potential in many other sectors, e.g. in 

agriculture for improvement of crop yields by controlling fungal, viral and bacterial diseases 

(Sharp, 2013), and in environmental protection for removal of heavy metals (Zhang et al., 

2016). In food technology chitosan can be used as a antimicrobial packaging material (Van den 

Broek et al., 2015), additives (clarification of fruits and beverages, emulsifier agent, thickening 
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and stabilizing agents, color stabilization), dietary fiber, for enzyme immobilization and 

encapsulation of nutraceuticals (Agullo et al., 2003). 

The global industrial consumption of chitin and chitosan is steadily increasing. For example, 

the healthcare segment based on the use of  chitin and chitosan was estimated at 264 million 

€ in 2017 and is expected to reach a valuation of more than 0.85 billion € by the end of 2027 

(https://www.futuremarketinsights.com/reports/chitin-market).  

Furthermore, the development of new chitin- and chitosan-based materials with novel 

properties gained an extraordinary interest of scientist throughout the world. The number of 

publications on this subject is increasing and over 50,660 papers were published up to date 

(according to Scopus database in early 2018). 

Despite being used in form of valuable biopolymers, chitin and chitosan may also be 

transformed into other useful products such as bioactive chitin- and chito-oligosaccharides 

and monomers. 

1.2. Oligosaccharides and monomers from chitin and chitosan 

Glycosidic β-(1,4)-bonds in chitin and chitosan can be broken and the polymers are 

depolymerized to their oligosaccharides (CHOs) and monomers, GlcNAc and GlcN (Figure 1.3.). 

1.2.1. Oligosaccharides from chitin and chitosan 

CHOs can have different degree of polymerization (DP), pattern of acetylation (PA), and Mw 

which determine their chemical and biological properties (Aam et al., 2010). CHOs have been 

shown to have antimicrobial (No et al., 2002), antitumor and anti-inflammatory activities 

(Azuma et al., 2015) and they are still investigated for other potential applications. However, 

a medical therapy based on CHOs has not yet been developed. CHOs are mainly applied in 

research at the lab scale and are produced by manufacturers like Megazyme (Ireland) and 

Heppe Medical Chitosan GmbH (Germany). 

1.2.2. Monomers from chitin and chitosan 

The monomers, GlcNAc and GlcN are biochemical precursors of amino sugars that serve a 

number of functions in cells and tissues located throughout the human body. They are 

important components of glycoproteins, proteoglycans and glycosaminoglycans (GAG), such 
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as hyaluronic acid, keratan sulfate and sulfated GAG, which are present in connective tissues 

e.g. cartilages (Igarashi et al., 2011). Consequently, GlcNAc, GlcN and their derivatives are 

believed to participate as a substrate in synthesizing GAG and proteoglycans in the damaged 

joint cartilage (Igarashi et al., 2011). For about three decades, GlcNAc and GlcN have been 

used as cheap and valuable pharmacological agents in prevention and treatment of 

osteoarthritis, the most common joint disease of knee and hip with symptoms of pain and 

progressive destruction of articular cartilage (Crolle and D'Este, 1980; Dalirfardouei et al., 

2016).  

 

                             

Figure 1.3. Chemical structure of N-acetylglucosamine (GlcNAc) (A) and glucosamine (GlcN) (B). 

 

However, although many studies on GlcNAc and GlcN have showed a significant treatment 

effect, accompanied with remarkable safety, the clinical treatment of osteoarthritis with 

GlcNAc and GlcN is still a matter for debate. There exists an evident difference between 

European and the USA institutions regarding relative effectiveness of GlcNAc and its 

derivatives compared with placebo or other treatments. The European Society for Clinical and 

Economic Aspects of Osteoporosis and Osteoarthritis (ESCEO) recommends application of 

patented crystalline GlcN-sulfate and chondroitin sulfate as medication for osteoarthritis 

(Bruyère et al., 2016). However, in the USA GlcN and chondroitin are considered as dietary 

supplements and are not used for the therapy purposes. It is stated, that there is not enough 

evidence to prove positive influence of GlcN on restoring of cartilages (Júnior and Inácio, 2013; 

Vasiliadis and Tsikopoulos, 2017). Moreover, there are numerous studies with contradictory 

results on efficacy of GlcN on pain relief in osteoarthritis. The studies with very positive effects 

of GlcN were on the charge of being exaggerated and without a clinically relevant outcome. 

Furthermore, the positive results were obtained only for supplementation with GlcN 

sponsored by the pharmaceutical industry, what additionally decreased the trust in their 

correctness (Júnior and Inácio, 2013; Vasiliadis and Tsikopoulos, 2017).  

A                             B 
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GlcNAc is an important component of oligosaccharides in human milk (Kobata and Ginsburg, 

1969; Miller et al., 1994). GlcNAc-containing oligosaccharides from human milk were shown 

to be essential for growth of bifidiobacteria like Lactobacillus bifidus var. pensylvanicus in 

infant colon, which are important for health functioning of the infant’s organs (Gyorgy et al., 

1974).  

Due to their biological properties, GlcNAc and GlcN have been recommended in many other 

fields (Figure 1.4.) such as a therapeutic anti-inflammatory agent for treatment of chronic 

inflammatory diseases e.g. inflammatory bowel disease in children (Salvatore et al., 2000),  

and as an agent improving skin condition in skin care and dermatology (Kim et al., 2008; Bissett 

et al., 2007). As a food supplement, GlcNAc is applied as an additive in beer, wine and milk (Xu 

et al., 2004a, 2004b, 2004c). Furthermore, GlcNAc has been proposed as resource for 

chemicals (Inokuma et al., 2016) and as a potential building block for biobased polymers 

(Kobayashi et al., 2006; Galbis et al., 2015). 

 

 

Figure 1.4. Application of N-acetylglucosamine (GlcNAc) and glucosamine (GlcN). 
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The versatile applications trigger a market demand for GlcNAc and its derivatives. The Global 

Glucosamine Market is expected to grow over the next decade and to reach approximately 

0.88 billion € by 2025 (https://www.prnewswire.com/news-releases/global-103-billion-

glucosamine-market-analysis-trends-2016-industry-forecasts-to-2025-research-and-markets-

300312509.html). Therefore, development of an efficient process for production of GlcNAc is 

urgently needed by the industry. 

1.3. Production processes for GlcNAc and GlcN 

GlcNAc can be produced by chemical or enzymatic hydrolysis of chitin or it can be synthesised 

during fermentation of suitable microorganisms (Table 1.1.). 

1.3.1. Chemical method 

Currently, chemical hydrolysis of chitin is the main method for production of GlcNAc. The 

process can be conducted in two ways. The first way is a direct hydrolysis of chitin performed 

with 15–36 % HCl at about 40–80 °C (Bohlman et al., 2004). The second way involves chitin 

hydrolysis to GlcN followed by N-acetylation of GlcN to GlcNAc. In this process chitin is treated 

with 20–37 % HCl at 100 °C (Mojarrad et al., 2007). Under such harsh conditions the acetyl 

group of GlcNAc is removed and the released GlcN is finally N-acetylated with acetic anhydride 

to regenerate the desired GlcNAc (Roseman and Ludowieg, 1953). The chemical production of 

GlcNAc from chitin is estimated to be economically feasible, but there are some drawbacks, 

including low yield (below 65 %), low specificity of chemical catalyst, high operational costs 

and generation of environmentally unfriendly acidic wastes (Chen et al., 2010). 

1.3.2. Biotransformation method 

GlcNAc and GlcN can be synthesised through fermentation of filamentous fungi, recombinant 

Escherichia coli or recombinant Saccharomyces cerevisiae. This method has fewer 

environmental issues than chemical method. However, low productivity and high production 

costs are the main disadvantages of this process, that weakens its economic competitiveness 

with the chemical method. After 7 days, incubation of filamentous fungi Aspergillus sp., 

Monascus pilosus and Rhizopus oligosorus resulted in GlcNAc production of 3.43 g L-1, 0.72 g 

L-1, and 0.31 g L-1, respectively (Hsieh et al., 2007). After 36 h incubation of Aspergillus sp. 

14.36 g L-1 GlcN was obtained by Zhang et al. (2012). Fermentation of recombinant E. coli was 
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more efficient and resulted in production of 110 g L-1 (Deng et al., 2005), 70 g L-1 (Chen et al., 

2012a), and 73 g L-1  (Chen et al., 2012b) of GlcNAc after 72, 16, and 18 hours, respectively. 

Production of 2 g L-1 GlcNAc was obtained with a recombinant strain of  S. cerevisiae (Lee and 

Oh, 2016). As a substrate, glucose has been commonly used. 

Table 1.1. Different types of production methods for N-acetylglucosamine (GlcNAc). 

Type of production 

method 
Process Advantage Disadvantage 

Chemical    

1. Direct hydrolysis of 
chitin to GlcNAc 

15-36 % HCl at 40–80 °C 
(Bohlman et al., 2004) 
 

- short time of the reaction 
 (7 h) 

- acidic wastes, 
- low yield <65% 
- high energy costs 
- low selectivity of 
catalyst 

    
2. Hydrolysis to GlcNAc 

and N-acetylation of 
GlcNAc 

20–37 % HCl, 100 °C,  
(Mojarrad et al., 2007) 

- short time of the reaction 
(1–3 h) 

- N-acetylation of GlcN 
needed 
- use of chemical solvents 
- low yield (43 %)  Solvent: 10 % methanol, N-

acetylation with acetic 
anhydride (Roseman and 
Ludowieg, 1953) 

 Solvent: Pyridine, purification, 
N-acetylation with acetic 
anhydride (Zhan, 2007) 

 

Biotransformation    

1. Production of 
GlcNAc from chitin 

Chitin degrading-factors (CDFs) 
of bacterium Chitinobacter 
tainanensis  
(Chern et al., 2004; Chen et al., 
2010) 

- high yield (75 %) 
- high purity (>99 %) 

- susceptible of phage 
contamination  
- high production costs 

    
2. Synthesis of GlcNAc 

in the fermentation-
based process 

1) Intercellular synthesis in 
fungi e.g. Saccharomyces 
cerevisiae (Lee and Oh, 2016) 

- wide range of substrate 
- no allergy reaction 
 

- low yield (≈10 %) 
- low productivity 
- high production costs 

 2) Intercellular synthesis in 
Escherichia coli (Deng, 2005)  

- high yield 
- high productivity 
- no allergy reaction 

- susceptible of phage 
attack 
- high production costs 

Enzymatic     

1. Chitinolytic enzymes Hydrolysis of chitin with 
crude/purified enzymes 

- high yield (41–≈100 %) 
- high purity (up to 100 %) 
- no chemical pollutions 
- reaction temperature 
lower than in chemical 
methods 
- high selectivity of catalyst 
 

- low productivity 
- long-time incubation 
(up to 19 days) 
- chitin pre-treatment 
needed 
- high production costs of 
enzymes 
 

2. Non-specific 
commercial enzymes 

Hydrolysis of chitin with 
cellulase, hemicellulase, 
papain, pepsin, lipase, and 
pectinase (Sashiwa et al., 2001) 

- high yield (76 %) 
- no chemical pollutions 
- reaction temperature 
lower than in chemical 
methods 
- commercially available 
enzymes 

- long-time incubation (8 
days) 
- enzyme mixture 
containing crude 
chitinolytic enzymes 
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1.3.3. Enzymatic method 

Enzymatic hydrolysis of chitin catalysed by chitinolytic enzymes has been proposed as an 

environmental friendly alternative for chemical hydrolysis. Enzymes are biological catalysts 

that can replace chemical catalyst, HCl in this specific case (Fersht, 1985) and can be applied 

under milder conditions. Additionally, the application of enzymatic hydrolysis allows the 

better control of the production process, since enzymes have a higher substrate specificity 

and reaction selectivity than HCl.  

In nature, chitin is degraded by chitinolytic enzymes via two major enzymatic pathways: 

chitinolytic and chitosanolytic, presented in Figure 1.5.  

 

 

 

 

 

 

 

 

Figure 1.5. Enzymatic degradation of chitin via chitinolytic pathway (left) and chitosanolytic pathway (right). 
LPMO–lytic polysaccharide monooxygenase, NAGase–N-acetylglucosaminidase, GlcNase–glucosaminidase. 
*Some chitinases are able to degrade chitosan. 

 

The chitinolytic pathway involves initial enzymatic hydrolysis of the β-(1,4)-glycosidic bond in 

chitin chains (Gooday, 1990). There are three groups of chitin-hydrolysing enzymes: 

chitinases, N-acetylglucosaminidases (NAGase, also known as chitobiases) and lytic 

polysaccharide monooxygenases (LPMO) (Vaaje-Kolstad et al., 20110; Vaaje-Kolstad et al., 

2013). According to the Carbohydrate-Active Enzymes Database (CAZy, 

http://www.cazy.org/), chitinases belong to glycoside hydrolase (GH) family 18 and 19, 

NAGases to GH 20 and 3 and LPMOs to the auxiliary activity (AA) family AA10 and AA11. 

Chitinases (EC 3.2.1.14) catalyse the hydrolysis of chitin chains into shorter oligosaccharides 
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and chitin dimer (GlcNAc)2. The products released by chitinases are further hydrolysed to 

GlcNAc by NAGases (EC 3.2.1.50). During chitin hydrolysis, chitinases and NAGases are 

supported by LPMOs (EC 1.14.99.53), which depolymerise chitin in oxidative way and 

introduce brakes in the chitin chains making chitin more accessible for chitinases and 

NAGases. The final product, GlcNAc, can be enzymatically deacetylated by N-acetylgluco-

samine deacetylase (EC 3.5.1.33) to GlcN.  

The second pathway for chitin degradation involves deacetylation of chitin by chitin 

deacetylases (EC 3.5.1.41) to chitosan (Figure 1.5.). Chitosan is subsequently hydrolysed by 

chitosanases (EC 3.2.1.132) and exo-1,4-β-D-glucosaminidase (EC 3.2.1.165) which occur in GH 

5, 7, 8, 46, 75, and 80. Some chitinases were also found to degrade chitosan and their activity 

was influenced by the DDA of chitosan, e.g. from Streptomyces griseus and Serratia 

marcescens (Ohtakara et al., 1990; Sørbotten et al., 2005).  

The best known chitinolytic machinery has been described for bacterium Serratia marcescens, 

which produces three chitinases from GH 18 (ChiA, ChiB and ChiC), chitobiase (GH 20) and 

LPMOs (SmLPMO10A, known as CBP21). These enzymes were shown to act synergistically in 

chitin degradation (Fuchs et al., 1986;  Brurberg et al., 1996; Watanbe et al., 1997; Suzuki et 

al., 1998; Vaaje-Kolstad et al., 2005). Other well-known chitin-degrading microorganisms 

belong to genera Trichoderma (fungi) and Streptomyces (actinomycetes).  

1.4. Crystallinity of chitin as a hurdle for the enzymatic process 

Despite large amounts of chitin produced in nature, chitin does not accumulate at the bottom 

of the oceans indicating, that chitin is efficiently degraded by organisms producing chitinolytic 

enzymes (Gooday, 1990). However, the enzymatic depolymerisation of α-chitin in crustaceans 

is a very slow process (Sashiwa et al., 2001). The reason is the high crystallinity and insolubility 

of α-chitin, that hinders the accessibility of chitin to the enzymatic action. As the distance 

between chitin chains is reported to be about 0.47 nm (Rinaudo, 2006), it is not possible for 

hydrolytic enzymes to penetrate the crystalline structure of chitin particles (Jaworska  and 

Roberts, 2016) and thus enzymes act only at amorphous parts of the chitin. 

Therefore, the crystallinity of α-chitin is a relevant issue that has to be taken into account 

while developing an enzymatic process of production of GlcNAc from chitin. Already many 
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pre-treatment methods have been investigated for destruction of the crystallinity of chitin e.g.  

acid treatment (Binod et al., 2007), ionic liquids (Jaworska et al., 2012), ultrasonication and 

steam-explosion (Villa-Lerma et al., 2013), γ-radiation (Dziril et al., 2015), microwave 

irradiation (Roy et al., 2003), high pressure homogenization (Wei et al., 2017), 

mechanochemical grinding (Nakagawa et al., 2011), rapid depressurization from supercritical 

1,1,1,2-tetrafluoroethane (Villa-Lerma et al., 2016) and ball mill grinding in dry mode (Chen et 

al., 2015), sub- and supercritical water pre-treatment (Osada et al., 2012). The pre-treatment 

of chitin is necessary for increasing the accessibility of chitin for enzymatic action. However, it 

is necessary to use an appropriate method that ensures the efficient destruction of the 

crystallinity of chitin but simultaneously protects the three-dimensional structure of chitin 

chains and protects acetyl groups of GlcNAc units. The acetyl groups of GlcNAc are crucial for 

the enzymatic action to occur since acetyl groups are involved in so called substrate-assisted 

catalysis conducted by GH 18 chitinases (Terwisscha van Scheltinga et al., 1995). Furthermore, 

the chosen method should be applicable at industrial scale i.e. the transition from the lab-

scale to the industrial scale should be possible. 

1.5. Thermostable enzymes from Myceliophthora thermophila C1 

for chitin depolymerisation 

In accordance with the abundance of chitin, chitinolytic enzymes are also widely present in 

nature and are found in many types of organisms, predominantly in chitin-containing 

organisms, but also in organisms that do not generate chitin such as plants (Schlumbaum et 

al., 1986), mammalians (Gooday, 1990) and humans (Hollak et al., 1994).  

However, the largest potential as biocatalysts have microbial enzymes (Singh et al., 2016). 

Microbial enzymes can be easily produced extracellularly and purified from a culture broth. 

On a large scale, the enzymes produced by microbial hosts are cost-effective due to high 

production levels associated with standard expression, inexpensive culture media, ease of 

growth, and short fermentation cycles (Rigoldi et al., 2018). An additional advantage of 

microbial enzymes can be their thermostability. Thermostable enzymes tolerate high process 

temperatures, are resistant to denaturing agents, tolerate “harsh” purification and 

consequently last longer (Kristjanson, 1989). Thermostability is particularly advantageous for 

degradation of polysaccharide-rich biomass. Thermophilic enzymes were demonstrated to 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3682446/#B38
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degrade plant biomass faster than their mesophilic counterpart at elevated temperatures 

(Singh et al., 2016).  

Thermophilic filamentous fungi are a potential reservoir of thermostable enzymes (Singh et 

al.,  2016). In their natural habitats, they secrete various enzymes, e.g. proteases, (hemi-)-

cellulases, amylases, esterases, lipases and chitinases, and use them for degradation of large 

biopolymers such as proteins and polysaccharides (Visser et al., 2011). Chitinases have very 

diverse biological functions including a role in re-arranging of cell walls during growth, 

mycoparasitism, autolysis, and acquisition of chitin for nutritional purposes (Langner and 

Göhre, 2016). 

Myceliophthora thermophila (syn. Sporotrichum thermophile) is a well-known thermophilic 

biomass degrading filamentous fungus (Apnis, 1963; Coutts and Smith, 1976; Singh, 2014). An 

isolate of M. thermophila C1 (previously known as Chrysosporium lucknowense C1; DuPont 

Industrial Biosciences) was subjected to a strain-development process, that lead to a 

development of a low protease/(hemi-) cellulase free M. thermophila C1-expression host (LC-

strain), which is a mature enzyme production platform (Visser et al., 2011). The genome of M. 

thermophila C1 is rich in genes encoding for industrially relevant enzymes degrading biomass 

e.g. arabinohydrolase, xylanase, and recently discovered LPMO, of which many were 

overexpresses and characterised (Hinz et al., 2009; Kühnel et al., 2010; van Gool et al., 2013; 

Frommhagen et al., 2015).  

M. thermophila C1 is a promising platform for production of thermostable chitinolytic 

enzymes. Visser et al. (2011) reported production of homologous chitinase of M. thermophila 

C1, designated as Chitinase Chi1. The secretion of Chitinase Chi1 indicates, that the fungus has 

extracellular chitinolytic machinery for the degradation of chitin. This chitinolytic machinery 

can be an important tool for the development of an efficient process for industrial production 

of chitin and chitosan-oligosaccharides and GlcNAc obtained from chitin and chitosan.  
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1.6. Aim of this thesis 

The aim of this thesis was to: 

- clone and overexpress genes encoding for Chitinase Chi1 and NAGase MthNAG from 

M. thermophila C1, 

- characterise produced and purified Chitinase Chi1 and MthNAG, 

- determine synergistic action of Chitinase Chi1 and MthNAG on chitin, 

- determine the optimal process conditions for an efficient method to produce GlcNAc 

from chitin using Chitinase Chi1 and MthNAG, 

- confirm the usefulness of Chitinase Chi1 as a suitable tool for fingerprint analysis of 

(modified)chitosan. 

1.7. Thesis outline 

Efficient degradation of chitin depends on the application of the appropriate enzymes. It is 

important to obtain enzymes with their natural structural and catalytic properties in order to 

understand their interactions with the substrate and to consider their applicability in the 

process. Enzymes produced homologously have the structure and properties, which are 

naturally created by the producing host. In Chapter 2 we produced and characterised 

Chitinase Chi1 from M. thermophila C1. We homologously overexpressed the gene encoding 

for Chitinase Chi1 in a low protease/(hemi-) cellulase free M. thermophila C1-expression host 

(LC-strain). We purified the  produced enzyme Chitinase Chi1 and analysed its mode of action 

towards chitin, different types of chitosan and chitin oligosaccharides. Furthermore, 

important was to find whether Chitinase Chi1 is a thermostable enzyme. 

In Chapter 3, we investigated N-acetylglucosaminidase MthNAG, a second enzyme from the 

chitinolytic machinery of M. thermophila C1. We homologously overexpressed the gene 

encoding for MthNAG in M. thermophila C1 LC-strain. After production and purification of 

MthNAG protein, we analysed the structural and catalytic properties and the thermostability 

of the enzyme. Furthermore, we investigated, whether Chitinase Chi1 and MthNAG can 

synergistically degrade chitin. 

The synergistic action of Chitinase Chi1 and MthNAG on degradation of chitin was studied in 

more detail in Chapter 4. In this chapter we focused on the design of the optimal conditions 
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for the production of GlcNAc from chitin. In order to improve the accessibility of chitin to the 

enzymes we pre-treated chitin by ball milling. The process was optimised with response 

surface methodology (RSM) with central composite design (CCD).  

In Chapter 5, we present the practical application of Chitinase Chi1 for analysis of modified 

chitosan for determination of the modification effect on the chitosan structure. Chitinase Chi1 

was used for hydrolysis of modified chitosan and the hydrolysis products could be measured 

with MALDI-TOF-MS. This finger print method was useful for drawing conclusions about the 

modification process of chitosan and structural properties of modified chitosan. 

Finally, in Chapter 6 we present the general discussion of the results obtained in this thesis. 

We summarize our results, place our findings into broader context of applications, discuss the 

main bottlenecks and propose a new strategy for production of GlcNAc from chitin based on 

the application of Chitinase Chi1 and MthNAG to move beyond the current existing limitations 

in enzymatic production of GlcNAc from chitin. 
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Chapter 2  

Chitinase Chi1 from Myceliophthora thermophila C1,  

a thermostable enzyme for chitin and chitosan depolymerization 
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ABSTRACT 

A thermostable Chitinase Chi1 from Myceliophthora thermophila C1 was homologously 

produced and characterized. Chitinase Chi1 shows high thermostability at 40 °C (>140 h 90 % 

activity), 50 °C (>168 h 90 % activity), and 55 °C (half-life 48 h). Chitinase Chi1 has broad 

substrate specificity, and converts chitin, chitosan, modified chitosan and chitin 

oligosaccharides. The activity of Chitinase Chi1 is strongly affected by the degree of 

deacetylation (DDA), molecular weight (Mw) and side chain modification of chitosan. 

Chitinase Chi1 releases mainly (GlcNAc)2 from insoluble chitin and chito-oligosaccharides with 

a polymerization degree (DP) ranging from 2 to 12 from chitosan, in a processive way. 

Chitinase Chi1 shows higher activity towards chitin oligosaccharides (GlcNAc)4-6 than towards 

(GlcNAc)3 and is inactive for (GlcNAc)2. During hydrolysis, oligosaccharides bind at subsites -2 

to +2 in the enzyme’s active site. Chitinase Chi1 can be used for chitin valorisation and for 

production of chitin and chito-oligosaccharides at industrial scale. 
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2.1. Introduction 

Chitin consists of β-(1,4)-linked N-acetyl-D-glucosamine (GlcNAc) units and is one of the most 

abundant polymers in nature. Chitin is a main component found in shells of crabs, shrimps and 

lobsters which are popular types of seafood. Every year approximately 6 to 8 million tons of 

shell-waste are produced from the seafood industry globally (Gao et al., 2016). This waste 

stream represents a cheap and renewable resource of chitin, which can be used for production 

of value-added chemicals. Next to crustacean waste, chitin can also be isolated from insects 

and fungi. Products obtained from chitin and its deacetylated derivative chitosan can be used 

in medical applications, packaging, food and nutrition, biotechnology, agriculture and 

environmental protection (Kardas et al., 2012; van den Broek et al., 2015). In recent years, 

special interest has been paid to water-soluble chito-oligosaccharides, which can act as 

antimicrobial (No et al., 2002), antitumor and anti-inflammatory (Azuma et al., 2015) agents. 

Chitin and chito-oligosaccharides can be produced by chemical or enzymatic depolymerization 

of chitin and chitosan. Common procedures for the production of chito-oligosaccharides rely 

on acid catalysis, which is characterized by a low yield and high environmental impact. The 

use of enzyme catalysis for depolymerization of chitin and chitosan is a promising alternative 

to the chemical methods because it allows the production of specific chitin and chito-

oligosaccharides in a controlled way and environmentally friendly process (Meena et al., 2014). 

Nevertheless, development of an efficient enzymatic process requires fundamental 

knowledge of the catalytic mechanisms of enzymes and understanding the interactions with 

their substrate. 

In nature, chitin is degraded by three groups of enzymes: chitinases (EC 3.2.1.14), releasing 

water soluble chitin oligosaccharides from chitin, N-acetylglucosaminidases (EC 3.2.1.52), 

degrading products released by chitinases to monomers (Ike et al., 2005), and chitin-active 

lytic polysaccharide monooxygenases (LPMOs; EC 1.14.99.53) that cleave chitin crystalline 

chains in an oxidative way, yielding a lactone (C1-oxidation) and a ketoaldose (C4-oxidation) 

product (Vaaje-Kolstad et al., 2010; Vaaje-Kolstad et al., 2013; Forsberg et al., 2016). The 

copper-dependent LPMOs act in synergy with chitinases, and enhance the accessibility of 

chitin chains for chitinases and N-acetylglucosaminidases by disrupting the crystal structure 

of chitin and generation of more soluble polymer chains with increased susceptibility for 

enzymatic hydrolysis. Based on amino acid sequence, chitinases have been classified into the 

http://www.jbc.org/search?author1=Zarah+Forsberg&sortspec=date&submit=Submit
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glycoside hydrolase (GH) families 18 and 19, and N-acetylglucosaminidase into GH 20 and GH 

3, according to the Carbohydrate-Active Enzymes Database (CAZy), (http://www.cazy.org/).  

Chitinases are spread in nature and are involved in physiological processes of bacteria, archea, 

fungi, animals, and plants (Adrangi et al., 2010; Hartl et al., 2011). In recent years special 

interest has been paid to thermostable chitinases from bacteria and fungi due to their 

potential application in bioconversion of chitin waste and in the industrial production of chitin 

oligosaccharides from chitin and chito-oligosaccharides from chitosan. The advantage of 

thermostable enzymes is that these enzymes do not lose their activity at higher temperatures 

which are implemented in bioconversion of waste and in industrial processes (Meena et al., 

2014). A number of thermophilic chitinases have been described from bacteria including 

Chitinophaga, Alcaligenes, Virgibaillus, Massilia, Paenibacillus, Streptomyces, Microbispora, 

Bacillus, and Brevibacillus (Meena et al., 2014; Nawani et al., 2002). However, only a few 

thermophilic fungi have been explored for thermophilic chitinases like Aspergillus fumigatus 

(Xia et al., 2001), Chaetomium thermophilum (Li et al., 2010), Gliocladium catenulatum (Ma et 

al., 2012), Rhizopus oryzae (Chen et al., 2013), Thermoascus aurantiacus vs. levisporus (Li et 

al., 2010), Thermomyces lanuginosus (Zhang et al., 2015; Guo et al., 2008; Prasad and 

Palanivelu, 2012) Trichoderma viridae (Omumasaba et al., 2001). 

The thermophilic filamentous fungus Myceliophthora thermophila C1 (previously known as 

Chrysosporium lucknowense C1; DuPont Biosciences) has been developed for homologous and 

heterologous protein expression (Visser et al., 2011). M. thermophila C1 has been used before 

for production of different cell wall degrading enzymes as described by Hinz and co-workers 

(Hinz et al., 2009; Kühnel et al., 2010). We reported before that M. thermophila C1 produces 

an endochitinase entitled Chitinase Chi1 (Visser et al., 2011). Dua et al. (2016) published 

recently an exochitinase rMtChit from M. thermophila BJA produced from the same gene 

sequence as Chitinase Chi1 by recombinant expression in Pichia pastoris, however, 

characteristics of exochitinase rMtChit differed significantly from our Chitinase Chi1. Since 

Chitinase Chi1 from M. thermophila C1 might have potential application in bioconversion of 

chitin waste sources and in industrial production of chitin and chito-oligosaccharides, a full 

characterization of the Chitinase Chi1 and understanding of the interactions of Chitinase Chi1 

with its substrates is important. Here, we describe the production and detailed 
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characterization of Chitinase Chi1 with focus on thermostability, catalytic properties and 

mode of action on chitin, chitosan and chitin and chito-oligosaccharides.  

2.2. Materials and methods 

2.2.1. Chemicals 

Chitin azure, chitin from shrimp shells, glycol chitosan, Schiff’s reagent, 4-nitrophenyl-N-

acetylglucosamine (GlcNAc-pNP), 4-nitrophenyl-N,N’-diacetyl-β-D-chitobioside ((GlcNAc)2-

pNP) and 4-nitrophenyl-β-D-N,N’,N’’-triacetylchitotriose ((GlcNAc)3-pNP), were obtained from 

Sigma-Aldrich (St. Louis, USA). Oxidized chitosan (Mw 100 kDa, DDA 84 %, degree of oxidation 

5 %, containing C6-aldehyde and carboxyl groups in a ratio of 20:1) was produced at 

Wageningen Food & Biobased Research (Wageningen, The Netherlands). Hydroxypropyl-

chitosan was a kind gift from Nippon Suisan (Japan). Chitin oligosaccharides (GlcNAc)2-6 were 

obtained from Megazyme (Co. Wicklow, Ireland). Chitosans were purchased from Heppe 

Medical Chitosan GmbH (Halle, Germany) and Nippon Suisan Kaisha LTD (Tokyo, Japan). The 

deacetylation degree (DDA in %) and molecular weight (Mw in kDa) are: chitosan 88 DDA/3000 

and chitosan 90 DDA/100 (Nippon Suisan Kaisha LTD), chitosan 77 DDA/600, chitosan 78 

DDA/600, chitosan 91 DDA/600 and chitosan 94 DDA/600 (Heppe Medical Chitosan GmbH). 

All other chemicals were of the highest purity available. 

2.2.2. Swollen chitin preparation 

Swollen chitin was prepared according to Monreal and Reese (1969) with some modifications. 

Chitin from shrimp shells (1 g) was stirred in 25 mL 85 % (v/v) phosphoric acid and left at room 

temperature for 20 hours. Subsequently it was precipitated by pouring the gelatinous mixture 

into an excess of ice-cold water. The swollen chitin was separated by centrifugation at 3,000 

 ց and washed with demineralized water up to pH 6.0.  

2.2.3. Overexpression of Chi1 gene in M. thermophila C1 and 2 L-scale 

fermentation for production of Chitinase Chi1  

Overexpression of Chitinase Chi1 in M. thermophila C1 and the 2 L-scale fermentation for 

production of Chitinase Chi1 have been carried out based on the procedures previously 

reported: (i) the DNA sequence of the gene encoding (Chi1) for Chitinase Chi1 (GenBank 

accession number HI550986) was described in a patent (Verdoes et al., 2010), (ii) the 

https://www.google.pl/search?biw=1920&bih=935&q=st+louis+mo&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0CKQBEJsTKAEwGmoVChMIkNmaoJD5yAIVhRwPCh31CA3b
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homologous overexpression of Chitinase Chi1 in M. thermophila C1 (previously known as C. 

lucknowense C1) was described in detail by Visser et al. (2011) and (iii) the preparation of a 

monocomponent strain of M. thermophila C1 producing Chitinase Chi1 and the detailed 

conditions of the fed-batch fermentation resulting in high production level of Chitinase Chi1 

(7.5 g L-1) were also described by Visser et al. (2011). In short, the Chi1 gene was amplified 

from genomic M. thermophila C1 DNA and cloned into a M. thermophila C1 expression vector. 

The expression cassette containing the chi1 promoter, gene and the terminator obtained from 

the vector was transformed into a low protease/(hemi-)cellulase free M. thermophila C1-

expression host. Ninety six transformants were grown in a microtiter plate (Verdoes et al., 

2007) and screened for Chitinase Chi1 production levels in the culture broth using chitin azure 

as substrate. The transformant showing the highest level of chitinase activity was selected for 

fed-batch fermentation to produce Chitinase Chi1 at 2-L scale. The strain was grown 

aerobically in 2 L fermenters in mineral medium, containing glucose as carbon source, 

ammonium sulfate as nitrogen source and trace elements for the essential salts. The enzyme 

was produced at pH 6.0 and 32 °C (Verdoes et al., 2007). The supernatant containing Chitinase 

Chi1 was centrifuged at 20,000 × ց for 20 minutes to remove the biomass and concentrated 

(4 fold) using a 5 kDa PES membrane (Vivacell® 70, Sartorius). The crude enzyme extract was 

subsequently dialyzed against 10 mM potassium phosphate buffer pH 6.0 and freeze-dried to 

obtain the crude enzyme preparation. Freeze-drying was used to prevent microbial decay of 

enzyme preparation and to avoid the use of preservatives.   

2.2.4. Sequence analysis of Chitinase Chi1 

Nucleotide and deduced amino acid sequences were analyzed using Clone Manager software. 

BLAST analysis of the deduced amino acid sequence of Chitinase Chi1 was performed at the 

NCBI server (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Analysis for conserved domains were 

performed using Conserved Domain Search and Conserved Domain Database (containing 

information from databases including Pfam, SMART, COG, PRK, TIGRFAM) (Marchlerbauer et 

al., 2015),  at the NCBI server (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The 

signal peptide was analyzed at the SignalP 4.0 server 

(http://www.cbs.dtu.dk/services/SignalP/) and theoretical isoelectric point (pI) was 

calculated with Compute pI/Mw tool on ExPASy server (https://web.expasy.org/compute_pi/). 

Potential N-linked glycosylation sites and potential O-linked glycosylation sites were predicted 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://pfam.sanger.ac.uk/
http://smart.embl-heidelberg.de/
https://www.ncbi.nlm.nih.gov/COG/
https://www.ncbi.nlm.nih.gov/proteinclusters/
http://www.jcvi.org/cms/research/projects/tigrfams/overview/
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by NetOGlyc 4.0 Server and NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/). To 

generate a 3D model of Chitinase Chi1 the deduced amino acid sequence of Chitinase Chi1 

was submitted to the Phyre2 web portal for protein modelling (Kelley et al., 2015). The Phyre2 

generated the protein model on the basis of its closest template. 

2.2.5. Purification of Chitinase Chi1 

The freeze-dried crude enzyme preparation containing 142 mg total protein was dissolved in 

50 mL 0.05 M Bis-Tris buffer pH 7.0 and purified by anion exchange chromatography using a 

HiPrep DEAE FF 16/10 column (GE Healthcare Bio-Science AB, Uppsala, Sweden) and an 

ÄKTA™ pure system (GE Healthcare Bio-Science AB, Uppsala, Sweden). The column was 

equilibrated with five column volumes (CV) 0.05 M Bis-Tris buffer pH 7.0 (buffer A). A sample 

of 50 mL was loaded onto the column and eluted using 0.05 M Bis-Tris buffer pH 7.0 followed 

by elution with 1 M NaCl in 0.05 M Bis-Tris buffer pH 7.0 (buffer B) as follows: 20 % buffer B 

for 10 CV and 45 % buffer B for 10 CV with a flow rate of 5 mL min-1. Fractions were collected 

and screened for chitinase and N-acetylglucosaminidase activity. The 10 mL fraction 

containing the highest chitinase activity was subjected to size exclusion chromatography and 

loaded onto a HiLoad 16/600 Superdex 75 pg column (GE Healthcare Bio-Science AB, Uppsala, 

Sweden). Proteins were eluted isocratic with 0.05 M Bis-Tris buffer pH 7.0 containing 0.15 M 

NaCl with a flow rate of 0.5 mL min-1. The absorbance was measured at 280 nm. 

2.2.6. Enzyme assays and protein concentration 

During the purification process the activities of chitinase and N-acetylglucosaminidase were 

measured. Chitinase activity was determined using colloidal chitin azure (Shen et al., 2010) as 

substrate. The enzyme solution (0.05 mL) was incubated with 0.95 mL 5 % (w/v) colloidal chitin 

azure in 50 mM Bis-Tris buffer pH 7.0, and the mixture was incubated at 50 °C for 30 min. After 

incubation, the reaction was terminated by heating at 96 °C for 5 min, to inactivate the enzyme. 

The reaction mixture was centrifuged at 20,000  ց for 5 min and the absorbance of the 

supernatant was measured at 560 nm. An enzyme-free mixture was used as negative control, 

and each reported value was the average of duplicate tests. One enzyme unit was defined as 

a change in the absorbance of 0.01 min-1 (Gómez Ramıŕez et al., 2004). 

For N-acetylglucosaminidase activity, the reaction mixture contained 0.09 mL 2 mM GlcNAc-

pNP in 0.1 M citrate-phosphate buffer pH 4 and 0.01 mL enzyme solution. After 10 min 

http://www.cbs.dtu.dk/services/
http://www.nature.com/nprot/journal/v10/n6/full/nprot.2015.053.html#auth-1
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incubation in a microtiter plate at 50 °C, 0.2 mL 0.25 M Tris/HCl buffer pH 8.8 was added to 

the mixtures and the absorbance at 405 nm was measured using a Tecan Safire plate reader 

(Grodig, Austria). One enzyme activity was defined as the amount of enzyme that liberated 1 

µmol of pNP per minute. The protein concentration was determined using the bicinchoninic 

acid assay (BCA) according to the recommendation of the supplier (Pierce) with bovine serum 

albumin as standard. 

2.2.7. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

identification of glycosylated proteins  and Isoelectric point 

determination 

Sodium dodecyl sulfate-polyacrylamide (10 % (w/v)) gel electrophoresis (SDS-PAGE) was 

performed as described by Laemmli (1970). A NuPAGE Novex System (ThermoFisher Scientific, 

Bleiswijk, The Netherlands) with 10 % (w/v) Bis-Tris gels was used. Prior to electrophoresis, all 

samples were heated for 10 min at 70 °C in NuPAGE LDS Sample Buffer with NuPAGE Sample 

Reducing Agent, according to the instructions of the manufacturer. Gels were stained with 

SimplyBlue™ SafeStain according to the recommendation of the supplier (ThermoFisher 

Scientific). For detection of glycosylated proteins, the SDS-PAGE gel was stained using periodic 

acid-Schiff staining (PAS) (Zacharius et al., 1969). The gel was incubated subsequently for 1 h 

in 12.5 % (w/v) trichloroacetic acid, 1 h in 1 % (v/v) periodic acid/3 % (v/v) acetic acid, 1 h in 

15 % (v/v) acetic acid (replaced every 10 min), and 1 h at 4 °C in the dark in Schiff`s reagent 

(Sigma-Aldrich, Zwijndrecht, The Netherlands). Hereafter, the gel was washed two times for 5 

min in 0.5 % (w/v) sodium bisulfite and destained in 7 % (v/v) acetic acid. The isoelectric point 

(pI) of Chitinase Chi1 was estimated by isoelectric focusing (IEF) using PhastGel TM IEF on a 

Pharmacia LKB Phast System (Pharmacia Biotech, Uppsala, Sweden) with a broad protein 

calibration kit (pH 3-10, GE Healthcare) as standard. Proteins were stained with Coomassie 

blue R-2. 

2.2.8. Mass spectrometry 

The molecular weight of Chitinase Chi1 was determined by matrix assisted laser-desorption 

time-of-flight mass spectrometry (MALDI-TOF-MS). Samples were prepared by the dried 

droplet method on a 600 µm AnchorChip target (Bruker), using 5 mg mL-1 2,5-

dihydroxyacetophenone, 1.5 mg mL-1 diammonium hydrogen citrate, 25 % (v/v) ethanol and 
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3 % (v/v) trifluoroacetic acid as matrix. Spectra were derived from ten 500-shots (1,000 Hz) 

acquisitions taken at non-overlapping locations across the sample. Measurements were made 

in the positive linear mode, with ion source 1, 25.0 kV; ion source 2, 23.3 kV; lens, 6.5 kV; 

pulsed ion extraction, 680 ns. Protein Calibration Standard II (Bruker) was used for external 

calibration.  

2.2.9. Purity and identity of Chitinase Chi1 

To evaluate the identity and purity of Chitinase Chi1, a sample containing the purified 

Chitinase Chi1 was sent to The Scripps Research Institute,  Proteomics Core (Jupiter, Florida, 

USA) for proteolytic digestion and HPLC-ESI-MS/MS analysis. 

2.2.10. Influence of temperature and pH on activity and stability of  

Chitinase Chi1 

Influence of temperature on activity of Chitinase Chi1 was analyzed with swollen chitin as 

substrate in the range of 30–80 °C. The enzyme solution (0.05 mL) containing 1.6 µM Chitinase 

Chi1 was incubated with 0.95 mL of 1 % (w/v) swollen chitin in 0.1 M citrate-phosphate-borate 

buffer pH 6.0 at 50 °C while mixing at 800 rpm for 30 min. The reaction was terminated by 

heating at 96 °C for 5 min. The reaction mixture was centrifuged at 20,000 × ց for 10 min. The 

produced reducing sugars in the supernatant were measured using the p-hydroxybenzoic acid 

hydrazide (PAHBAH) assay (Lever, 1973). An enzyme-free mixture was used as negative 

control, and each reported value was the average of duplicate tests. N-acetyl-D-glucosamine 

was used as a standard and one enzyme unit (U) was defined as the amount of enzyme that 

liberated 1 µmol reducing sugar per minute. The thermostability was determined by pre-

incubating the purified Chitinase Chi1 (1.6 µM) at pH 6.0 (0.1 M citrate-phosphate-borate 

buffer) at various temperatures (40–60°C) for different time intervals up to 168 h. The 

influence of pH on activity of Chitinase Chi1 was determined by incubating Chitinase Chi1 (1.6 

µM) at different pH levels (3.0–9.0) in 0.1 M citrate-phosphate-borate buffer using swollen 

chitin as substrate.  

2.2.11. Determination of kinetic parameters 

The Km, Vmax and kcat values for swollen chitin and chitosan 90 DDA/100 kDa were calculated 

with GraphPad Prism software (GraphPad Software, USA). The reducing sugars produced in 



 

36 
 

the supernatant were measured using the p-hydroxybenzoic acid hydrazide (PAHBAH) assay 

(Lever, 1973). 

2.2.12. Depolymerization of chitosans with different Mw and DDA 

To elucidate the influence of Mw and DDA of chitosans on Chitinase Chi1 activity a wide range 

of different chitosans were tested including: glycol chitosan, hydroxypropyl chitosan, oxidized 

chitosan and chitosans with different DDA and Mw. Chitosans were used in a concentration 

of 0.1 % (w/v) with 40.7 nM of purified Chitinase Chi1 in 1 mL 0.05 M sodium phosphate buffer 

pH 6.0. The mixture was incubated at 50 °C while mixing at 800 rpm for 15 min. After 

incubation, the enzyme activity was terminated by heating at 96 °C for 5 min. The reaction 

mixture was centrifuged at 20,000 × ց for 5 min. The reducing sugars produced in the 

supernatant were measured using the p-hydroxybenzoic acid hydrazide (PAHBAH) assay 

(Lever, 1973). 

2.2.13. Hydrolysis of swollen chitin and chitosan 

For the enzymatic hydrolysis of swollen chitin and chitosan 90 DDA/100 the reaction mixtures 

containing 1 mL of 0.45 % (w/v) substrate in 0.05 M sodium phosphate buffer pH 6.0 with 100 

nM purified Chitinase Chi1 were incubated at 50 °C while mixing at 800 rpm. Aliquots were 

taken at different time intervals and the hydrolysis products were analyzed by High-

Performance Anion-Exchange Chromatography (HPAEC) and MALDI-TOF-MS. 

2.2.14. Hydrolysis of chitin oligosaccharides and pNP-substrates 

Hydrolysis of chitin oligosaccharides (GlcNAc)2-6 and pNP-substrates was followed in time. 

Incubations were performed with 25 nM purified Chitinase Chi1 in 0.5 mL reaction volume 

containing 2 mM substrate (GlcNAc)2-6, 1 mM (GlcNAc)2-pNP or (GlcNAc)3-pNP, and 50 mM 

sodium phosphate buffer pH 6.0. Samples were incubated at 50 °C and aliquots of 60 µL were 

taken at different time intervals. The reaction was terminated by heating at 96 °C for 5 min 

and the hydrolysis products were analyzed by HPAEC. 

2.2.15. High Performance Anion-Exchange Chromatography (HPAEC) 

An ICS-3000 Ion Chromatography HPLC system equipped with a CarboPac PA-1 column (2250 

mm) in combination with a CarboPac PA-guard column (225 mm) at 22 °C and a pulsed 

electrochemical detector (PAD) in pulsed amperometric detection mode (Dionex) at 30 °C was 
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used. A flow rate of 0.25 mL min-1 was used and the column was equilibrated with water. The 

following gradient was used: 0–25 min H2O, 25–65 min at 0–0.045 M NaOH, 65–70 min at 

0.045 M NaOH–1 M sodium acetate in 0.1 M NaOH, 70–75 min at 1 M sodium acetate in 

0.1 M  NaOH, 75–75.1 min 1 M sodium acetate in 0.1 M NaOH–0.1M NaOH, 75.1–80 min 0.1M 

NaOH, 80–95 min H2O. Post column addition was used for increasing the PAD signal by 0.5 M 

NaOH at a flow rate of 0.15 mL min-1. 

2.2.16. Identification of chitin and chito-oligosaccharides by MALDI-TOF-MS 

MALDI-TOF-MS was performed on a Bruker UltraFlextreme (Bruker Daltonics) in reflective 

mode and positive ions were examined. The instrument was calibrated for positive ions with 

a mixture of maltodextrin standards with known molecular masses. Samples were diluted in 

the matrix solution containing 10 mg mL-1 2,5-dihydroxybenzoic acid in 50 % (v/v) acetonitrile. 

For analysis, 1 μL of the mixture was transferred to the target plate and dried under a stream 

of dry air. The lowest laser intensity needed to obtain a good quality spectrum was applied 

and 10 times 50 laser shots randomly obtained from the sample, were accumulated.  

2.3. Results 

2.3.1. Sequence analysis of Chitinase Chi1 

The putative gene Chi1 encoding for Chitinase Chi1 had an ORF of 1,281-bp that encoded a 

protein with 426 amino acids, in which a signal peptide is predicted that consists of 23 amino 

acids in the N-terminal region of the protein. The deduced molecular weight of Chitinase Chi1 

was 43.8 kDa and a theoretical pI was at pH 4.95. Four potential O-linked glycosylation sites, 

one potential N-linked glycosylation site, and 47 phosphorylation sites were found in the 

sequence. Multiple sequence alignment of the active site of the deduced protein sequence of 

Chitinase Chi1 (Figure 2.1.A) with Chitinase A from Serratia marcescens (1NH6_A), Chitinase B 

from Arthrobacter sp. TAD20 (1KFW_A), Janthinobacterium lividum (AAA83223), chitinase 

from Clostridium paraputrificum (BAD12045) revealed the presence of the conserved 

glycoside GH 18 domain in Chitinase Chi1. In total 10 conserved amino acids and one 

conserved active-site motif consisting of aspartate (D) and glutamate (E) residues forming the 

D-X-E motif were found in Chitinase Chi1. Modeling of the secondary structure of Chitinase 

Chi1 revealed that Chitinase Chi1 is composed of 16 α-helixes and 14 β-sheets (Figure 2.1.B). 

3D modelling of Chitinase Chi1 was based on similarity with chitinase from the fungus 
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Clonostachys rosea belonging to GH 18 (template PDB entry: 3G6MA) (Figure 2.1.C). Using this 

sequence 386 amino acids residues (equal to 96 % of the whole amino acid sequence) have 

been modelled with 100 % confidence by the single highest scoring template. This modeling 

revealed the (β/α)8 barrel fold (TIM) of Chitinase Chi1. 

 

 

      

Figure 2.1. Sequence analysis of Chitinase Chi1 from Myceliophthora thermophila C1. (A) Multiple sequence 
alignment of active site of Chitinase Chi1 from Myceliophthora thermophila C1 with active site of Chitinase A 
from Serratia marcescens (1NH6_A), Chitinase B from Arthrobacter  sp. TAD20 (1KFW_A), Janthinobacterium 
lividum (AAA83223), and chitinase from Clostridium paraputrificum (BAD12045). Conserved residues are 
coloured in yellow and marked with (#) sign. Conserved D-X-E motif is shown in the green box. Chitinase Chi1 
shares 10 amino acids with conserved hydrolases family 18 (GH 18) domain. Analysis was performed with 
Conserved Domain Search and Conserved Domain Database. (B) Secondary structure of Chitinase Chi1 predicted 
with Phyre2. (C) 3D modelling of Chitinase Chi1 was performed with Phyre2 software with chitinase from 
Clonostachys rosea belonging to GH 18 family (PDB entry 3G6MA) used as template. 

A 

B                                                   C 
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2.3.2. Purification of Chitinase Chi1 

The gene Chi1 encoding for Chitinase Chi1 was successfully cloned into the M. thermophila 

C1-expression host. The transformant with the highest production was used for the 

production of high amounts of Chitinase Chi1, (7.5 g L-1), in 2-L fermentation. From the culture 

broth, 15 g of protein containing about 60 % Chitinase Chi1 (based on SDS-PAGE, Figure 2.3.A) 

was obtained. The crude enzyme preparation was further subjected to a two-step purification 

process using anion exchange and size exclusion chromatography. The first purification step 

(Figure 2.2.A) resulted in the separation of the extract in two main protein peaks of which the 

peak eluting first showed mainly N-acetylglucosaminidase activity and the second peak 

chitinase activity. However, in the second peak some N-acetylglucosaminidase activity was 

detected. Therefore, in order to remove this activity, Fraction I from the first purification step 

was subjected to size exclusion chromatography using a Superdex 75 (Figure 2.2.B). This step 

enabled a clear separation between Chitinase Chi1 and the remaining N-

acetylglucosaminidase. The specific activity of the purified Chitinase Chi1 was 3.5 U mg-1 for 

colloidal chitin azure (Table 2.1.).  

 

Figure 2.2. Purification of Chitinase Chi1 from Myceliophthora thermophila C1 by ion exchange chromatography 
on DEAE-FF Sepharose (A) and size exclusion chromatography on Superdex 75 (B). Proteins (blue line) were 
detected at 280 nm. Chitinase activity (green line) was measured with chitin azure at pH 6.0, 50 °C. Activity of N-
acetylglucosaminidase (red line) was assayed with GlcNAc-pNP at pH 4.0, 50 °C. 
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Table 2.1. Characterization of chitinase-containing fractions obtained during purification of Chitinase Chi1 from 
Myceliophthora thermophila C1. 

a Specific activity was assayed with 5 % (w/v) colloidal chitin azure at 50 °C and pH 7.0, and was calculated per mg protein. 

 

2.3.3. Glycosylation, molecular weight and isoelectric point of Chitinase Chi1 

Chitinase Chi1 was successfully purified to homogeneity as shown on SDS-PAGE as one single 

band (Figure 2.3.A) and was confirmed by HPLC-ESI-MS/MS analysis of the proteolytic digest 

(Figure 2.1.S1.), that identified only peptides originating from Chitinase Chi1. Chitinase Chi1 is 

a monomeric polypeptide and the molecular weight predicted from the protein sequence is 

43.8 kDa. The SDS-PAGE revealed a molecular weight of 43 kDa (Figure 2.3.A). The molecular 

weight of the purified Chitinase Chi1 measured by MALDI-TOF-MS was shown to be 42.9 kDa 

(Figure 2.3.B). The MALDI-TOF-MS spectrum of Chitinase Chi1 showed an intense signal of the 

single charged protein [M+H]+ at m/z 42,882 and the signal of the double-charged protein 

[M+2H]2+ at m/z 21,370. Staining with periodic acid-Schiff (PAS) did not detect any 

glycosylation of Chitinase Chi1 (Figure 2.3.C). The isoelectric point of Chitinase Chi1 was found 

to be 3.95 (Figure 2.3.D). 

 

                                 

Figure 2.3. Analysis of purified Chitinase Chi1 from Myceliophthora thermophila C1. (A) molecular weight of 
Chitinase Chi1 determined by SDS-PAGE under reducing denaturing conditions. Lanes: M, standard protein 
molecular weight markers; 1, crude enzyme preparation of Chitinase Chi1; 2, purified Chitinase Chi1. (B) 
Molecular weight of Chitinase Chi1 determined by MALDI-TOF-MS. (C) Protein staining with periodic acid (PAS). 
Lanes: M, standard protein molecular weight markers; 1, purified Chitinase Chi1; 2, yeast invertase; 3, bovine 
serum albumin. (D) Isoelectric focusing (IEF). Lanes: M, pl marker; 1, purified Chitinase Chi1. 

Purification step 
Volume 

(mL) 
Total activity  

(U) 
Total protein  

(mg) 
Specific activity   

(U mg-1)a 

Crude extract 50 373 142 2.6 

Anion exchange chromatography 

Fraction I 10 126 51 2.5 

Size exclusion chromatography 

Fraction II 2.5 23 6.6 3.5 

M   1    2  M   1    2   3 

A              B                                  C                  D 
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2.3.4. Influence of pH and temperature on activity and stability of       

Chitinase Chi1 

Chitinase Chi1 was active at pH 3.0 to 9.0 (Figure 2.4.A), and exhibited the highest activity at 

pH 6.0. Chitinase Chi1 showed activity from 30 to 70 °C with the highest activity at 55 °C (Figure 

2.4.B) and it was remarkably stable at 40 °C (>140 h 90 % activity) and 50 °C (>168 h 90 % 

activity) (Figure 2.4.C). At 55 °C the enzyme reached its half-life after 48 h. Incubation at 60 °C 

resulted in fast inactivation of the enzyme, with a loss of 90 % of the initial catalytic activity 

after 1h incubation.  

 

 

   

 

Figure 2.4. Enzyme characteristics of Chitinase Chi1. (A) Enzyme activities at various pH (pH 3.0–9.0) were 
measured at 50 °C in 0.1 M citrate-phosphate-borate buffer; (B) Enzyme activities at various temperatures (30–
80 °C) were measured at pH 6.0 in 0.1 M citrate-phosphate-borate buffer; (C) Thermostability was measured by 
incubating Chitinase Chi1 at various temperatures (40–60 °C), and the residual activities were assayed at 50 °C. 
Reactions were performed with 1.6 µM purified Chitinase Chi1 and 1 % (w/v) swollen chitin in 0.1 M citrate-
phosphate-borate buffer for 30 min. The error bars represent the range of duplicate experiments. 
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2.3.5. Kinetic parameters for Chitinase Chi1 

Kinetic parameters of Chitinase Chi1 were determined for swollen chitin and for chitosan 90 

DDA/100. Activities were determined based on reducing sugars released during the reaction. 

For swollen chitin the specific activity was 1.4 ±0.2 U mg-1, Vmax was 12.2 ±0.5 µM min-1, Km 

was 2.0 ±0.2 mg mL-1, and kcat was 0.11 ±0.0 s-1. For chitosan the specific activity was 10.0 ±0.6 

U mg-1, Vmax was 194 ±21.4 µM min-1, Km was 0.9 ±0.3 mg mL-1, and kcat was 1.9 ±0.2 s-1. 

2.3.6. Influence of molecular weight and degree of deacetylation of chitosan 

on Chitinase Chi1 activity 

To evaluate the influence of the Mw (100, 600 and 3,000 kDa) and DDA (77, 78, 88, 90, 94) of 

chitosan on Chitinase Chi1 activity, a range of chitosans was tested (Figure 2.5.). In case of 

chitosans with the same Mw (600 kDa), Chitinase Chi1 showed decreased activity when DDA 

was increased. The highest activity was measured for chitosan with the lowest Mw (chitosan 

90 DDA/100). For chitosan with similar DDA but different Mw (chitosan 88 DDA/3000 and 

chitosan 90 DDA/100), Chitinase Chi1 showed higher activity for lower Mw chitosan. Chitinase 

Chi1 degraded partially oxidized chitosan (i.e. chitosan with random oxidation at C6 positions), 

but showed 10 % of activity as measured for the untreated parent chitosan (chitosan 90 

DDA/100). Chitinase Chi1 was not able to degrade glycol chitosan and hydroxypropyl-chitosan, 

which are both fully deacetylated. 

 

 

Figure 2.5. Specific activity of Chitinase Chi1 on different types of chitosans. Chitosans were used in a 
concentration of 0.1 % (w/v) with 40.7 nM of purified Chitinase Chi1 in 1 mL 0.05 M sodium phosphate buffer pH 
6.0. The reaction mixtures were incubated at 50 °C, for 15 min. The reducing sugars produced in the supernatant 
were measured using the p-hydroxybenzoic acid hydrazide (PAHBAH) assay. The results represent the average 
of duplicate experiments. 
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2.3.7. Degradation of chitin and chitosan by Chitinase Chi1 

Degradation of chitin incubated with Chitinase Chi1 was followed in time and products 

released were analyzed by HPAEC. The main products formed were (GlcNAc)2 next to small 

amount of (GlcNAc)3 and GlcNAc  (Figure 2.6.). After the first 30 min the rate of (GlcNAc)2 

release gradually decreased in time. The concentration of (GlcNAc)3 and GlcNAc increased 

gradually up to 30 min of incubation and levelled off hereafter. At 90 min incubation the 

concentration of (GlcNAc)3 started to decrease, when degradation into (GlcNAc)2 and GlcNAc 

became the predominant reaction. The ratio (GlcNAc)2 to GlcNAc at the end of the reaction 

was equal to 11. Chitin conversion expressed as the amount of (GlcNAc)2 produced was 3.1 % 

after 6 h. 

 

 
Figure 2.6. Release of chitin oligosaccharides during swollen chitin hydrolysis by Chitinase Chi1. Swollen chitin 
(0.45 % (w/v)) was incubated with purified Chitinase Chi1 (100 nM) at 50 °C in 1 mL 0.05 M sodium phosphate 
buffer pH 6.0. Aliquots were taken at different time intervals and the hydrolysis products were analyzed by High 
Performance Anion-Exchange Chromatography (HPAEC). Detected products were GlcNAc (cross), (GlcNAc)2 
(triangle), and (GlcNAc)3 (square). Soft lines are only drawn as visual aids. The error bars represent the range of 
duplicate experiments. 

 

Products released from chitosan 90 DDA/100 were analyzed by MALDI-TOF-MS. Chito-

oligosaccharides were detected as potassium and/or sodium adducts and are summarized in 

Table 2.1.S1. Chitinase Chi1 was able to release a whole spectrum of hetero-oligosaccharides 

consisting of GlcNAc and GlcN units with a polymerization degree (DP) ranging from 2 to 12. 

The chito-oligosaccharide composition of the reaction mixture changed over time (Figure 

2.1.S2.). At the early stages of the reaction, a large diversity of chito-oligosaccharides were 

formed, containing 2 to 6 GlcNAc units and 1 to 9 GlcN residues in different combinations and 

with a ratio GlcNAc/GlcN spanning the range between 0.5 to 4 (Table 2.1.S1., Figure 2.1.S2.). 

During the reaction, chito-oligosaccharides with more than three GlcNAc residues might be 
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further degraded by Chitinase Chi1, and new GlcN-enriched chito-oligosaccharides containing 

up to 10 GlcN residues and one or two GlcNAc residues are formed, that accumulate in time 

(Table 2.1.S1., Figure 2.1.S2.). Fully acetylated DP 2 ((GlcNAc)2, 447.2 m/z [M+Na]+) was 

identified from the early stages of the reaction and during the entire incubation. Fully 

acetylated DP 3 (650.3 m/z [M+Na]+) was detected only at 15 min incubation time, indicating 

that it was subsequently degraded by the enzyme. Accumulation of the heterologous dimer 

(DP 2) composed of GlcNAc and GlcN (405.2 m/z [M+Na]+) at longer reaction times, in the slow 

phase of the reaction, may indicate the ability of Chitinase Chi1 to cleave glycosidic linkages 

between GlcN and GlcNAc moieties in the chitosan chain, but only when GlcNAc is positioned 

in -1 subsite of the enzyme active site.  

2.3.8. Degradation of chitin oligosaccharides and pNP-substrates by  

Chitinase Chi1 

In order to study the binding preferences and to determine the shortest possible substrate for 

Chitinase Chi1 the hydrolysis of chitin oligosaccharides (GlcNAc)2-6 was followed in time and 

the hydrolysis products were analyzed by HPAEC (Figure 2.7.). (GlcNAc)2 was not hydrolyzed 

by Chitinase Chi1 (data not shown), whereas (GlcNAc)3 was cleaved to (GlcNAc)2 and GlcNAc 

(Figure 2.7.A). (GlcNAc)4 was split only to (GlcNAc)2 (Figure 2.7.B). (GlcNAc)5 was degraded to 

(GlcNAc)2 and (GlcNAc)3, however, after 25 h (GlcNAc)3 was degraded to GlcNAc and (GlcNAc)2 

(Figure 2.7.C). Depolymerization of (GlcNAc)6 resulted in the initial release of (GlcNAc)4 and 

(GlcNAc)2 and small amounts of (GlcNAc)3 (Figure 2.7.D). The released (GlcNAc)4 was further 

degraded to (GlcNAc)2 and (GlcNAc)3 was cleaved to (GlcNAc)2 and GlcNAc. The calculated 

rates for the degradation of chitin oligosaccharides were 0.18 mM min-1 for (GlcNAc)6, 0.17 

mM min-1 for (GlcNAc)5, 0.20 mM min-1 for (GlcNAc)4, and 0.02 mM min-1 for (GlcNAc)3.  

Among pNP-labelled chitin oligosaccharides, activity of Chitinase Chi1 was detected for 

(GlcNAc)3-pNP and (GlcNAc)2-pNP with the highest specific activity for (GlcNAc)2-pNP (Figure 

2.1.S3.A). No activity was found for GlcNAc-pNP, which is in agreement that no activity was 

detected for (GlcNAc)2.  

To investigate the reaction mechanism in more detail, degradation of labeled chitin 

oligosaccharides (GlcNAc)3-pNP and (GlcNAc)2-pNP was followed in time by HPAEC (Figure 

2.1.S3.B). Hydrolysis of (GlcNAc)3-pNP yielded predominantly GlcNAc-pNP and (GlcNAc)2 
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(about 90 % end product) and low amounts of (GlcNAc)3 (about 10 % end product). In time 

the released (GlcNAc)3 was degraded further to (GlcNAc)2 and GlcNAc. Products detected from 

the hydrolysis of (GlcNAc)2-pNP were (GlcNAc)2, GlcNAc-pNP and small amounts of (GlcNAc)3 

(Figure 2.1.S4.B2). The substrate (GlcNAc)2-pNP used in this experiment did not contain 

(GlcNAc)3 (Figure 2.1.S4.B1). Production of (GlcNAc)3 can be explained by the 

transglycosylation catalyzed by Chitinase Chi1 and it is in agreement with results reported for 

chitinase MBP-CfcA from Aspergillus niger (van Munster et al., 2014). 

 

      

 

       

Figure 2.7. Hydrolysis of chitin oligosaccharides (GlcNAc)3 (A), (GlcNAc)4 (B), (GlcNAc)5 (C), and (GlcNAc)6 (D) by 
Chitinase Chi1. Chitin oligosaccharides (2 mM) in 0.5 mL 0.05 M sodium phosphate buffer pH 6.0 were incubated 
with purified Chitinase Chi1 (25 nM). Aliquots were taken at different time intervals and the hydrolysis products 
were analyzed by High Performance Anion-Exchange Chromatography (HPAEC). Detected products were GlcNAc 
(star), (GlcNAc)2 (triangle), (GlcNAc)3 (square), (GlcNAc)4 (circle), (GlcNAc)5 (cross), (GlcNAc)6 (diamond). 
Experimental work performed in duplicates and the standard deviation was less than 5 %. 

 

2.4. Discussion 

Analysis of the amino acid sequence of Chitinase Chi1 confirmed that Chitinase Chi1 is a real 

glycoside hydrolase from GH 18 family, which contains characteristic for this family D-X-E 

A                                           B 

C                                           D 
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motif. The 3D modelled structure revealed that Chitinase Chi1 has (β/α)8 barrel fold (TIM) 

which is another characteristic for chitinases from GH 18.  

Chitinase Chi1 was purified to homogeneity as confirmed by MALDI-TOF-MS and HPLC-MS/MS 

analysis of the proteolytic digests of the purified enzyme. The increase in specific activity after 

each purification step was not very extensive, and this might be due to the additive activity of 

the accompanying N-acetylglucosaminidase that was detected in the crude enzyme extract 

and which was still present in the fractions obtained after the first purification step using anion 

exchange chromatography. The ability of N-acetylglucosaminidase to act on the amorphous 

parts of chitin was reported for β-N-acetylhexosaminidase (LeHex20A) by Konno and co-

workers (Konno et al., 2012). The second step of purification on size exclusion 

chromatography enabled a clear separation between Chitinase Chi1 and the remaining N-

acetylglucosaminidase, resulting in the isolation of a pure enzyme Chitinase Chi1. 

Molecular weight of Chitinase Chi1 measured with MALDI-TOF-MS was 43 kDa, which was 

different from a molecular weight calculated from the deduced protein sequence of 43.8 kDa. 

This difference shows that full-length Chitinase Chi1 undergoes post-translational proteolytic 

modification in the host M. thermophila C1. Detection of peptides from C-terminus end of 

Chitinase Chi1 with HPLC-MS/MS indicates that proteolytic removal takes place from N-

terminus end of Chitinase Chi1. According to the calculated molecular weight, approximately 

9 amino acids might be removed. Proteolytic processing has been previously described for 

chitinases from other microorganisms including chitinase ChiC from Serratia marcescens (Gal  

et al., 1998), chitinases from Streptomyces olivaceoviridis (Romaguera et al., 1992) and 

Janthinobacterium lividum (Gleave et al., 1995). Recently, Dua et al. (2016) reported the 

exochitinase rMtChit obtained by heterologous expression of the same gene sequence 

obtained from M. thermophila BJA in Pichia pastoris. This latter protein has a molecular weight 

of 48 kDa. The difference in molecular weight between Chitinase Chi1 and rMtChit can be 

explained by the fact that different cloning approaches and different hosts were used for 

enzyme production, i.e. Chitinase Chi1 was expressed homologously in M. thermophila while 

exochitinase rMtChit was expressed heterologously in the yeast P. pastoris. Furthermore, 

Chitinase Chi1 and exochitinase rMtChit differ clearly in the extent of glycosylation. Staining 

with PAS confirmed that Chitinase Chi1 was not or hardly glycosylated because no magenta 

colour formation was detected for Chitinase Chi1 at a concentration of 1 mg mL-1. In contrast, 
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exochitinase rMtChit gave an intense magenta colour, indicating glycosylation, as reported by 

Dua et al. (2016). 

Chitinase Chi1 was found to have a pH optimum at pH 6.0 and a pI of 3.98, while the calculated 

pI from the amino acid sequence was 4.95. This difference between the theoretical pI 

predicted from the primary structure and the experimentally determined pI is common, since 

the pI of proteins is affected by several factors, including the solvent accessibility of amino 

acids. Some charged amino acids could be shielded by the folded structure of the enzyme and 

may not be exposed to the solvent, changing therefore the observed pI. 

The highest activity of Chitinase Chi1 was detected at 55 °C which is in agreement with other 

thermophilic chitinases (Table 2.2.). Chitinase Chi1 showed excellent thermostability at 50 °C 

(>168 h, 90 % activity) and at 55 °C (t½= 48 h). Reported thermostable fungal chitinases have 

also thermostability up to 50 °C, but all are less stable in time than Chitinase Chi1 (Table 2.2.). 

For example, the exochitinase rMtChit retained only 70 % of its activity when exposed to 45 °C 

for 5 h and showed a t½= 113 minutes at 65 °C. During incubation at 50 °C (1 h) chitinase from 

T. lanuginosus retained 71 % of its activity whereas other chitinase from T. lanuginosus was 

able to preserve about 70 % of the enzyme activity after 6 h at 50 °C. In contrast, another 

chitinase from T. lanuginosus SY2 was 100 % active for 1h when incubating at 50 °C. Therefore, 

it can be concluded that Chitinase Chi1 can be classified as thermostable chitinase which 

shows excellent thermostability among other chitinases from thermophilic fungi.  

Besides activity on chitin, Chitinase Chi1 showed also activity on the deacetylated chitin 

derivative – chitosan. Solubilized chitosan was more efficiently degraded by the enzyme than 

swollen chitin. This is in agreement with previous studies reporting that chitinases from GH 18 

are able to cleave the glycosidic linkage of not only GlcNAc-GlcNAc but also GlcNAc-GlcN 

present in chitosan as long as a GlcNAc residue is bound at the -1 subsite (Ohtakara et al., 

1990). Furthermore, higher activity on chitosan than on chitin indicates that substrate 

accessibility is an important parameter influencing chitinase activity as it was also observed 

for bacterial chitinase from Ralstonia sp. (Sutrisno et al., 2003). 
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Table 2.2. Properties of chitinases from thermophilic fungi. 

 

The activity of Chitinase Chi1 was strongly affected by DDA, Mw and presence of side groups 

(i.e. aldehyde, carboxyl) at the chitosan chain. In general, chitosan with a lower DDA (77 DDA) 

was degraded more efficiently than chitosan with high DDA (94 DDA). This result confirmed, 

that Chitinase Chi1 is a real GH 18 enzyme, which is dependent on the acetyl group of GlcNAc 

for catalysis. Thus, a decrease in the number of GlcNAc moieties present in the chitosan chain 

will result in less productive binding sites of Chitinase Chi1. Chitosan with low Mw (100 kDa) 

was degraded more efficiently than chitosan with high Mw (3,000 kDa) and the same DDA. 

Organism 
 
 

Mw 
(kDa) 
 

pH 
optimum 
 

Temp. 
optimum 
(°C) 

Temp. 
range 
(°C) 

Thermostability 
(as % retained activity) 
 

Reference 
 
 

Aspergillus 
fumigatus YJ-407 
 

46 
 
 

5.0 
 
 

50-60 
 
 

45 to 
60 
 

100 % after 1 h at 45 °C; 
≈70 % after 1 h at 55 °C; 
≈20 % after 1 h at 60 °C; 

Xia et al., 2001 
 
 

Chaetomium 
thermophilum 

47 
 

5.5 
 

60 
 

40 to 
70 

100 % after 1 h at 50 °C; 
≈90 % after 1 h at 60 °C; 

Li et al., 2010 
 

Gliocladium 
catenulatum 

51 
 

5.0-6.0 
 

60 
 

20 to 
70 

40 % after 20 min at 50 °C; 
 

Ma et al., 2012 
 

Rhizopus  
oryzae 
 
 

 
 

5.5-6.0 
 
 
 

60 
 
 
 

50 to 
70 
 
 

100 % after 30 min at  
50 °C; 
≈40 % after 30 min at  
60 °C; 

Chen et al., 2013 
 
 
 

Myceliophthora 
thermophila  BJA 
 

48 
 
 

5.0 
 
 

55 
 
 

30 to 
70 
 

70 % after 5 h at 45°C; 
≈50 % after 113 min at 65; 
≈50 % after 48 min 75 °C; 

Dua et al., 2016 
 
 

Thermoascus 
aurantiacus vs. 
levisporus 

48 
 
 

8.0 
 
 

50 
 
 

40 to 
60 
 

≈90 % after 1 h at 50 °C; 
≈30 % after 1 h at 60 °C; 
 

Li et al., 2010 
 
 

Thermomyces 
langinousus 
 

44.1 
 
 

5.0 
 
 

50 
 
 

30 to 
60 
 

50 % after 630 min at  
50 °C; 
50 % after 19 min at 60 °C 

Zhang et al., 2015 
 
 

Thermomyces 
langinosus 
 

36.6 
 
 

4.0 
 
 

40 
 
 

30 to 
60 
 

50 % at 40 °C after  
578 min; 
50 % at 50 °C after 14 min  

Zhang et al., 2015 
 
 

Thermomyces 
langinosus SY2 

48 
 

55 
 

55 
 

50 to 
60 

100 % after 1 h at 50 °C; 
≈80 % after 1 h at 60 °C; 

Guo et al., 2008 
 

Thermomyces 
langinosus 
 

42 
 
 

60 
 
 

60 
 
 

30 to 
70 
 

70 % after 6 h at 50 °C; 
 
 

Prasad and  Palanivelu, 
2012 
 

Trichoderma viride 
 
 

28 
 
 

3.5 
 
 

55 to  
60 
 

 
 
 

≈30 % after 3 h at 50 °C; 
≈10 % after 3 h at 60 °C; 
 

Omumasaba et al., 2001 
 
 

Myceliophthora 
thermophila C1 
 
 

43 
 
 
 

6.0 
 
 
 

55 
 
 
 

30 to 
70 
 
 

≈90 % after >168 h at  
50 °C; 
50 % after 48 h at 55 °C 
10 % after 10 min at 60 °C 

This work 
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This result denotes, that chitosan with higher Mw, which also shows higher viscosity, is less 

accessible for the enzyme than the chitosan with a low Mw. Fully deacetylated modified 

chitosans with pending aliphatic side groups – such as glycol chitosan and hydroxypropyl-

chitosan, were not degraded at all by the enzyme, showing that Chitinase Chi1 is a real 

chitinase, which is not able to cleave GlcN-GlcN bonds. Although steric hindrance due to side 

chains cannot be excluded, the results clearly suggest that the Chitinase Chi1 activity depends 

on the presence and the number of acetyl groups. It was shown for enzymes from GH 18, that 

the carbonyl oxygen from GlcNAc moiety act as a nucleophile during catalytic reaction of GH 

18 enzymes. Similar activity on chitosan was reported for chitinase from Streptomyces griseus 

(Ohtakara et al., 1990).  

Chitinase Chi1 released mainly (GlcNAc)2 from chitin. Release of dimers was reported for other 

chitinases from GH 18 family (Ike et al., 2005; Horn et al., 2006a). In contrast, exochitinase 

rMtChit released only monomers from chitin (Dua et al., 2016). Although the amino acid 

sequence of Chitinase Chi1 and exochitinase rMtChit should be the same, differences in 

expression host and glycosylation influence the activity and mode of action of Chitinase Chi1 

and exochitinase rMtChit. 

Next to (GlcNAc)2, Chitinase Chi1 released small amount of GlcNAc and (GlcNAc)3, with a ratio 

of (GlcNAc)2/GlcNAc equal to 11. This ratio is commonly used for a rough assessment of 

enzyme processivity (Teeri et al., 1998; Hamre et al., 2015). Thus, Chitinase Chi1 may be 

considered as a processive chitinase. A decrease in the rate of chitin hydrolysis, which was 

observed after 30 min reaction is most likely due to the fact that Chitinase Chi1 enriched the 

recalcitrant regions of substrate. It was previously stated, that the activity of processive 

enzymes tends to decrease as the substrate is consumed and when the enzymes reach regions 

that hinder processive binding (Hamre et al., 2015). The release of (GlcNAc)2 in higher molar 

amount than other chitin oligosaccharides from chitin was observed for processive and non-

processive enzymes degrading recalcitrant polysaccharides, like for processive chitinases ChiA, 

ChiB and non-processive ChiC from S. marcescens (Horn et al., 2006a). Therefore, results 

obtained for Chitinase Chi1 with natural substrates indicate its processivity, but this conclusion 

is not indisputable. Important feature of processive exo-acting chitinases is so-called α + β 

insertion domain that forms one ‘wall’ of the substrate binding cleft, which were found in ChiA 

and ChiB (Vaaje-Kolstad et al., 2013; Zees et al., 2009). This domain was not found in Chitinase 
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Chi1. However, the active site of Chitinase Chi1 is aligned with 60 amino acid residues, which 

may be important for interactions with the substrate and promote processivity of the enzyme. 

Aromatic residues in the active site of processive enzymes were shown to interact with the 

substrate during the processive mode of action (Hamre et al., 2015). 

Processivity has been studied for other chitinases and also for cellulases (Wilson, 2012).  It was 

shown, that processive enzymes slide with their active site on the single-polymer chain and 

stay closely associated with the substrate between subsequent hydrolytic reactions. During 

the processive degradation of chitin the enzymes release mainly dimers because the 

successive sugar units in the polymer are rotated by 180° and sliding of such polymers through 

the enzyme’s active site will result in the productive binding only after every second sugar 

moiety. Rotation of the sugar units is particularly important for chitinases from family GH 18, 

since these enzymes require a correctly positioned N-acetyl group in their -1 subsite (Horn et 

al., 2006a). 

It may be concluded, that Chitinase Chi1 is an endo-chitinase with high degree of processivity. 

It was stated that both endo- and exo-mechanisms can be combined with processive action 

(Zees et al., 2009) and that the most important difference between chitinases may be related 

to the ability of the enzymes to act in processive or non-processive way, rather than to their 

binding preferences (endo- or exo-manner) (Vaaje-Kolstad et al., 2013). 

Chitinase Chi1 was able to release a broad spectrum of chitin and chito-oligosaccharides (DP2-

DP12) from chitosan with 90 % DDA. The chito-oligosaccharide composition of the reaction 

mixture changed over time, indicating that release and further degradation of some chito-

oligosaccharides might be simultaneously catalyzed by Chitinase Chi1, as it was shown in the 

experiment with chitin oligosaccharides (GlcNAc)2-6. The composition of chito-

oligosaccharides and the accumulation of a (GlcNAc, GlcN) dimer at longer reaction time may 

indicate the ability of Chitinase Chi1 to cleave glycosidic linkages between GlcN and GlcNAc 

moieties in the chitosan chain, as it was reported for the chitinase G from Streptomyces 

coelicolor A3(2) from bacterial family GH19 chitinase (Heggset et al., 2009) and other bacterial 

chitinases (Jung and Park, 2014). Release of longer chito-oligosaccharides may indicate, that 

similarly to chitin degradation, Chitinase Chi1 can degrade chitosan in a processive way. 

Chitinases ChiA and ChiB from S. marcescens were shown to degrade chitosan in a processive 
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way (Horn et al., 2006b). In case of chitosan, processive enzymes stay attached to the 

substrate after productive (with a correctly positioned N-acetyl group in the sugar unit) or 

non-productive (with lack of a correctly positioned N-acetyl group in the sugar unit) initial 

binding to the substrate. Binding of the substrate will be followed by sliding of the substrate 

through the active site cleft by two sugar units at the time, until a new productive complex 

will be formed and an enzymatic reaction occurs (Horn et al., 2006a).  

Chitinase Chi1 degraded chitin oligosaccharides with DP ≥ 3. The absence of activity on 

(GlcNAc)2 ruled out the possibility that Chitinase Chi1 is an N-acetylglucosaminidase. All initial 

released chitin oligosaccharides with DP ≥ 3 were subject to further hydrolysis that yielded 

(GlcNAc)2 and GlcNAc as final products. Chitinase Chi1 showed increasing activities with 

increasing DP of chitin oligosaccharides. These data indicate that Chitinase Chi1 has a multi-

subsite binding cleft and positioning of chitin oligosaccharides with DP≥4 is more efficient than 

with DP 3, resulting in about 10 times faster conversion for longer-chain chitin 

oligosaccharides than for shorter ones. Additionally, experiments with (GlcNAc)3-pNP and 

(GlcNAc)2-pNP oligosaccharides bound to Chitinase Chi1 at subsites -2 to +2 in the active site 

during hydrolysis. 

Overall, we showed here that homologously expressed Chitinase Chi1 releases mainly dimers 

from chitin and might use a processive mechanism. Depolymerization of chitosan resulted in 

the production of a wide range of chito-oligosaccharides. Chitin and chito-oligosaccharides are 

an emerging class of bioactive ingredients with potential biomedical, cosmetic and 

pharmaceutic applications. The need for green and biocompatible technologies for the 

production of chitin and chito-oligosaccharides reveals new perspectives for the application 

of biocatalysts. With its remarkable thermostability and activity in a wide range of pH, 

Chitinase Chi1 is a promising biocatalyst for bioconversion of chitin waste sources and 

production of chitin and chito-oligosaccharides from both chitin and chitosan at industrial 

scale. 
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2.1. Supplementary Information 

 

 

Figure 2.1.S1. Protein oligomers detected after proteolytic digestion of Chitinase Chi1 with HPLC-ESI-MS/MS 
analysis. Peptides (indicated in yellow) were only found matching the C-terminus of the enzyme. 

 

 

 

Figure 2.1.S2. Spectra from matrix assisted laser-desorption time-of-flight mass spectrometry (MALDI-TOF-MS) 
obtained for chito-oligosaccharides released by Chitinase Chi1 from chitosan 90 DDA/100. Chitosan (0.45 % (w/v)) 
in 1 mL 0.05 M sodium phosphate buffer pH 6.0 was incubated with purified Chitinase Chi1 (100 nM) at 50 °C. 
Presented spectra are obtained for reaction at time 0 (1), 240 min incubation (2), and 1,440 min incubation (3). 
The type of chito-oligosaccharides and their corresponding masses are shown in Table 2.1.S1. The most 
predominant peaks were assigned. 
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Figure 2.1.S3. Specific activity of Chitinase Chi1 for GlcNAc-pNP, (GlcNAc)2-pNP and (GlcNAc)3-pNP (A) and mode 
of action of Chitinase Chi1 on (GlcNAc)3-pNP and (GlcNAc)2-pNP (B). Reactions with GlcNAc-pNP, (GlcNAc)2-pNP, 
and (GlcNAc)3-pNP (2 mM) in 0.5 mL 50 mM sodium phosphate buffer pH 6.0 were performed with purified 
Chitinase Chi1 (17 nM) at 50 °C for 15 min. Arrows indicate place of cleavage. 

 

 

Figure 2.1.S4. High Performance Anion-Exchange Chromatography (HPAEC) elution profiles of standards of chito-
oligosaccharides (GlcNAc)1-3 and GlcNAc-pNP (A) and reaction products released after 60 min incubation of 
(GlcNAc)2-pNP with purifed Chitinase Chi1 (B).  Elution time recorded for: (A1) GlcNAc; (A2) (GlcNAc)2; (A3) 
(GlcNAc)3; (B1) substrate (GlcNAc)2-pNP; (B2) products released from (GlcNAc)2-pNP by Chitinase Chi1. Reaction 
with (GlcNAc)2-pNP (1 mM) in 0.5 mL 50 mM sodium phosphate buffer pH 6.0 was performed with purified 
Chitinase Chi1 (25 nM) at 50 °C for 60 min. For Figure A1, A2, A3 and B2, fucose was used as the internal standard 
(IS). For Figure A4 and B1 the IS was not used. 
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Table 2.1.S1. Chito-oligosaccharides released by Chitinase Chi1 from chitosan 90 DDA/100. Chitosan (0.45 % 
(w/v)) in 1 mL 0.05 M sodium phosphate buffer pH 6.0 was incubated with purified Chitinase Chi1 (100 nM) at 
50 °C. Aliquots were taken at different time intervals and the hydrolysis products were analyzed by matrix 
assisted laser-desorption time-of-flight mass spectrometry (MALDI-TOF-MS). Sign (+) indicates the presence of 
chito-oligosaccharide in sample. 

m/z Composition Peak 

Nr. 

Type of 
adduct 

Hydrolysis time (min) 

0 15 30 60 90 120 240 360 1440 

405.2 GlcNAc,GlcN 1 [M+Na]+      + + + + 

447.2 (GlcNAc)2 2 [M+Na]+  + + + + + + + + 

566.3 GlcNAc,(GlcN)2 3 [M+Na]+     + + + + + 

608.3 (GlcNAc)2,GlcN 4 [M+Na]+  + + + + + + + + 

650.3 (GlcNAc)3 5 [M+Na]+  +        

727.1 GlcNAc,(GlcN)3 6 [M+Na]+  +  + + +  + + 

769.3 (GlcNAc)2,(GlcN)2 7 [M+Na]+  +  + +  + + + 

784.0 (GlcNAc)2,(GlcN)2 8 [M+K]+     + + + + + 

811.4 (GlcNAc)3,GlcN 9 [M+Na]+  + + + + + + +  

888.6 GlcNAc,(GlcN)4 10 [M+Na]+         + 

930.0 (GlcNAc)2,(GlcN)3 11 [M+Na]+      + + +  

972.4 (GlcNAc)3,(GlcN)2 12 [M+Na]+  + + + + + + +  

1014.4 (GlcNAc)4,GlcN 13 [M+Na]+  +        

1049.7 GlcNAc,(GlcN)5 14 [M+Na]+         + 

1091.5 (GlcNAc)2,(GlcN)4 15 [M+Na]+  + + + + + + + + 

1133.5 (GlcNAc)3,(GlcN)3 16 [M+Na]+  + + + + + + + + 

1175.5 (GlcNAc)4,(GlcN)2 17 [M+Na]+  + + +  +    

1210.7 GlcNAc,(GlcN)6 18 [M+Na]+         + 

1252.0 (GlcNAc)2,(GlcN)5 19 [M+Na]+       + + + 

1294.6 (GlcNAc)3,(GlcN)4 20 [M+Na]+  + + + + + + + + 

1336.6 (GlcNAc)4,(GlcN)3 21 [M+Na]+  + + + + + +   

1371.9 GlcNAc,(GlcN)7 22 [M+Na]+         + 

1413.0 (GlcNAc)2,(GlcN)6 23 [M+Na]+      + + + + 

1455.7 (GlcNAc)3,(GlcN)5 24 [M+Na]+  +  + + + + + + 

1497.7 (GlcNAc)4,(GlcN)4 25 [M+Na]+  + + + + + +   

1532.9 GlcNAc,(GlcN)8 26 [M+Na]+         + 

1575.0 (GlcNAc)2,(GlcN)7 27 [M+Na]+     + + + + + 

1616.7 (GlcNAc)3,(GlcN)6 28 [M+Na]+  + + + + + + + + 

1658.8 (GlcNAc)4,(GlcN)5 29 [M+Na]+  + + + + + + +  

1700.8 (GlcNAc)5,(GlcN)4 30 [M+Na]+  +        

1736.1 (GlcNAc)2,(GlcN)8 31 [M+Na]+         + 

1777.9 (GlcNAc)3,(GlcN)7 32 [M+Na]+      + + + + 

1820.0 (GlcNAc)4,(GlcN)6 33 [M+Na]+  +   + + + +  

1897.2 (GlcNAc)2,(GlcN)9 34 [M+Na]+         + 

1939.0 (GlcNAc)3,(GlcN)8 35 [M+K]+      + + + + 

1981.1 (GlcNAc)2,(GlcN)9 36 [M+Na]+  +    + + +  

2058.3 (GlcNAc)2,(GlcN)10 37 [M+Na]+         + 

2100.0 (GlcNAc)3,(GlcN)9 38 [M+Na]+  +   + + + + + 

2142.2 (GlcNAc)4,(GlcN)8 39 [M+Na]+  +  + + + + +  

2184.0 (GlcNAc)5,(GlcN)7 40 [M+Na]+  + + + + +    
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ABSTRACT 

Thermostable enzymes are a promising alternative for chemical catalysts currently used for 

the production of N-acetylglucosamine (GlcNAc) from chitin. In this study, a novel 

thermostable β-N-acetylglucosaminidase MthNAG was cloned and purified from the 

thermophilic fungus Myceliophthora thermophila C1. MthNAG is a protein with a molecular 

weight of 71 kDA as determined with MALDI-TOF-MS. MthNAG has the highest activity at 50 °C 

and pH 4.5. The enzyme shows high thermostability above the optimum temperature: at 55 °C 

(144 h, 75 % activity), 60 °C (48 h, 85 % activity; half life 82 h) and 70 °C (24 h, 33 % activity; 

half life 18 h). MthNAG releases GlcNAc from chitin oligosaccharides (GlcNAc)2-5, p-

nitrophenol derivatives of chitin oligosaccharides (GlcNAc)1-3-pNP and the polymeric 

substrates swollen chitin and soluble chitosan. The highest activity was detected towards 

(GlcNAc)2. MthNAG released GlcNAc from the non-reducing end of the substrate. We found 

that MthNAG and Chitinase Chi1 from M. thermophila C1 synergistically degraded swollen 

chitin and released GlcNAc in concentration of approximately 130 times higher than when 

only MthNAG was used. Therefore, Chitinase Chi1 and MthNAG have great potential in the 

industrial production of GlcNAc. 
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3.1. Introduction 

Large amounts of polysaccharides present in nature are an excellent source of valuable sugars, 

and chitin is one of them. Chitin is a vastly abundant polysaccharide and is used for the 

production of chitosan, chitin oligosaccharides and GlcNAc (Kardas et al., 2012). Generally, 

chitin consists of linearly β-(1,4)-linked N-acetylglucosamine molecules (GlcNAc). Chitosan, 

the deacetylated derivative of chitin, has wide application in many fields including medicine, 

pharmacology, environmental protection and biobased packaging (Elieh-Ali-Komi and  

Hamblin, 2016; Kardas et al., 2012; Van den Broek et al., 2015). Chitin oligosaccharides can be 

used as antimicrobial (No et al., 2002), antitumor and anti-inflammatory agents (Azuma et al., 

2015). GlcNAc has gained great attention as a candidate for multiple applications (Chen et al., 

2010). In medicine, GlcNAc is considered as an inexpensive and non-toxic treatment for 

numerous diseases including osteoarthritis, inflammatory bowel disease, viral or bacterial 

infections, intestinal diseases, and cancer and for proliferation of skin cells during wound 

healing  (Dalirfardouei et al., 2016; Salvatore et al., 2000; Xu et al., 2006; Xu et al., 2007a; Xu 

et al., 2007b; Minami and Okamoto, 2007). In cosmetics, GlcNAc is a valuable ingredient for 

improving skin quality (Riordan, 1999; Bisset et al., 2007). In food industry, GlcNAc is used as 

an additive in beer, milk and wine (Xu et al. 2004a, 2004b, 2004c). Recently, GlcNAc was 

proposed as a biological C6 source for bioethanol production through fermentation. It was 

reported, that fermentation with Mucor circinelloides NBRC6746 and Mucor ambiguous 

NBRC8092 yielded approximately 18.6 and 16.9 g L-1 ethanol from 50 g L-1 GlcNAc, respectively 

(Inokuma et al., 2013). 

Chitin is used for industrial production of GlcNAc and is obtained mainly from exoskeletons of 

crustaceans and to a lesser extent from insects and fungal cell walls (Rinaudo, 2006). 

Currently, degradation of chitin to GlcNAc from crustaceans is conducted with 15–36 % HCl at 

40–80 °C (Chen et al., 2010). Another production process involves the use of concentrated HCl 

at boiling temperature. Such harsh conditions lead to degradation of chitin and deacetylation 

of the monomer to glucosamine (GlcN). The produced GlcN is subsequently N-acetylated with 

acetic anhydride. However, there appears to be several problems in producing GlcNAc by 

chemical depolymerization of chitin, including high operational costs, low yield (below 65 %) 

and acidic waste created by the use of HCl and acetic anhydride (Chen et al., 2010). A 

promising alternative for the chemical process is chitin depolymerization with enzymes. In 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Elieh-Ali-Komi%20D%5BAuthor%5D&cauthor=true&cauthor_uid=27819009
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hamblin%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=27819009
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hamblin%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=27819009
https://patents.google.com/?inventor=Qiwang+Xu
https://patents.google.com/?inventor=Qiwang+Xu
https://patents.google.com/?inventor=Qiwang+Xu
https://patents.google.com/?inventor=Qiwang+Xu
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5047876/#CR14
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comparison to chemical process, enzymatic depolymerization is conducted under milder 

conditions, lower temperatures, and no hazardous wastes are released. In nature, chitin is 

degraded by three enzymes acting in concert: lytic polysaccharide monooxygenase (LPMO), 

chitinase and β-N-acetylglucosaminidase (NAGase). LPMOs (EC 1.14.99.53) act in an oxidative 

way on the surface of crystalline chitin, where they introduce chain breaks and generate 

oxidized chain ends, thus promoting further degradation by chitinases (Vaaje-Kolstad et al., 

2010). Chitinases (EC 3.2.1.14) catalyze the cleavage of the glycosidic bond in chitin chains and 

release chitin oligosaccharides and chitin dimers as end products. Products released by 

chitinase are finally converted to GlcNAc by NAGases (Ike et al., 2005; Hartl et al., 2012). 

According to the Carbohydrate-Active Enzymes Database (CAZy) (http://www.cazy.org/) 

LPMOs are classified to the auxiliary activity (AA) family AA10 and AA11, chitinases to 

glycoside hydrolase (GH) family 18, and NAGases to GH20 and GH3.  

Chitin degrading enzymes are naturally produced by fungi, bacteria, plants, yeasts, insects, 

and even vertebrates, among various (Bhattacharya et al., 2007; Keyhani and Roseman, 1996). 

However, enzymes potentially appropriate for GlcNAc production from chitin at industrial 

scale are thermostable enzymes obtained from fungi. Fungal thermostable enzymes are 

currently used in industry, e.g. α-amylase in baking, because they tolerate high temperature, 

use shorter times to complete conversion and have long shlef life (Kristjansson, 1989; 

Østergaard and Olsen, 2010). Fungal thermophilic NAGases with a temperature optimum of 

50–65 °C have been characterized from fungi. i.e. Aspergillus niger (Pera et al., 1997), 

Beauvaria bassiana (Bidochka et al., 1993), Lentinula edodes (Konno et al., 2012), Trichoderma 

harzianum (Ulhoa and Peberdy, 1991; Lorito et al., 1994; Lisboa De Marco et al., 2004; Koga 

et al., 1991), Trichoderma reesei (Nogawa et al., 1998) and Penicillium oxalicum (Ryslava et al., 

2011). However, after prolonged incubations at optimal or higher temperatures their 

enzymatic activity diminished drastically or was lost. Therefore there is a need for more robust 

thermophilic NAGases with improved thermostability. Recently, we have reported the 

production and the characterization of the thermostable Chitinase Chi1, an endochitinase 

from the thermophilic filamentous fungus Myceliophthora thermophila C1 (Krolicka et al., 

2018). In this study we present the cloning and the properties of NAGase MthNAG, a second 

enzyme in the chitinolytic machinery of  M. thermophila C1. 
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3.2. Materials and methods 

3.2.1. Substrates and chemicals 

Chitin from shrimp shells, Schiff’s reagent, 4-nitrophenyl-N-acetylglucosamine (GlcNAc-pNP), 

4-nitrophenyl-N,N’-diacetyl-β-D-chitobiose ((GlcNAc)2-pNP) and 4-nitrophenyl-β-D-N,N’,N’’-

triacetylchitotriose ((GlcNAc)3-pNP) and, 4-nitrophenyl-N-acetylgalactosamine (GalNAc-pNP) 

were obtained from Sigma-Aldrich (St. Louis, USA). GlcNac was obtained from Sigma-Aldrich 

(St. Louis, USA). Chitin oligosaccharides (GlcNAc)2-6 were obtained from Megazyme (Co. 

Wicklow, Ireland). Chitosan (90 % deacetylation degree (% DDA), 100 kDa molecular weight) 

was purchased from Nippon Suisan Kaisha LTD). Swollen chitin was prepared according to 

Monreal and Reese (Monreal and Reese, 1969) with some modifications as described by 

Krolicka et al. (2018). Swollen chitin had moisture content of 95.7 %. All other chemicals were 

of the highest purity available. Chitinase Chi1 from M. thermophila C1 was isolated and 

purified as described by Krolicka et al. (2018).  

3.2.2. Sequence analysis of MthNAG 

Nucleotide sequence of the gene encoding for MthNAG (Mthnag) and deduced amino acid 

sequence of MthNAG were analyzed using Clone Manager software. BLAST analysis was 

performed at the NCBI server (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Conserved domains 

were detected with Conserved Domain Search and Conserved Domain Database (Marchler-

Bauer et al., 2015) at the NCBI server 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The signal peptide was analyzed at 

the SignalP 4.0 server (http://www.cbs.dtu.dk/services/SignalP/) and the theoretical 

isoelectric point (pI) was calculated with Compute pI/Mw tool on ExPASy server 

(https://web.expasy.org/compute_pi/). Potential N-linked and O-linked glycosylation sites 

were predicted by NetOGlyc 4.0 Server and NetNGlyc 1.0 Server 

(http://www.cbs.dtu.dk/services/). Prediction of the protein secondary structure and 3D was 

performed with the Phyre2 web portal (www.sbg.bio.ic.ac.uk/phyre2). 3D modelling was 

performed on the basis of crystal structure of insect β-N-acetyl D-hexosaminidase of hex12 

hexosaminidase (template ID: c3nsnA) which showed 90 % coverage with the MthNAG 

sequence. 

https://www.google.pl/search?biw=1920&bih=935&q=st+louis+mo&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0CKQBEJsTKAEwGmoVChMIkNmaoJD5yAIVhRwPCh31CA3b
https://www.google.pl/search?biw=1920&bih=935&q=st+louis+mo&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0CKQBEJsTKAEwGmoVChMIkNmaoJD5yAIVhRwPCh31CA3b
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.cbs.dtu.dk/services/
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3.2.3. Fungal strain 

The ascomycetous fungus Myceliophthora thermophila C1 is listed in the All-Russian Collection 

of Microorganisms of the Russian Academy of Sciences with accession number: VKM F-3500D. 

3.2.4. Gene cloning and protein production 

The genome of M. thermophila C1 was screened for genes encoding for NAGases using a 

protein sequence of the fungal GH family 20, (XP_003656648) published at NCBI. This 

sequence was blasted against the M. thermophila C1 genome data base (DuPont Bioscences) 

and only one gene sequence of a putative GH20 NAGase was found in the M. thermophila C1 

genome data base and this gene sequence has previously been published in a patent (Verdoes 

et al., 2010). The native gene encoding for a putative GH20 NAGase found in the genome of 

M. thermophila C1 was designated Mthnag. Mthnag was chosen for overexpression and 

characterisation. The gene Mthnag was amplified from genomic M. thermophila C1 DNA with 

phusion DNA polymerase using the following designed primers (forward: 

GCTCGATTAAACATGTGGTCGCCG, reverse: GATGCGACCCGAATTCTCAAGCGACGA). The PCR 

program was as follows: 1 × 98 °C for 30 s, 35 × (98 °C for 10 s, 63.8 °C for 30 s, 72 °C for 30 s), 

1 × 72 °C for 10 min. The amplified gene was cloned into a C1 expression vector and 

homologously overexpressed in M. thermophila C1 according to the method described by 

Visser et al. (Visser et al., 2011). In short, the expression cassette, containing the chi1 

promoter, the gene Mthnag and the terminator obtained from the expression vector, was 

transformed into a low protease/(hemi-) cellulase free M. thermophila C1-expression host. 

Ninety six randomly integrated transformants were grown in a microtiter plate (Verdoes et 

al., 2007) and screened for NAGase activity in the culture broth using GlcNAc-pNP as substrate. 

The transformant showing the highest activity of MthNAG was selected for a 2-L fed-batch 

fermentation as previously reported (Visser et al., 2011). The strain was grown aerobically in 

mineral medium, with glucose as carbon source, ammonium sulfate as nitrogen source and 

trace elements for essential salts (Verdoes et al., 2010). MthNAG was produced at pH 6.0 and 

32 °C. The broth containing MthNAG was centrifuged at 20,000 × ց for 20 minutes and the 

supernatant was filtered to remove cell biomass (filter 0.45 µm, Sartorius), concentrated 4-

fold (5 kDa PES membrane, Vivace 70, Sartorius), dialyzed against 10 mM potassium 

phosphate buffer pH 6.0 and freeze-dried to obtain a crude enzyme preparation. 
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3.2.5. Purification of MthNAG 

The freeze-dried crude enzyme preparation (0.5 g) was dissolved in 50 mL 0.05 M Bis-Tris 

buffer pH 7.0 (Buffer A) and purified by anion exchange chromatography (IEX) and size 

exclusion chromatography (SEC) on an ÄKTA™ pure system. For IEX, the 50 mL sample was 

loaded onto a HiPrep DEAE FF 16/10 column (GE Healthcare Bio-Science AB, Uppsala, Sweden) 

and proteins were eluted with a gradient elution of 1 M NaCl in Buffer A as follows: 0–20 % 

for 10 column volumes (CV) and 20–45 % for 10 CV with a flow rate of 5 mL min-1. Fractions 

were collected and screened for NAGase activity. The fraction with the highest NAGase activity 

was loaded onto a HiLoad 16/600 Superdex 75 pg SEC column (GE Healthcare Bio-Science AB, 

Uppsala, Sweden). Proteins were eluted isocratic with Buffer A containing 0.15 M NaCl with a 

flow rate of 0.5 mL min-1. The absorbance was measured at 280 nm. Protein concentration 

was determined using the bicinchoninic acid assay (BCA) according to the instructions of the 

supplier (Pierce) with bovine serum albumin as standard. The evaluation of the purity and 

molecular weight of purified MthNAG was performed by matrix assisted laser-desorption 

time-of-flight mass spectrometry (MALDI-TOF-MS) as described by Krolicka et al. (2018). 

3.2.6. Enzyme activity assays and kinetic parameters 

For the standard enzyme assay, the enzyme solution (0.01 mL) was incubated with GlcNAc-

pNP (2 mM) in 0.09 mL citrate-phosphate buffer (0.1 M, pH 4) at 50 °C in a microtiter plate. 

After 10 min incubation 0.2 mL Tris/HCl buffer (0.25 M, pH 8.8) was added and the absorbance 

of released p-nitrophenol (pNP) was measured at 405 nm using a Tecan Safire plate reader 

(Grodig, Austria). One enzyme unit (U) was defined as the amount of enzyme required to 

release 1 μmol of pNP per minute. Activity on chitin oligosaccharide derivatives (pNP-

derivatives) was assayed with (GlcNAc)1-3-pNP at standard enzyme conditions. Activity for 

chitin and chitosan was assayed with 0.8 µM MthNAG incubated with 0.45 % (w/v) swollen 

chitin or soluble chitosan in 0.96 mL sodium acetate buffer (0.05 M, pH 4.5) at 50 °C for 10 

min. Reactions were terminated by heating at 96 °C for 10 min and subsequently centrifuged 

at 20,000 × ց for 5 min. The reducing sugars released from chitosan were analysed with the p-

hydroxybenzoic acid hydrazide (PAHBAH) assay (Lever, 1973). For chitin, released GlcNAc was 

determined by High Performance Anion-Exchange Chromatography (HPAEC). One U was 

defined as the amount of enzyme that liberated 1 µmol GlcNAc per minute from chitin or 

chitosan. The Km, Vmax, kcat and Ki of MthNAG were determined for (GlcNAc)2 and GlcNAc-pNP. 
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For GlcNAc-pNP, 2.1 nM MthNAG was incubated with GlcNAc-pNP in the range of 0.05–4 mM 

under standard enzyme assay conditions. For (GlcNAc)2, 2.1 nM MthNAG was incubated with 

(GlcNAc)2 in the range of 0.05–3.5 mM in citrate-phosphate buffer (0.1 M, pH 4.5) and 

released GlcNAc was determined by HPAEC. The kinetic parameters were calculated with 

GraphPad Prism software v.7.0 (GraphPad Software Inc., San Diego, CA). For all experiments, 

each reported value was the average of duplicate tests. 

3.2.7. Biochemical characterization 

The influence of pH on the activity of MthNAG was determined by incubating 2.1 nM MthNAG 

at different pH levels (3.0–7.0) in citrate-phosphate buffer (0.1 M) using the standard enzyme 

assay conditions. The influence of temperature on the activity of MthNAG was analysed by 

incubating 2.1 nM MthNAG at the temperature range of 30–80 °C using the standard enzyme 

assay conditions. Thermostability was determined by pre-incubating 2.1 nM MthNAG at 

various temperatures (50–70 °C) in citrate-phosphate buffer (0.1 M, pH 4.5) for different time 

intervals and the remaining enzyme activity was determined by performing the standard 

enzyme assay. For all experiments, each reported value was the average of duplicate tests. 

3.2.8. Electrophoresis and identification of glycosylated proteins 

Sodium dodecyl sulfate-polyacrylamide (10 % (w/v)) gel electrophoresis (SDS-PAGE) was 

performed under reducing conditions using a NuPAGE Novex System (ThermoFisher Scientific, 

Bleiswijk, The Netherlands) with 10 % (w/v) Bis-Tris gels. Gels were stained with SimplyBlue™ 

SafeStain according to the recommendation of the supplier (ThermoFisher Scientific). The 

isoelectric point (pI) of the enzyme was estimated by isoelectric focusing (IEF) using 

PhastGelTM IEF on a Pharmacia LKB Phast System (Pharmacia Biotech, Uppsala, Sweden) with 

a broad protein calibration kit (pH 3–10, GE Healthcare) as standard. Proteins were stained 

with Coomassie blue R-2. Glycosylation of proteins was detected by staining the SDS-PAGE 

gels with periodic acid-Schiff staining (PAS) (Zacharius et al., 1969).  

3.2.9. Time-course of hydrolysis of chitin oligosaccharides and                     

pNP-derivatives 

To analyse the mode of action the hydrolysis of chitin oligosaccharides (GlcNAc)2-5 (0.18 mM) 

and (GlcNac)2-3-pNP (0.18 mM), was performed with 2.1 nM MthNAG in 0.33 mL citrate-

phosphate buffer (0.1 M, pH 4.5) at 50 °C. Time-point samples were taken, heated at 96 °C for 
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5 min and centrifuged at 20,000 × ց for 5 min. Hydrolysis products were analysed by HPAEC 

and each reported value was the average of duplicate tests. The quantification was based on 

calibration curves prepared for each chitin oligosaccharide. 

3.2.10. Synergistic effect of MthNAG and Chitinase Chi1 on chitin hydrolysis  

To study the synergistic effect of MthNAG and Chitinase Chi1, chitin hydrolysis was performed 

with 0.5 % (w/v) swollen chitin in 1 mL citrate-phosphate buffer (0.1 M, pH 5.0) in two parallel 

runs: run I containing 0.8 µM MthNAG; run II containing 0.8 µM MthNAG and 1.2 µM Chitinase 

Chi1. Samples were incubated at 50 °C with agitation at 800 rpm. In time samples were taken, 

heated at 96 °C for 10 min and centrifuged at 20,000 × ց for 5 min. Hydrolysis products were 

analysed by HPAEC and each reported value was the average of duplicate test. The 

quantification was based on calibration curve for GlcNAc. The yields of GlcNAc production 

were calculated by comparing the amount of GlcNAc released to the maximal theoretical yield, 

which is equal to the initial substrate concentration considering that 1 mg of dry chitin could 

produce a maximum of 1.09 mg of GlcNAc. 

3.2.11. High Performance Anion-Exchange Chromatography (HPAEC) 

HPAEC was performed on an ICS-3000 Ion Chromatography HPLC system equipped with a 

CarboPac PA-1 column (2250 mm) in combination with a CarboPac PA-guard column (225 

mm) at 22 °C and a pulsed electrochemical detector (PAD) in pulsed amperometric detection 

mode (Dionex) at 30 °C. The column was equilibrated with water. Sugars were eluted at a flow 

rate of 0.25 mL min-1. The gradient used was : 0–25 min H2O, 25-65 min at 0–0.045 M NaOH, 

65–70 min at 0.045 M NaOH–1 M sodium acetate in 0.1 M NaOH, 70–75 min at 1 M sodium 

acetate in 0.1 M  NaOH, 75–75.1 min 1 M sodium acetate in 0.1 M NaOH–0.1M NaOH, 75.1–

80 min 0.1M NaOH, 80–95 min H2O. The PAD signal was increased by post column addition of 

0.5 M NaOH at a flow rate of 0.15 mL min-1. 

3.3. Results 

3.3.1. Sequence analysis of MthNAG 

The putative gene (Mthnag) encoding for NAGase MthNAG has an ORF of 2,005-bp. The 

deduced 582-amino acid sequence of MthNAG was predicted to have a molecular weight of 

62.6 kDa, a theoretical pI of 5.20, an N-terminal 21-amino acid signal peptide, three potential 



68  

 

N-linked glycosylation sites and two potential O-linked glycosylation sites. Multiple sequence 

alignment with other family GH20 hexosaminidases indicated that the protein sequence of 

MthNAG has the highest similarity to the GH family 20 protein from M. thermophila ATCC 

42464 (accession: XP_003658680). The protein sequence of MthNAG shared 80 % identity 

with the GH20 protein from Thielavia terrestris NRRL 8126 (accession: XP_003656648) and β-

hexosaminidase 2 from Madurella mycetomatis (accession: KXX82839), and more than 60 % 

identity was obtained for  79 GH20 proteins from fungal sources including Fusarium sp., 

Colletotrichum sp., Trichoderma sp., Scedosporium sp. and Neurospora sp. The protein 

sequence of MthNAG revealed three domains conserved in family GH-20 hexosamindases: 

GH20_HexA_HexB-like domain (accession: cd06562), Glyco_hydro_20 domain (accession: 

pfam00728) and CHB_HEX domain (accession: PF03173) (Figure 3.1.C) and a highly conserved 

pair of catalytic residues D-E preceded by a H-X-G-G motif (Figure 3.1.A). The modelled 

secondary structure of MthNAG consists of 16 α-helixes and 21 β-sheets (Figure 3.1.B) and 

modelled tertiary structure has a (α/β)8 TIM-barrel structure with the active site lying at the 

centre of the barrel convex side (Figure 3.1.D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=cd06562
https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=pfam00728
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Figure 3.1. Multiple amino acid sequence alignment of the active sites of selected GH family 20 hexosaminidases 
(A). The sequence alignment was  conducted with Clustal Omega. The deduced amino acid sequence of MthNAG 
from Myceliophthora thermophila C1 (M.ther.) was aligned with GH family 20 proteins from Thelavia terrestris 
(T.terr.; GenBank: XP_003656648), chitobiase from Serratia marcescens (S.marc.; Swiss-Prot: Q54468) and 
chitobiase from Vibrio harveyi (V.harv.; Swiss-Prot: P13670). The conserved HXGG motif is marked with a green 
box. The conserved aspartate and catalytic glutamate are marked in blue. Asterix (*) indicates highly conserved 
residues, double (:) and single dot (.) indicate conserved similar residues. The conserved amino acids in 
GH20_HexA_HexB-like domain (accession: cd06562) are marked in yellow. Secondary structure (B) was analyzed 
with the Phyre2 web portal. The conserved domains GH20_HexA_HexB-like domain (accession: cd06562), 
Glyco_hydro_20 domain (accession: pfam00728) and CHB_HEX domain (accession: PF03173) were identified 
with BLAST and the signal peptide (SP) was predicted with the SignalP 4.0 server (C). 3D modeling of MthNAG 
was performed with Phyre2 web portal (D). 
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https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=cd06562
https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=cd06562
https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=pfam00728
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3.3.2. Production and purification of MthNAG 

The gene encoding for MthNAG (Mthnag) was amplified using the designed primers and 

cloned into the M. thermophila C1-expression host. The constructed M. thermophila C1 strain 

producing the highest activity of MthNAG was chosen for the production of the enzyme in a 

2-L fermenter. Protein concentration in the culture broth was 3.5 g L-1, of which the 

overexpressed MthNAG represented 52 % of the total protein. After removal of biomass, the 

crude enzyme preparation was freeze dried and further subjected to a purification of MthNAG 

using IEX and SEC. MthNAG was purified to homogeneity as demonstrated by SDS-PAGE 

(Figure 3.2.A) and MALDI-TOF-MS (Figure 3.2.B). The specific activity of the purified MthNAG 

was 432 U mg-1. 

 

                                              

Figure 3.2. Molecular weight of MthNAG from Myceliophthora thermophila C1 determined by (A) SDS-PAGE. 
Lanes: 1, protein marker; 2, purified MthNAG after size exclusion chromatography (SEC); and molecular weight 
determined by (B) MALDI-TOF-MS. (C) Isoelectric focusing determined for MthNAG. Lanes: 1, protein marker; 2, 
purified MthNAG. (D) Staining with Schiff’s reagent for glycosylated proteins. Lanes: 1, protein marker;  2, purified 
MthNAG; 3, yeast invertase; 4, bovine serum albumin. 

 

3.3.3. Molecular weight, Isoelectric point and glycosylation of MthNAG 

The molecular weight of MthNAG measured by SDS-PAGE was 62 kDa (Figure 3.2.A) and by 

MALDI-TOF-MS was 71.2 kDa (Figure 3.2.B). In the MALDI-TOF-MS spectrum, the enzyme was 

identified as a monomeric protein at 71,188.9 [m/z] (single charged) and at 35,676.4 [m/z] 

(double charged). The measured isoelectric point of MthNAG was detected at pH 4.9 (Figure 

3.2.C). Staining of SDS-PAGE gel with PAS resulted in intense magenta color of the MthNAG 

protein band (Figure 3.2.D), showing that the enzyme is glycosylated. 

A               B                                    C              D 
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3.3.4. Biochemical properties of MthNAG 

The highest activity of MthNAG was detected at pH 4.5 and 50 °C (Figure 3.3.A and 3.3.B). The 

activity measurement showed bell-shaped profiles in the pH range of 3 to 8 and between 30–

80 C. MthNAG had a relatively high activity (>40 % of the maximum activity) in the range from 

30 to 65 °C. At elevated temperatures, above the optimum, MthNAG performed with 30, 25 

and 10 % of relative activity at 70, 75 and 80 °C, respectively. MthNAG was notably 

thermostable at 55 °C (75 % relative activity, at incubation time > 144 h), 60 °C (85 % relative 

activity, after 48 h incubation; half life 82 h) and 70 °C (33 % relative activity, after 24 h 

incubation; half life 18 h) (Figure 3.3.C). 

 

 

Figure 3.3. Effects of pH and temperature on the activity of MthNAG from Myceliophthora thermophila C1. (A) 
Optimum pH, (B) optimum temperature, and (C) thermostability. 

 

3.3.5. GlcNAc and GalNAc release from diverse substrates with MthNAG 

The potential of MthNAG to release GlcNAc was examined for the natural chitin dimer 

(GlcNAc)2, chromogenic chitin oligosaccharide derivatives (GlcNAc)1-3-pNP and polymeric 

substrates swollen chitin and soluble chitosan (Table 3.1.). Specific activity for (GlcNAc)2 was 

expressed as the cleavage of two GlcNAc molecules and was 1077.8±0.4 U mg-1. Among chitin 

oligosaccharide pNP-derivatives, the enzyme showed the highest activity towards GlcNAc-

pNP, which was about 200-fold higher than that towards (GlcNAc)2-pNP. Activity towards 

(GlcNAc)3-pNP was not detected. MthNAG was able to release GalNAc from GalNAc-pNP but 

with activity lower than that for GlcNAc-pNP. Next to oligomeric substrates, MthNAG was 

active towards polymeric chitin and chitosan. Activity towards chitin and chitosan was about 

36,000-fold lower than that obtained for (GlcNAc)2. Kinetic parameters for MthNAG were 

0

20

40

60

80

100

120

2 3 4 5 6 7 8 9

R
e
la

ti
v
e
 a

c
ti
v
it
y
 (

%
)

pH

0

20

40

60

80

100

120

20 30 40 50 60 70 80

R
e
la

ti
v
e
 a

c
ti
v
it
y
 (

%
)

Temperature (°C)

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140

R
e
la

ti
v
e
 a

c
ti
v
it
y
 (

%
)

time (h)

55 C

60 C

70 C

A                        B                        C 



72  

 

determined for the natural substrate of the enzyme, (GlcNAc)2 and its mimic, GlcNAc-pNP. For 

(GlcNAc)2 the Vmax was 37.3±5.4 µM min-1, Km was 0.25±0.05 mM, and kcat was 293.7±42.3 s-1. 

For GlcNAc-pNP the Vmax was 1.76 ±0.09µM min-1, Km was 0.06 ±0.01mM, and kcat was 14.0±0.7 

s-1. However, kcat/Km for GlcNAc-pNP (231.6 s-1m M-1) was lower than kcat/Km for (GlcNAc)2 

(1174.8 s-1 mM-1). (GlcNAc)2 and GlcNAc-pNP inhibited the activity of MthNAG and their 

inhibition effect was detected at substrate concentration (Ki) of 0.50±0.11 mM and 1.96 ±0.26 

mM, respectively. 

Table 3.1. Specific activities of MthNAG from Myceliophthora thermophila C1.  

* measured with High Performance Anion-Exchange Chromatography,** with Tecan Safire, and ***reducing 

sugar assay,****ND-not detected  

 

3.3.6. Release of GlcNAc from chitin oligosaccharides and chitin 

oligosaccharide pNP-derivatives with MthNAG 

The release of GlcNAc from chitin oligosaccharides (GlcNAc)2-5 catalysed by MthNAG was 

followed in time and the reaction products were measured by HPAEC (Figure 3.4.). MthNAG 

efficiently degraded (GlcNAc)2 to two molecules GlcNAc and already after 30 min the substrate 

was fully degraded (Figure 3.4.A). All other oligosaccharides (GlcNAc)3-5 were shortened by 

one GlcNAc molecule in time and the released intermediate products (GlcNAc)n-1 were 

simultaneously degraded during the reaction. In the first 15 min, (GlcNAc)3 was degraded to 

molar equivalent concentration of GlcNAc and (GlcNAc)2 (Figure 3.4.B), and the released 

(GlcNAc)2 dimers was degraded gradually hereafter. Hydrolysis of (GlcNAc)4 and (GlcNAc)5 

resulted in the release of GlcNAc and the intermediate (GlcNAc)n-1 oligosaccharides, which 

were further degraded (Figure 3.4.C and 3.4.D). The degradation rates in the first 5 min were 

Substrate specific activity (U mg-1) 

(GlcNAc)2 1077.8±0.4* 

GlcNAc- pNP 432.0±0.3** 

(GlcNAc)2-pNP 2.0±0.4** 

(GlcNAc)3-pNP ND**** 

GalNAc-pNP 345.7±3.3** 

swollen chitin 0.03±0.0* 

chitosan (91 % DDA) 0.02±0.0*** 



73 
 

as follows: 18.5 µM min-1 for (GlcNAc)2, 6.6 µM min-1 for (GlcNAc)3, 2.2 µM min-1 for (GlcNAc)4, 

1.7 µM min-1 for (GlcNAc)5.  

 

     

 

        

Figure 3.4. Hydrolysis of chitin oligosaccharides (GlcNAc)2-5 by MthNAG from Myceliophthora thermophila C1. 
Reaction products obtained after incubation of MthNAG with (GlcNAc)2 (A), (GlcNAc)3 (B), (GlcNAc)4 (C), (GlcNAc)5 
(D), identified by High Performance Anion-Exchange Chromatography (HPAEC). GlcNAc (star), (GlcNAc)2 
(triangle), (GlcNAc)3 (square), (GlcNAc)4 (circle), (GlcNAc)5 (diamond). 

 

To determine the mode of action of MthNAG, the enzyme was incubated with (GlcNAc)2-3-pNP 

and the release of the products was followed in time. Degradation of (GlcNAc)2-3-pNP 

progressed with the release of GlcNAc and intermediate (GlcNAc)n-1-pNP, which were 

subsequently hydrolysed by the enzyme. Similarly to chitin oligosaccharides, the enzyme 

showed preference towards shorter oligosaccharide substrate, since it degraded (GlcNAc)2-

pNP two times faster than (GlcNAc)3-pNP (Figure 3.5.A). As shown in Figure 3.5.B, GlcNAc was 

cleaved by the enzyme from the non-reducing end of the substrate. 
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Figure 3.5. Cleavage of (GlcNAc)2-pNP and (GlcNAc)3-pNP with MthNAG from Myceliophthora thermophila C1. 
(A) Time course for degradation of (GlcNAc)2-pNP and (GlcNAc)3-pNP and (B) mode of action of MthNAG. GlcNAc 
depicted as blue circles and p-nitrophenol (pNP) as hexagon. Yellow colour indicates ionization of released pNP. 
 

3.3.7. Effect of MthNAG and Chitinase Chi1 on the release of GlcNAc from 

swollen chitin 

Chitinase Chi1 from M. thermophila C1 was previously shown to release mainly (GlcNAc)2 and 

traces of (GlcNAc)3 and GlcNAc from swollen chitin (Krolicka et al., 2018). In this work, 

Chitinase Chi1 and MthNAG were used to examine their synergistic effect on the release of 

GlcNAc from swollen chitin by performing two parallel runs and measuring the concentration 

of released GlcNAc in time. In run I, containing only MthNAG, the concentration of the 

released GlcNAc at the end of the reaction was 3.1×10-3 mM, while in run II, containing both 

enzymes, the concentration of GlcNAc was 0.39 mM at the end of  incubation (Table 3.2.). 

MthNAG and Chitinase Chi1 synergistically released GlcNAc in concentration of approximately 

130 times higher than when only MthNAG was used. GlcNAc yield obtained with the mixture 

of both enzymes was equal to 37.8 % which is about 13 times higher when only MthNAG was 

used (2.9 %). 
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Table 3.2. Release of GlcNAc during the hydrolysis of swollen chitin by MthNAG (Run I) and by the action of 
both MthNAG and Chitinase Chi1 (Run II) from Myceliophthora thermophila C1. 

Time (min) 

Run I 
(MthNAG) 

 
Run II 

(MthNAG + Chitinase Chi 1) 

GlcNAc 
concentration 

(mM) 

GlcNAc 
Yield 
 (%) 

 
GlcNAc 

concentration  
(mM) 

GlcNAc 
Yield  
(%) 

15 0.443×10-3 0.4  0.12 4.9 
30 0.488×10-3 0.5  0.14 5.9 
60 0.815×10-3 0.8  0.19 7.9 
90 1.014×10-3 0.9  0.22 9.0 

120 1.184×10-3 1.2  0.24 9.7 
1140 3.078×10-3 2.9  0.39 37.8 

 

3.4. Discussion 

The multiple sequence alignment of the protein sequence of MthNAG revealed the presence 

of conserved domains and catalytic residues typically found in GH 20 family hexosaminidases. 

The GH20_HexA_HexB-like domain is a representative domain of the active site of GH 20 

hexosaminidases from microorganisms and higher organisms. The CHB_HEX superfamily 

domain was suggested to be a carbohydrate binding domain since it resembles the 

crystallographic structure of a cellulose binding domain in cellulase from Cellulomonas fimi 

(Xu et al., 1995; Tews et al., 1996). Putative features for protein maturation were found in 

MthNAG, including a 21-amino acid signal peptide and five glycosylation motifs. Tertiary 

structure predicted with 3D modelling revealed an (α/β)8 TIM-barrel conformation of 

MthNAG, which is typical for GH 20 hexosaminidases. According to all these features, MthNAG 

can be classified to GH 20 hexosaminidases. 

The molecular weight of MthNAG measured with SDS-PAGE is in the range of molecular 

weights measured with SDS-PAGE for other fungal NAGases (Table 3.3).  
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6 Table 3.3. Properties of hexosaminidases from fungi.  

Organism Molecular mass 
(kDa) 

Optimum 
pH 

Optimum 
temperature (°C) 

Km (mM) pI Activity  
(U mL-1) 

Specific 
activity 
(U mg-1) 

Substrate diversity Reference 

Aspergillus nidulans 190 5.0 50 0.18*, 
0.58** 

4.3 28** 47** GlcNAc-pNP, GalNAc-pNP, GlcNAc-
4-MUF, GalNAc-4-MUF, (GlcNAc)2-6 

Reyes et al., 1989 

Aspergillus nidulans 65 4.0-5.0 52 — — — — GlcNAc-pNP, GalNAc-pNP, Kim et al., 2002 

Aspergillus niger 419 131 
 

4.5 65 0.2 ** 4.4 13.5** 71** GlcNAc-pNP, GalNAc-pNP, 
(GlcNAc)2-pNP, 

Pera et al., 1997 

Aspergillus niger 149 2.95-8.25 — 0.34**, 
0.86*** 

4.4 3,261** 72.2**, 
44.6*** 

GlcNAc-pNP, GalNAc-pNP, GlcN-
TAc-pNP, GlcNAc-2,4-dipNP 

Jones and Kosman, 
1980 

Aspergillus niger — 3.9-4.6 — 0.66** — 610** 7,170** (GlcNAc)2-6, glycopeptides derived 
from ovalbumin, β-galactosidase-
treated desialyzed fetuin, α1-acid 
glycoprotein. 

Bahl and Argawal, 
1969 

Aspergillus oryzae 65 5.0 — — — 1,926** 1,926** GlcNAc-pNP, GalNAc-pNP, synthesis 
of lacto-N-triose from GlcNAc and 
lactose 

Matsuo et al., 2003 

Aspergillus oryzae 140 
 

4.5 
 

— 0.85** 
 

— 10,400** 242** GlcNAc-pNP, GalNAc-P, GlcNAc-P Mega et al., 1970 

Beauveria bassiana 97 (NAGase 1) 
130 (NAGase 2) 

5.0 
5.0 

57 
37 

0.38** 
2.10** 

9.5 
5.5 

5,175** 
28,040** 

3,080** 
14,758** 

GlcNAc-pNP Bidochka et al., 
1993 

Candida albicans 64 — — — — 274** 288** GlcNAc-pNP Cannon et al., 1994 

Candida albicans 44 6.5 — 0.45** — 1.4** 36.8** GlcNAc-pNP, (GlcNAc)2-3 Sullivan et al., 1984 

Fusarim oxysporum F3 67 (NAG I) 
67 (NAG II) 

5.0 
6.0 

45 
45 

0.05** 
0.05** 

— 14.1** 
9.0** 

176.2** 
100** 

GlcNAc-pNP Gkargkas et al., 
2004 

Lentinula edodes 79 4.0 50 0.42*, 
0.34** 

— — 46.3 ¥, 
39.9 § 

 

GlcNAc-pNP, GalNAc-pNP, 
(GlcNAc)2-6, colloidal chitin, 
mechanochemically ground chitin 

Konno et al., 2012 

Metarhizium anisopliae 110 
 

5.0 
 

— — 6.4 — 2.65†, 
1.21#, 

GlcNAc-pNP, GalNAc-pNP, 
(GlcNAc)2-4, colloidal chitin 

St. Leger et al., 1991 

Neotyphodium sp. 60 — — — — — — GlcNAc-pNP Li et al., 2005 

Paecilomyces. persicinus 95 4.6 35-37 0.63** 4.8 46.3**, 
28.2*** 

9.26**, 
5.64*** 

GlcNAc-pNP, GalNAc-pNP Eriquez and Pisano, 
1979 

Penicillium chrysogenum 66.5 — — — — — — — Diez et al., 2005 
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Table 3.3. Properties of hexosaminidases from fungi. (Continuation)   

 
 
 
 
 
 
 
 
 
 
 

Organism Molecular mass 
(kDa) 

Optimum 
pH 

Optimum 
temperature (°C) 

Km (mM) pI Activity 
(U mL-1) 

Specific 
activity 
(U mg-1) 

Substrate diversity Reference 

Penicillium oxalicum 141 3.0–4.5 — 0.48** 5.0 1,660** 
2,450*** 

126** 
186*** 

GlcNAc-pNP, GalNAc-pNP Yamamoto et al., 
1985 

Penicillium oxalicum 160 3.0 50 0.14** — — 10.8** GlcNAc-pNP, GalNAc-pNP, GlcNAc-
4-MUF 

Ryslava et al., 2011 

Phoma glomerata 20 6.0–8.0 37 — — 38.2** 1,020** GlcNAc-4-MUF, GalNAc-4-MUF Zhuravleva et al., 
2004 

Pycnoporus cinnabarinus 120 2.2 — — 5.4 134** 
149*** 

 

67** 
75*** 

GlcNAc-pNP, GalNAc-pNP, 
(GlcNAc)2-4 

Ohtakara et al., 
1981 

Trichoderma harzianum P1 72 5.0-5.5 60 — 4.6 17.4‡ 11.8‡ (GlcNAc)1-2-pNP, Fungal cell walls Lorito et al., 1994 

Trichoderma harzianum 36 4.0 50–60 0.008** — — — GlcNAc-pNP, Fungal cell walls Lisboa De Marco et 
al., 2004 

Trichoderma harzianum 118 5.5 50 0.24*, 
0.58** 

— 7.3** 73** GlcNAc-pNP Ulhoa and Peberdy, 
1991 

Trichoderma harzianum AF 6-T8 150 5.2 50 — — 960** 102** GlcNAc-pNP, (GlcNAc)2-6 Koga et al., 1991 

Myceliophthora thermophila C1 71.2 4.5 50 0.25*, 
0.06 ** 

4.9 1,357* 
544** 

1,077.8* 
432** 

GlcNAc-pNP, GalNAc-pNP, 
(GlcNAc)2-3-pNP, (GlcNAc)2-6,  
swollen chitin, chitosan 91 % DDA 

This paper 

* For (GlcNAc)2, ** For GlcNAc-pNP, *** For GalNAc-pNP, ¥ For colloidal chitin, § For mechanochemically ground chitin, † For (GlcNAc)2 in µmol/h, # For GlcNAc-pNP in µmol/h, ‡ For GlcNAc-pNP in nkatal 
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However, the molecular weight of MthNAG measured with MALDI-TOF-MS (71.2 kDa) was 8.6 

kDa higher than the molecular weight calculated form the protein sequence (62.6 kDa). This 

difference is most likely due to the post-translational glycosylation of MthNAG performed by 

M. thermophila C1, as the purified MthNAG gave a strong magenta signal upon Schiff’s 

staining. Carbohydrates could potentially attach to the five glycosylation sites predicted in the 

MthNAG sequence. A similar increase in molecular weight of about 10 kDa caused by 

glycosylation was observed for NAGase from T. harzianum P1 (62.7 kDa) (Peterbauer at al., 

1996). However, MthNAG and NAGase from T. harzianum P1 migrated differently in the SDS-

PAGE. MthNAG appeared as a protein with lower molecular weight (62 kDa), while NAGase 

from T. harzianum P1 appeared as a protein with higher molecular weight (72 kDa). 

Anomalous behavior of glycoproteins has been described before and the presence of 

carbohydrates attached to the protein (Segrest et al., 1971; Matagne et al., 1991) and the 

tertiary structure of the protein (Rath et al., 2009; Pitt-Rivers and Ambesi Impiombato, 1968) 

were shown to influence this behavior. MALDI-TOF-MS is known to provide accurate 

molecular mass determination of proteins and glycoconjugates (Ledesma-Osuna et al., 2008; 

Yeboah and Yaylayan, 2001). 

MthNAG was found to have a pH optimum at pH 4.5 and a pI of 4.9, while the calculated pI 

from the amino acid sequence was 5.2. This difference between the theoretical pI predicted 

from the primary structure and the experimentally determined pI is common, and is in the 

error limits of the method (Kozlowski, 2016). 

MthNAG exhibits the highest catalytic activity at 50 °C, similar with other thermophilic fungal 

GH20 hexosaminidases (Table 3.3.). Interestingly, MthNAG showed a notable thermostability 

above its optimal temperature i.e. at 55 °C, 60 °C and 70 °C, that to our knowledge, has never 

been observed for other fungal NAGases. The in literature reported fungal thermophilic 

NAGases with temperature optimum ≥ 50 °C drastically lose their activities after prolonged 

incubation at optimal or higher temperatures. For example, NAGase 1 from B. bassiana has 

its temperature optimum at 57 °C but it lost 100 % of activity after 60 min incubation at that 

temperature (Bidochka et al., 1993). NAGase from T. harzainum with an optimum at 50–60 °C 

lost 50 % of its original activity within 1 h at 50 °C (Lisboa de Marco et al., 2004). At elevated 

temperatures MthNAG was more stable than LeHex20A from L. edodes and NAGase from A. 

niger 419. At 60 °C, MthNAG retained 85 % relative activity for 48 h, while LeHex20A from L. 
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edodes was inactivated within 30 min (Konno et al., 2012). NAGase from A. niger 419, which 

was most active at 65 °C, lost 30 % of activity after 15 min at 70 °C (Pera et al., 1997), while 

MthNAG lost 35 % of activity after 5 hours at that temperature. The notable thermostability 

of MthNAG is probably an evolutionary adaptation to preserve enzymatic function at elevated 

temperatures. This adaptation may include stabilizing interactions in folded protein, 

interactions between domains and presence of stable surface-exposed amino acids (Turner et 

al., 2007). Glycosylation of MthNAG may have also a positive effect on the thermostability, as 

glycosylation was shown to stabilize the enzyme conformation of glucoamylase from A. niger  

(Jafari-Aghdam et al., 2005) and improved the pH stability of NAGase PoHEX from Penicillium 

oxalicum (Ryslava et al., 2011). 

MthNAG was very active towards the dimeric substrate (GlcNAc)2 and its mimic GlcNAc-pNP, 

which are typical substrates for N-acetylglucosaminidases. In addition, MthNAG showed N-

acetylgalactosaminidase activity as it released the GalNAc moiety from GalNAc-pNP. The 

activity ratio of 1.25 between N-acetylglucosaminidase and N-acetylgalactosaminidase 

activities indicates that the enzyme has more or less the same activity towards GalNAc and 

GlcNAc conjugates. N-acetylglucosaminidase and N-acetylgalactosaminidase activity are 

commonly found for members of the GH 20 hexosaminidase family. 

MthNAG showed activity for the trimeric chitin oligosaccharide derivative (GlcNAc)2-pNP but 

no activity was detected toward the tetrameric (GlcNAc)3-pNP (Table 3.1.). However, a time-

course experiment with (GlcNAc)2-3-pNP revealed that GlcNAc was released from both 

substrates (Figure 3.5.) and that MthNAG released GlcNAc from the non-reducing end of the 

substrate. In the case of enzymes acting from the non-reducing end, the release of pNP from 

chitin oligosaccharide pNP-derivatives depends on the length of the pNP-derivative and the 

longer the pNP-derivative, the more time the enzyme needs to reach the attached pNP and to 

release the dye. Therefore, it should be noted, that the spectrophotometric activity 

measurement with pNP-derivatives may give false results when the mode of action of the 

enzyme is not taken into account. 

Studies of the kinetic parameters MthNAG indicated, that (GlcNAc)2 is a good substrate for the 

enzyme, but the enzyme has a lower affinity for the natural substrate  (higher Km) than for the 

synthetic mimic GlcNAc-pNP (lower Km). However, the higher catalytic efficiency (kcat and 
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kcat/Km) towards (GlcNAc)2 indicates that (GlcNAc)2 is a more preferred substrate than GlcNAc-

pNP. The Km for (GlcNAc)2 was comparable with the one from LeHex20A from L. edodes (Konno 

et al., 2012), although it was higher than the reported values for NAGase from T. harzianum 

(Ulhoa and Peberdy, 1991) (Table 3.3.). Although, MthNAG showed high enzymatic activity 

towards (GlcNAc)2 and GlcNAc-pNP it was also inhibited by these substrates. The measured Ki 

for (GlcNAc)2 was equal to two times of Km, indicating that at Ki enzyme works at its Vmax. For 

setting a process, it is important to work below the Ki for (GlcNAc)2, what can be achieved by 

slowly adding the substrate. Substrate inhibition is also reported for other NAGases. For 

example, GlcNAc-pNP at concentration of 0.4 mM inhibited fungal NAGase PoHEX from P. 

oxalicum (Ryslava et al., 2011). Blind docking experiment conducted on PoHEX revealed that 

substrate inhibition was a result of the presence of a “secondary” binding site. Whether such 

an additional binding site is a reason of substrate inhibition by MthNAG, additional blind 

docking experiment should be conducted for MthNAG. 

Next to hydrolysis of (GlcNAc)2, MthNAG was capable of cleaving off GlcNAc moieties from 

chitin oligosaccharides (GlcNAc)3-5. The activity on chitin oligosaccharides has been reported 

for some other NAGasses (Table 3.3.). The enzyme showed the highest preference towards 

(GlcNAc)2. In the first 5 min of incubation, (GlcNAc)2 was converted approximately three times 

faster than (GlcNAc)3 and almost 10 times faster than (GlcNAc)4 and (GlcNAc)5. MthNAG 

degraded chitin oligosaccharides (GlcNAc)3-5 non-processively in a consecutive reaction, what 

means that oligosaccharides were shortened by GlcNAc in time and their intermediate 

(GlcNAc)n-1 were simultaneously degraded by the enzyme. In this way, inhibition 

concentration of (GlcNAc)2 is not reached and the reaction can proceed to completion. 

Fungal NAGases differ in their substrate diversity and activity towards GlcNAc-pNP (Table 

3.3.). They are in general known to degrade chitin dimers and oligosaccharides, but activity on 

polymeric chitin is not common for this group of enzymes. Activity towards chitin and chitosan 

makes MthNAG a unique enzyme among NAGases. Only a few bacterial NAGases and the 

fungal LeHex20A from L. edodes and M. anisopliae were reported to degrade chitin to some 

extent (Suginta et al., 2010; Konno et al., 2012; St. Leger et al., 1991). Activity on chitosan has 

not been reported before. Keeping in mind that MthNAG releases a single GlcNAc moiety from 

the non-reducing end, depolymerization of chitosan is only possible through the release of 

GlcNAc from the terminal site of chitosan chains. Furthermore, this result implies the 
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acetylation profile of the chitosan used in the experiment (90 % DDA), in which chitosan has 

numerous acetylated moieties at its non-reducing ends. The activity on polymeric substrates 

may indicate that MthNAG could be able to release GlcNAc moiety from glycopeptides, as it 

was reported for NAGase from A. niger (Bahl and Argawal, 1969). 

However, the activity of MthNAG towards chitin and chitosan is relatively low and potential 

industrial production of GlcNAc from chitin cannot be based only on this enzyme. Therefore, 

chitin depolymerization was tested with addition of Chitinase Chi1, that was shown to release 

mainly (GlcNAc)2 from chitin (Krolicka et al., 2018). MthNAG and Chitinase Chi1 were expected 

to work in synergy i.e. the (GlcNAc) 2 released from chitin by Chitinase Chi1 will be hydrolyzed 

by MthNAG to GlcNAc. The amount of GlcNAc released by MthNAG and Chitinase Chi1 was 

compared with the amount released by MthNAG only. It was observed, that when the 

enzymes worked together, they were able to release about 130 times more GlcNAc from 

swollen chitin than when only MthNAG was used. This result strongly indicates that these 

enzymes indeed work in synergy and can be used for the setup of an enzymatic production 

process of GlcNAc. The high thermostability of Chitinase Chi1 and MthNAG is an additional 

advantage for their potential industrial application. 

In conclusion, a novel β-N-acetylglucosaminidase from the thermophilic fungus M. 

thermophila C1 was cloned and homologously overexpressed. The enzyme showed high 

specific activity toward (GlcNAc)2. MthNAG is notably thermostable and to the best of our 

knowledge, MthNAG is the first reported fungal NAGase with such high thermostability. 

Together with Chitinase Chi1, MthNAG released about 130 times more GlcNAc from swollen 

chitin than when used alone. Application of both MthNAG and Chitinase Chi1 as a two-enzyme 

catalyst is a promising tool for production of GlcNAc from chitin. Furthermore, MthNAG can 

be used for determination of deacetylation pattern of chitosan. In addition, due to the wide 

substrate specificity of MthNAG, this enzyme has potential to be used in combinations with 

other enzymes for deglycosylation of glycoconjugates such as glycans, glycoproteins, and 

glycolipids and for elucidation of their structure or changing their biological activity 
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Chapter 4  

Biocatalytic cascade for the production of N-acetyl-D-gluco-

samine from chitin with Chitinase Chi1 and N-acetylgluco-

saminidase MthNAG from Myceliophthora thermophila C1 
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ABSTRACT 

Enzymatic routes to N-acetylglucosamine (GlcNAc) from chitin are extensively studied as 

green alternative for current chemical methods. Here we report the optimization of GlcNAc 

production from ball-milled chitin with purified and well characterised Chitinase Chi1 and 

N-acetylglucosaminidase (NAGase) MthNAG from Myceliophthora thermophila C1. Using 

central composite design (CCD) and response surface methodology (RSM), conditions were 

found that allow production of GlcNAc at high yield. After 6 h incubation at 50 °C, the yield 

of GlcNAc of 73.2 % from 1.6 % (w/v) ball-milled chitin treated with 25 µg Chitinase Chi1 

and 20 µg MthNAG was obtained. Chitin conversion to GlcNAc and short chain chitin 

oligosaccharides (DP3, DP4 and DP5) was 93.0 %. Similar yields were obtained at increased 

substrate concentration (5 % (w/v) and reaction volume. Crude enzymes produced by the 

host gave comparable results when used at the optimal process conditions for GlcNAc 

production from ball-milled chitin. 
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4.1. Introduction 

N-Acetyl-D-glucosamine (GlcNAc) and its deacetylated derivative D-glucosamine (GlcN) 

have many important activities and are widely used as cosmetic ingredients (Kim et al., 

2008), dietary supplements (Bak et al., 2014) and medical therapeutics (Tamai et al., 2003). 

GlcNAc and GlcN are reported to clinically alleviate knee osteoarthritis. GlcNAc was shown 

to have a potential effect on the cartilage metabolism at a lower dose (500–1,000 mg/day) 

compared with GlcN (1,500 mg/day) (Kubomura et al., 2017). GlcNAc has been also 

proposed as a potential C6 source for biofuel production (Inokuma et al., 2016). Currently, 

GlcNAc is produced from chitin, a polymer mainly found in shells of crustaceans and in 

fungal cell walls, or by microbial synthesis in a fermentation process.  

The main route for producing GlcNAc form chitin is through chemical hydrolysis catalysed 

by a strong acid, such as HCl. Direct hydrolysis of chitin to GlcNAc can be performed with 

15–36 % HCl at about 40–80 °C (Bohlman et al., 2004). An alternative process involves chitin 

degradation to GlcN and N-acetylation of GlcN to GlcNAc. GlcN is produced through 

dissolution of chitin in concentrated HCl in boiling water for 3 h and finally N-acetylated 

with acetic anhydride. The chemical production of GlcNAc from chitin is estimated to be 

economically feasible, but there are some drawbacks, including low yield (below 65 %), low 

specificity of chemical catalyst, high operational costs and generation of environmentally 

unfriendly acidic wastes (Chen et al., 2010). Microbial synthesis of GlcNAc through 

fermentation of filamentous fungi or recombinant Escherichia coli results in fewer 

environmental issues. However, this process is hampered by low productivity and high 

production costs, that weakens its economic competitiveness with the chemical hydrolysis 

of chitin (Liu et al., 2013).  

Besides the chemical depolymerisation of chitin and fermentation, GlcNAc can be produced 

by depolymerisation of chitin performed by enzymes. Enzymes are biological catalysts that 

can depolymerise chitin under milder conditions  than the reactions in the chemical process 

(Chen et al., 2010). Chitinolytic enzymes are widely found in nature in most living organisms 

including bacteria, fungi, yeast, plants and animals. The enzymes of microbial origin have 

been frequently used for hydrolysis of chitin (Chen et al., 2010). Enzymatic 

depolymerisation of chitin to GlcNAc is performed by synergistically acting chitinases, N-
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acetylglucosaminidases (NAGase) and lytic polysaccharide monooxygenases (LPMOs). 

Chitinases (EC 3.2.1.14) cleave β-(1,4)-glycosidic linkages between GlcNAc moieties in chitin 

chains and release low molecular chitin oligosaccharides and dimers, which are finally 

degraded to GlcNAc by N-acetylglucosaminidase (NAGase) (EC 3.2.1.52) (Hartl et al., 2012). 

LPMOs (EC 1.14.99.53) open chitin chains using an oxidative mechanism (Vaaje-Kolstad et 

al., 2010), thereby accelerating the degradation of chitin due to the fact that the opened 

chitin chains are more accessible for chitinases. However, production of GlcNAc by 

enzymatic approaches at industrial scale still remains a big challenge. Although high yield 

and high purity of GlcNAc could be obtained, low productivity and long incubation times 

were the main drawbacks reported for this method. Most reports described maximum 

GlcNAc production yields of 41–85 % with incubation periods ranging between 1 and 19 

days (Sashiwa et al., 2002; Sashiwa et al., 2003; Setthakaset, 2008).  

The reason of low productivity of enzymatic reaction is a low accessibility of natural chitin 

due to its high crystallinity and insolubility. Chains in chitin are organized in sheets where 

they are tightly held by a number of intra-sheet hydrogen bonds, responsible for tight 

crystal network (Rinaudo, 2006). Therefore decreasing the crystallinity of chitin is necessary 

to make β-glycosidic linkages in chitin chains more accessible for enzymes. Various 

methods of chitin pre-treatment were investigated including acid treatment (Binod et al., 

2007), ultrasonication and steam-explosion (Villa-Lerma et al., 2013), γ-radiation (Dziril et 

al., 2015), microwave irradiation (Roy et al., 2003), high pressure homogenization (Wei et 

al., 2017), mechanochemical grinding (Nakagawa et al., 2011), rapid depressurization from 

supercritical 1,1,1,2-tetrafluoroethane (Villa-Lerma et al., 2016) and ball mill grinding in dry 

mode (Chen et al., 2015). These methods showed a positive effect on the decrease of chitin 

crystallinity.  

Another important parameter for an efficient enzymatic chitin degradation to GlcNAc is the 

composition of the enzyme cocktail. Commonly investigated were crude enzyme 

preparations without enzyme purification and enzyme characterisation (Pichyangkura et 

al., 2002; Jung et al., 2007; Setthakaset, 2008). To our best knowledge, a designed process 

for GlcNAc production based on the application of purified chitinolytic enzymes has not 

been reported.  
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In this work we report an optimized enzymatic process for GlcNAc production from chitin 

that was pre-treated with ball milling as described by Yabushita et al. (2015). Response 

surface methodology (RSM) with central composite design (CCD) was used for process 

optimization. The designed process was based on the synergetic degradation of ball-milled 

chitin by Chitinase Chi1 and MthNAG obtained from M. thermophila C1 (Krolicka et al., 

2018a, 2018b). Chitinase Chi1 and MthNAG efficiently released GlcNAc from ball-milled 

chitin in short time (6 hours). Combination of ball-milled chitin and its enzymatic hydrolysis 

with Chitinase Chi1 and MthNAG to GlcNAc is a promising process that can be used at 

industrial scale. 

4.2. Materials and methods 

4.2.1. Chemicals 

Chitin powder grade and GlcNAc was obtained from Sigma-Aldrich (St. Louis, USA). Chitin 

oligosaccharides (GlcNAc)2-6 were obtained from Megazyme (Co. Wicklow, Ireland). All 

other chemicals were of the highest purity available. 

4.2.2. Preparation of ball-milled-H2SO4-chitin  

Prior ball-milling chitin was impregnated with H2SO4 as described by Yabushita et al. (2015). 

Subsequently chitin was planetary ball-milled (Fritsch) at 500 rpm using zirconium oxide 

balls (10 mm, 17 balls) in a 50 mL zirconium oxide pot. The milling time was 6 hours with a 

10 min interval after every 10 min of milling for cooling. Chitin oligosaccharides present in 

ball-milled-H2SO4-chitin were identified with matrix assisted laser-desorption time-of-flight 

mass spectrometry (MALDI-TOF-MS) and their concentrations were measured with High 

Performance Anion-Exchange Chromatography (HPAEC) as described before (Krolicka et al. 

2018a). 

4.2.3. Characterisation of ball-milled-H2SO4 chitin with X-ray diffraction (XRD) 

X-ray diffraction (XRD) was used to determine the crystallinity of the chitin samples before 

and after ball milling. Wide angle X-ray scattering (WAXS) powder diffractograms were 

recorded on a Bruker D2 Phaser diffractometer in the angular range 5–40° (2θ), with a step 

size of 0.02° and an acquisition time of 2.0 s per step. The Cobalt Kα1 radiation (λ= 1.7902 

Å) from the anode, generated at 30 kV and 10 mA, was monochromatized using a Ni filter. 

https://www.google.pl/search?biw=1920&bih=935&q=st+louis+mo&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0CKQBEJsTKAEwGmoVChMIkNmaoJD5yAIVhRwPCh31CA3b
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4.2.4. Enzymes for chitin hydrolysis 

Chitinase Chi1 and MthNAG from M. thermophila C1 were purified and characterised as 

described before (Krolicka et al., 2018a, 2018b). Activity assay for Chitinase Chi1 and 

MthNAG towards ball-milled-H2SO4-chitin was conducted with 0.5 % (w/v) substrate, 

Chitinase Chi1 (5 µg) or MthNAG (5 µg) in 1 mL sodium acetate buffer (0.05 M, pH 5.0) at 

50 °C with agitation at 800 rpm. Reactions were terminated after 15 min incubation by 

heating at 96 °C for 10 min. Samples were centrifuged at 20,000  ց  for 5 min and the 

released reducing sugars in the supernatant were measured with the p-hydroxybenzoic 

acid hydrazide (PAHBAH) assay (Lever, 1973). N-acetyl-D-glucosamine was used as a 

standard and one enzyme unit (U) was defined as the amount of enzyme that liberated 1 

µmol reducing sugar per minute. 

4.2.5. Experimental design 

Optimization of GlcNAc production from ball-milled-H2SO4-chitin with Chitinase Chi1 and 

MthNAG was performed using response surface methodology (RSM) with central 

composite design (CCD). The experiments were designed using the software R (version 

3.2.5). Standard 3-variable first order design with 8 corner points and 4 central points was 

created. The chosen optimization variables were: substrate concentration (x1), amount of 

Enzyme 1 (Chitinase Chi1) (x2), and amount of Enzyme 2 (MthNAG) (x3). The minimal (-1), 

central point (0) and the maximal (+1) values of variables are presented in Table 4.1. The 

values (-2) and (+2), which are so-called “star points”, were added to the design to create 

second-order CCD. This second-order CCD makes estimation of quadratic effects of 

variables possible. The settings of variables were determined from preliminary experiments 

with Chitinase Chi1 and MthNAG. 
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Table 4.1. Values of coded levels used in response surface methodology (RSM) with central composite design 
(CCD). 

 

All designed experiments were performed in random order to avoid bias. The response 

variables were the yields of total reducing sugars measured with the PAHBAH assay (Lever, 

1973). The response variables are fitted by the following  linear model (Equation 1): 

2

39

2

28

2

173263152143322110 xbxbxbxxbxxbxxbxbxbxbbY      (1) 

where Y is the predicted response, b0 is an intercept (model constant),  b1 - b9 are the 

regression coefficients. The model selection has been done with Adjusted R2. Visualisation 

of the response surface was done with R software. 

4.2.6. Chitin hydrolysis for experimental design 

Amounts of Chitinase Chi1 and MthNAG for hydrolysis of ball-milled-H2SO4-chitin were 

used according to the CCD. Incubation conditions were chosen according to temperature 

and pH optimum reported before for Chitinase Chi1 and MthNAG (Krolicka et al., 2018a, 

2018b). Hydrolysis was performed in 1 mL sodium acetate buffer (0.05 M, pH 5.0) 

containing ball-milled-H2SO4-chitin, Chitinase Chi1 and MthNAG at 50 °C while mixing at 

800 rpm for 6 hours. The reaction was terminated by heating at 96 °C for 10 min and 

samples were centrifuged at 20,000  ց for 5 min. Released reducing sugars in the 

supernatant were measured with the PAHBAH assay (Lever, 1973) with GlcNAc as standard. 

Observed and predicted product concentration was expressed in concentration (mM) of 

reducing sugars. 

   Level 

Parameter Code  -2 -1 0 +1 +2 

Substrate (%) x1  1.3 1.5 2 2.5 2.7 

Enzyme 1 
(Chitinase Chi1) 

 
 

x2 

 

Coded number 

(µg enzyme) 

0.8 

(0.8 µg) 

2 

(2 µg) 

5 

(5 µg) 

8 

(8 µg) 

9.2 

(9.2 µg) 

Enzyme 2 
(MthNAG) 

 
 

x3 

 

Coded number 

(µg enzyme) 

2.9 

(0.6 µg) 

5 

(1 µg) 

10 

(2 µg) 

15 

(3 µg) 

17.1 

(3.4 µg) 
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4.2.7. Validation and optimisation of the model 

GlcNAc production from ball-milled-H2SO4-chitin obtained under conditions predicted with 

the model was further optimised with increased amounts of Chitinase Chi1 and MthNAG in 

a designed setup (Setup1, Setup 2, and Setup 3). Hydrolysis of ball-milled-H2SO4-chitin with 

each setup was followed in time. The most promising setup was chosen for (1) production 

of GlcNAc in 10 mL reaction volume and for (2) 1 mL reaction with increased amount of 

substrate (5 % (w/v) ball-milled-H2SO4-chitin). Reaction (1) was performed in 25 mL flasks 

on a rotary carousel under conditions described above for chitin hydrolysis. Reaction (2) 

was performed in 1 mL volume under conditions described above for chitin hydrolysis. 

GlcNAc and chitin oligosaccharides released during chitin hydrolysis were measured with 

HPAEC. Chitin conversion was calculated as the percentage of released GlcNAc and chitin 

oligosaccharides weight (mg) to initial total ball-milled-H2SO4-chitin weight (mg). GlcNAc 

production yields were calculated by comparing the amount of GlcNAc released to the 

maximal theoretical yield, which is equal to the initial substrate concentration considering 

that 1 mg of chitin could produce a maximum of 1.08 mg of GlcNAc. 

4.2.8. Production of GlcNAc with crude enzyme preparations and increased 

substrate concentration 

Production of GlcNAc from ball-milled-H2SO4-chitin was tested with crude enzyme 

preparations of Chitinase Chi1 and MthNAG. The amounts of the enzymes (in µg) were 

adjusted to the amounts used in the chosen setup in the previous experiment described 

above. Incubations were performed with the following enzyme mixtures: (1) purified 

Chitinase Chi1 (Chi1) and purified MthNAG (MthNAG), (2) crude preparation of Chitinase 

Chi1 (CR Chi1) and purified MthNAG (MthNAG), and (3) crude preparation of Chitinase Chi1 

(CR Chi1) and crude preparation of MthNAG (CR MthNAG). Enzyme mixtures were used for 

hydrolysis of 1.7 and 5 % (w/v) ball-milled-H2SO4-chitin under chitin hydrolysis conditions 

described above. 
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4.3. Results and discussion 

4.3.1. Properties of ball-milled-H2SO4-chitin and enzyme activities 

Due to the high crystallinity and strong hydrogen bonding network, chitin is poorly 

accessible for enzymes. Therefore, efficiency of an enzymatic production of GlcNAc from 

chitin can be enhanced by applying a proper pre-treatment of chitin prior to enzymatic 

reaction. In this work chitin was impregnated with H2SO4 and subsequently ball milled (ball-

milled-H2SO4-chitin). According to the XRD measurements (Figure 4.1.S1.), the crystallinity 

of chitin has been drastically changed upon ball-milling pre-treatment. The diffraction 

pattern of untreated chitin with peaks observed at 2θ= 10.6° and 22.0° is a typical pattern 

for crystalline chitin given in angle form, characterised by strong reflections at 2θ around 

9–10° and 2θ of 20–21° and minor reflections at higher 2θ values, e.g., at 26.4° and higher 

(Kumirska et al., 2010).  These peaks drastically decreased in ball-milled-H2SO4-chitin and 

only smooth peaks were detected after chitin pre-treatment. As a result, chitin with 

crystallinity of 79.8 % was converted to a fully amorphous form after the pre-treatment. 

After ball milling, soluble chitin oligosaccharides with DP1 to DP12 were detected with 

MALDI-TOF-MS (Figure 4.1.A). According to the HPAEC measurement, the total amount of 

DP1-DP6 was 27 % (w/w chitin) (Figure 4.1.B). The most abundant was DP6 (10.6 %), while 

the amount of GlcNAc (DP1) comprised only 0.8 % of the pre-treated chitin. The 

quantification of longer oligosaccharides DP7–DP12 was made on assumption, that the 

chromatographic behaviour of these oligosaccharides is similar to the chromatographic 

behaviour of DP6 and the calibration for DP6 was used for calculations. In ball-milled-

H2SO4-chitin insoluble medium-high molecular weight chitin oligosaccharides are present 

seen as a chitin suspension before adding enzyme and starting the reaction (Figure 4.1.S2.). 

Specific enzymatic activities measured for Chitinase Chi1 and MthNAG towards ball-milled-

H2SO4-chitin were higher than activities previously reported towards chitin pre-treated 

with phosphoric acid (swollen chitin) (Krolicka et al., 2018a, 2018b). The specific activity of 

Chitinase Chi1 increased 3.8 fold from 1.4 U/mg (swollen chitin) to 5.3 U/mg (ball-milled-

H2SO4-chitin) and that of MthNAG increased 700 fold, from 0.03 U/mg (swollen chitin) to 

21.6 U/mg (ball-milled-H2SO4-chitin). Ball-milling has been previously described as an 

effective pre-treatment method for chitin processing due to a high decrease in crystallinity 

(Yabushita et al., 2015; Nakagawa et al., 2011).  
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Figure 4.1. Water-soluble chitin oligosaccharides present in ball-milled-H2SO4-chitin detected with matrix 
assisted laser-desorption time-of-flight mass spectrometry (MALDI-TOF-MS) (A) and their weight composition 
(%) based on measurement on High Performance Anion-Exchange Chromatography (HPAEC) (B). For HPAEC: 
the quantification of DP7-DP12 was based on the calibration curve for DP6 and the presented numbers are 
an assumption. 

 

4.3.2. Parameters optimization for GlcNAc production from ball-milled-

H2SO4-chitin 

Ball-milled-H2SO4-chitin was used as substrate for enzymatic production of GlcNAc with 

Chitinase Chi1 and MthNAG. We previously reported that Chitinase Chi1 degrades 

polymeric chitin and chitin oligosaccharides with DP≥3 and releases predominantly 

(GlcNAc)2, with small amounts of (GlcNAc)3 and GlcNAc (Krolicka et al., 2018a). The second 

enzyme, MthNAG, was characterised as NAGase, that showed the highest hydrolytic 

efficiency for (GlcNAc)2 (Krolicka et al., 2018b). Hence, Chitinase Chi1 was expected to 

degrade chitin polymer and chitin oligosaccharides of ball-milled-H2SO4-chitin to (GlcNAc)2, 

which would be converted by MthNAG to GlcNAc. The reaction parameters (variables) that 

stimulate high conversion of ball-milled-H2SO4-chitin to GlcNAc with Chitinase Chi1 and 

MthNAG were investigated with RSM and experiments were designed with CCD. The CCD 

method was chosen since it is especially useful for determining the optimal level of 

significant variables and their potential interactions. In this study, values of the variables 

used and the values of the response variables obtained are summarized in Table 4.2. 
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Table 4.2. Central composite design (CCD) and experimental data for response surface analysis for GlcNAc 
production from ball-milled-H2SO4-chitin using Chitinase Chi1 and MthNAG from Myceliophthora thermophila 
C1. 

Sample 
number 

Substrate 
(%) 

Enzyme 1* 

(chitinase Chi1) 
Enzyme 2* 
(MthNAG) 

Observed 
product 

concentration 
(mM) 

Predicted product 
concentration (mM) 

1 1.5 2 5 20 21.7 

2 2 5 10 26.1 26.5 

3 2 5 10 25.7 26.5 

4 1.5 8 15 28.6 29.1 

5 2.5 8 15 22.2 23.5 

6 2.5 8 5 23.2 22.0 

7 2 5 10 26.9 26.5 

8 1.5 2 15 22.4 23.1 

9 1.5 8 5 27.1 27.6 

10 2.5 2 5 17.8 18.2 

11 2 5 10 25.6 26.5 

12 2.5 2 15 18.7 19.7 

13 2 0.8 10 24.8 23.1 

14 2 5 17.1 27 25.8 

15 2.7 5 10 19 18.4 

16 2 9.2 10 29.8 29.9 

17 2 5 2.9 25 23.8 

18 1.3 5 10 26.6 24.7 

* Enzyme amounts are presented in coded number (amounts in µg and are presented in Table 4.1.) 

Obtained p-values (p <0.05) indicated that all variables have significant effect on product 

formation (Table 4.3.). Estimated regression coefficients of variables were fitted in a model 

equation (2) as follows: 

𝑌 = −17.5 +  37.71 ∗ Substrate + 1.55 ∗ Enzyme 1 + 0.82 ∗ Enzyme 2 − 

−10.09 ∗ (Substrate)2 − 0.03 ∗ (Enzyme 2)2 − 0.37 ∗ Substrate ∗ Enzyme 1   (2)    

 

The adjusted R2 was equal to 0.8783 and the multiple R2 was equal to 0.9212 (Table 4.3.). 

This result suggests that there is a good agreement between the experimental and 

predicted values of product formation More in detail, 88% of the total variation in values 

of the ratio (Y) can be explained by 3 variables (substrate, Enzyme 1 and Enzyme 2) with 2 
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squares of these variables (substrate and Enzyme 2) and one interaction (substrate and 

Enzyme 1).  

Table 4.3. Estimated regression coefficients and adjusted R2 obtained for central composite design (CCD). 

 

Interactions between variables were visualised by constructing response contour plots, 

which explain the interaction between the response and the experimental data as function 

of the levels of two variables with the third variable at its central value (Figure  4.2.). The 

highest product concentration (30 mM) was reached when the highest amount of Enzyme 

1 (Chitinase Chi1) (5 µg) and moderate amount of Enzyme 2 (MthNAG) (2 µg) was used 

(Figure 4.2.A). Interaction between substrate concentration and amount of Enzyme 1 

(Chitinase Chi1) showed, that the amount of enzyme at its “star point” caused the highest 

yield of product (30 mM) when the substrate concentration was in the range of 1.5 % (w/v) 

to 2 % (w/v) (Figure 4.2.B). The yield of product formation was hardly influenced by 

increasing the amount of Enzyme 2 (MthNAG) even when the highest amount of Enzyme 2 

at its “star point” was used (Figure 4.2.C). It was concluded that the substrate concentration 

and Enzyme 1 (Chitinase Chi1) were the most important variables influencing the yield of 

GlcNAc. The predicted optimum conditions for maximum GlcNAc production are 1.6 % (w/v) 

ball-milled-H2SO4-chitin, 5 µg Chitinase Chi1 and 2 µg MthNAG. RSM is a well-known 

method for optimising production processes and is extensively used in the food industry 

(Yolmeh and Jafari, 2017). In chitinase research, RSM has been used for statistical 

optimization of medium components and conditions for improved chitinase production 

(Singh et al., 2009; Hao et al., 2012; Meriem and Mahmoud, 2017; Mishra et al., 2012). RSM 

was also used for biodegradation of chitin bio-waste and concomitant production of 

Parameter Estimated regression coefficients p-value 

b0: Intercept -17.46124 0.044839 

x1: Substrate 37.70669 0.000298 

x2: Enzyme 1 (Chi1) 1.54989 0.024322 

x3: Enzyme 2 (MthNAG) 0.82243 0.040612 

x1
2: (Substrate)2 -10.09418 0.000137 

x3
2 : (Enzyme 2)2 -0.03394 0.076555 

x1 x2: Substrate* Enzyme 1 -0.36667 0.233798 

Multiple  R2 0.9212  

Adjusted R2 0.8783  
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chitinase and GlcNAc by Vibrio sp. CFR173 (Suresh, 2012) and by chitinase from Penicillium 

monverticillium (Suresh et al., 2011) in solid state fermentation (SSF). However, the enzyme 

composition in SSF was not investigated. To the best of our knowledge the present study is 

the first reported process optimization with RSM for production of GlcNAc from ball-milled-

H2SO4-chitin with well characterised enzyme composition. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Contour plots from response surface modelling (RSM). (A) Enzyme 2 vs Enzyme 1 when substrate 
was 2.0 % (w/v), (B) Enzyme 1 vs Substrate when Enzyme 2 was 2 µg, (C) Enzyme 2 vs Substrate when Enzyme 
1 was 5 µg. Contours are depicted with colour scale. Enzyme 1 (Chitinase Chi1) and Enzyme 2 (MthNAG) were 
used for hydrolysis of the substrate (ball-milled-H2SO4-chitin). Response is defined in concentration of 
reducing sugars (mM) produced during enzymatic hydrolysis of ball-milled-H2SO4-chitin. 

 

4.3.3. Model validation and optimization 

Optimization of GlcNAc production with Chitinase Chi1 and MthNAG from M. thermophila 

C1 based on modelling with RSM and CCD revealed, that the concentration of ball-milled-

H2SO4-chitin and amount of Chitinase Chi1 are the main parameters influencing chitin 

conversion to GlcNAc. Therefore, the next step was to further optimise the process with 

increased amounts of enzymes. Three enzyme setups containing Chitinase Chi1 and 

MthNAG were prepared: Setup 1 (5 µg Chitinase Chi1 and 2 µg MthNAG, as modelled with 

RSM), Setup 2 (25 µg Chitinase Chi1 and 20 µg MthNAG), and Setup 3 (50 µg Chitinase Chi1 

and 40 µg MthNAG). The amount of MthNAG in Setup 2 and Setup 3 was increased in order 
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to ensure efficient release of GlcNAc. Hydrolysis of ball-milled-H2SO4-chitin (1.6 % (w/v)) 

with each setup was monitored for 24 hours (Table 4.4.). It was observed, that the setups 

differed significantly in productivity. The highest GlcNAc concentration obtained with Setup 

1 was 45.8 mM after 24 hours, while similar concentration of GlcNAc was obtained already 

after 2 hours with Setup 2. Setup 3 was most efficient, since it produced 50.8 mM of GlcNAc 

after 2 hours. The most noticeable difference between setups was observed after 6 hours 

incubation. The concentration of GlcNAc for Setup 2 and Setup 3 reached almost the 

maximum, while Setup 1 reached only approximately 70 % of the concentration obtained 

with other setups. The produced GlcNAc was of high purity at every time point of the 

incubation (Table 4.4.). After 6 hours, a GlcNAc purity of 96.4, 94.9 and 94.2 % was obtained 

for Setup 1, Setup 2 and Setup 3, respectively. Other products were traces of chitin 

oligosaccharides, particularly (GlcNAc)3, (GlcNAc)4 and (GlcNAc)5 as shown in Table 4.4. For 

further investigation, Setup 2 was chosen as an effective enzyme procedure for GlcNAc 

production at short time and with an optimised enzyme loading. 

Table 4.4. Products released from ball-milled-H2SO4-chitin incubated with Chitinase Chi1 and MthNAG from 
Myceliophthora thermophila C1 in three different setups: Setup 1 (5 µg Chitinase Chi1 and 2 µg MthNAG), 
Setup 2 (25 µg Chitinase Chi1 and 20 µg MthNAG), and Setup 3 (50 µg Chitinase Chi1 and 40 µg MthNAG). 
Amounts of GlcNAc and chitin oligosaccharides expressed in concentration (mM), the yield of GlcNAc in 
percent (%), the molar product composition in percent (%) and chitin conversion in percent (%). 

 

 

Setup/time 
GlcNAc  

concentration 
(mM) 

GlcNAc 
yield  
(%) 

Molar product composition (%) Chitin  
conversion 

(%) GlcNAc (GlcNAc)3 (GlcNAc)4 (GlcNAc)5 

Setup 1        
time (h)        

2 31.0±0.9 43.3 95.6 1.6 2.3 0.5 54.1 
6 35.6±1.3 49.7 96.4 1.5 1.9 0.2 60.5 
8 38.2±0.9 53.3 95.5 1.7 2.5 0.3 66.8 

24 45.8±0.5 63.9 94.7 2.1 3.0 0.2 82.1 
Setup 2        
time (h)        

2 44.3±0.3 61.9 95.3 1.9 2.7 0.2 78.1 
6 52.5±1.2 73.2 94.9 2.5 2.2 0.4 93.0 
8 52.9±0.6 73.9 93.9 2.9 2.9 0.3 97.1 

24 54.0±0.3 75.4 94.0 3.3 2.5 0.2 98.5 
Setup 3        
time (h)        

2 50.8±0.2 70.9 94.8 2.3 2.4 0.4 90.5 
6 56.0±1.3 78.1 94.2 3.2 2.2 0.4 100.0 
8 54.8±0.4 76.5 93.7 3.5 2.6 0.2 100.0 

24 55.5±0.2 77.4 93.5 3.7 2.6 0.2 100.0 
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4.3.4. Production of GlcNAc from ball-milled-H2SO4-chitin in 10 mL reaction  

Setup 2 with the optimised amount of Chitinase Chi1 and MthNAG showed high efficiency 

in the production of GlcNAc from ball-milled-H2SO4-chitin. This setup was used for 

production of GlcNAc in 10 mL reaction (Figure 4.1.S2.). After enzymatic reaction, all 

insoluble medium-high molecular weight chitin oligosaccharides were hydrolysed to water 

soluble oligosaccharides. The concentration and the yield of GlcNAc (50.8 mM, 69.7 %) 

obtained after 6 hours incubation (Table 4.5.) were comparable to that obtained in a 1 mL-

scale (52.5 mM, 73.2 %) (Table 4.4.).  

Table 4.5. Production of GlcNAc from ball-milled-H2SO4-chitin incubated with Chitinase Chi1 and MthNAG 
from Myceliophthora thermophila C1 in 10 mL reaction. The amounts of GlcNAc and chitin oligosaccharides 
are expressed as concentration (mM) and molar product composition (%). The yield of GlcNAc and chitin 
conversion are expressed in percent (%). 

 

Even though the conversion of chitin was not complete (85 %), the productivity obtained 

in this study is higher than the productivity reported for other enzymatic processes in 

relation to enzyme loading and incubation time (Table 4.6.).  

 

 

 

 

 

 

 

 

Time 
(h) 

GlcNAc 
concentration 

(mM) 

GlcNAc 
yield (%) 

Molar product composition (%) 
Chitin conversion (%) 

GlcNAc (GlcNAc)3 (GlcNAc)4 

4 48.1±0.6 65.9 95.2 2.4 2.4 82.5 

6 50.8±0.3 69.7 95.9 2.6 1.5 85.7 

8 51.2±0.8 70.2 93.9 2.6 3.5 87.9 

21 51.6±0.8 70.8 95.2 3.1 1.7 88.5 
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Table 4.6. Efficiency in enzymatic GlcNAc production with microbial chitinolytic enzymes. 

* Unit of enzymatic activity per mg substrate, **enzyme/substrate ratio, *** crude enzyme extracts were 10-fold concentrated 

and added to 10mg/mL chitin, ****expressed as conversion ratio, calculated as percentage of released GlcNAc weight (mg) 

to initial total colloidal chitin weight (mg). Chi1- Chitinase Chi1 

 

For example, almost 100 % of chitin conversion to GlcNAc from chitin powder was obtained 

with chitinase from Chitinolyticbacter meiyuanensis SYBC-H1, but the incubation lasted 4 

days (Zhang et al., 2016). A more efficient process was reported for  Streptomyces coelicolor 

A3(2) (Nguyen-Thi and Doucet, 2016). The authors obtained a GlcNAc yield of 95 % after 8 

hours incubation of chitin powder with 10 times concentrated crude enzyme preparation 

of chitinase ScChiC (10 g L-1) and NAGase ScHEX (7 g L-1). This enzyme loading was much 

higher than that used in our study (400 times higher for chitinase loading and 350 times 

higher for NAGase loading). Lately, after the discovery of LPMOs it appeared very attractive 

to convert crystalline chitin to GlcNAc using only an enzyme cocktail based on LPMOs and 

Organism 
 

Chitin 
 

Enzyme 
 

Enzyme load 
 

GlcNAc yield 
(%) 

Time 
 

Reference 
 

Aeromonas sp. 
PTCC1691 
 

colloidal 
 

crude 
enzymes 

2 U/1* 
 

79 % 
 

24 h 
 

Jamialahmadi et al., 
2011 

Aeromonas hydrophila 
H-2330 
 
 

1) flake 
2) powder 
 

crude 
enzymes 
 

36 %** 
 
 

1) 66-77 % 
2) 64-66 % 
 

10 days 
 
 

Sashiwa et al., 2002 
 
 

Aeromonas sp.  GJ-18 
 
 

Swollen 
 
 

crude 
enzymes 
 

10 U/100* 
 
 

1) 83 % 
2) 94.9 % 
 

1) 5 days 
2) 9 days 
 

Kuk et al., 2005 
 
 

Aspergillus sp. 
 
 

milled 
 
 

crude 
enzymes 
 

22 U/1000* 
 
 

65 % 
 
 

2 days 
 
 

Setthakaset, 2008 
 
 

Bacillus licheniformis 
SK-1 
 

powder 
 

crude 
enzymes 

1 U/10* 
 

41 % 
 

6 days 
 

Pichyangkura et al., 
2002 

Burkholderia cepacia 
TU09 
 

powder 
 

crude 
enzymes 

1 U/33* 
 

85 % 
 

7 days 
 

Pichyangkura et al., 
2002 

Chitinolyticbacter 
meiyuanensis SYBC-H1 
 

crude 
 
 

partial 
purified 
 

10.2 U/40* 
 
 

≈100 % 
 
 

4 days 
 
 

Zhang et al., 2016 
 
 

Paniebacillus 
illinoisensis  
KJA-424 

swollen 
 
 

crude 
enzymes 
 

0.66U/5* 
 
 

62.2 % 
 
 

24 h 
 
 

Jung et al., 2007 
 
 

Paniebacillus 
barengoltzii and 
Rhizomucor miehei 
 

colloidal 
 
 
 

purified 
enzymes 
 
 

5.U chitinase, 
1 U NAGase 
 
 

92.6 %**** 
 
 
 

24h 
 
 
 

Fu et al., 2014 
 
 
 

Streptomyces 
coelicolor A3 
 
 

powder 
 
 

crude 
enzymes 
 

concentrated 
enzyme 
extracts*** 

90 % 
 
 

8 h 
 
 

Nguyen-Thi and Doucet, 
2016 
 

Trichoderma sp. G and 
Bacillus sp. 

powder 
 

crude 
enzymes 

1 mU/mg* 
 

32 % 
 

8 days 
 

Kudan et al., 2010 
 

Myceliophthora 
thermophila C1 

ball-milled 
 

purified 
enzymes 

Chi1=0.2 %**, 
MthNAG=0.1%** 

73.2 % 
 

6 h 
 

This paper 
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hydrolytic chitinases and thus avoiding chitin pre-treatment. However, yields obtained 

from synergistically working LPMOs and chitinases are still very low. In the experiment with 

SgLPMO10F from Streptomyces griseus and chitinase ChiA from Serratia marcescens a total 

yield of 8 % (as a yield for both GlcNAc and (GlcNAc)2) was obtained from crystalline chitin 

after 24 h incubation (Nakagawa et al., 2013). To conclude, the process presented in this 

study is more efficient than many other enzymatic processes. It can be used for production 

of GlcNAc at increased scale and at short time (6 hours), which is advantageous for saving 

time and energy.  

4.3.5. Production of GlcNAc from 5 % (w/v) ball-milled-H2SO4-chitin with 

purified enzymes and with crude enzyme preparations 

Production of GlcNAc was further investigated at increased substrate concentration (5 % 

(w/v) ball-milled-H2SO4-chitin) with three enzyme mixtures: (1) purified Chitinase Chi1 and 

purified MthNAG according to Setup 2, (2) crude Chitinase Chi1 (CR Chi1) and purified 

MthNAG, (3) crude Chitinase Chi1 (CR Chi1) and crude MthNAG (CR MthNAG). For all 

enzyme mixtures, the concentrations of GlcNAc obtained with 5 % (w/v) substrate were 

almost three times higher as compared with concentrations of GlcNAc released from the 

1.7 % (w/v) substrate (Figure 4.3.). Furthermore, the mixture containing CR Chi1 and CR 

MthNAG performed as efficient as the incubations with purified enzymes, indicating that 

crude enzyme preparations of Chitinase Chi1 and MthNAG are appropriate for an efficient 

production of GlcNAc. The application of crude enzymes preparations can be beneficial at 

industrial scale especially for avoiding the laborious enzyme purification and thereby 

lowering the production costs. Additionally, the combination of crude enzyme preparations 

with more concentrated substrates can be advantageous for an effective usage of the 

production space. 

 

 

 

 

 

http://pubs.acs.org/author/Nakagawa%2C+Yuko+S
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Figure 4.3. GlcNAc production from ball-milled-H2SO4-chitin incubated with Chitinase Chi1 and MthNAG from 
Myceliophthora thermophila C1. GlcNAc concentration (A) and GlcNAc yield (B) obtained from 1.7 and 5.0 % 
(w/v) substrate incubated with three enzyme mixtures containing purified chitinase Chi1 (Chi1) and purified 
MthNAG (MthNAG), crude Chitinase Chi1 (CR Chi1) and purified MthNAG, and crude Chitinase Chi1 (CR Chi1) 
and crude MthNAG (CR MthNAG). Samples were incubated for 6 hours at 50 °C. 

 

4.4. Conclusions 

Experimental design (CCD) with RSM is an adequate approach for optimizing the enzymatic 

production of GlcNAc from ball-milled-H2SO4-chitin under mild conditions. CCD with RSM 

used for process modelling revealed that the substrate concentration and the amount of 

Chitinase Chi1 are the most important parameters determining the process efficiency. High 

GlcNAc yields and high chitin conversions have been obtained with purified Chitinase Chi1 

and MthNAG and with their crude preparations. Enzymatic reactions conducted at 

increased substrate concentration and increased volumes revealed the possibility of 

upscaling the production process of GlcNAc based on Chitinase Chi1 and MthNAG. 
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4.1. Supplementary Information 

 

Figure 4.1.S1. X-ray diffraction (XRD) diffractogram of untreated chitin (black) and ball-milled-H2SO4-chitin 
(blue). 

 

 

 

 

Figure 4.1.S2. Setup of a 10-mL scale for production of GlcNAc from ball-milled-H2SO4-chitin incubated with 
Chitinase Chi1 and MthNAG from Myceliophthora thermophila C1. Sample 1 contains hydrolytic products 
after 21 hours enzymatic incubation, and Sample 2 contains substrate before enzymatic incubation. 

 

 

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Chitin

Chitin 2 (H2SO4 and ball milled)

Degrees 2θ 

In
te

n
s
it
y
 (

c
o
u
n
ts

) 

1 
2 



104 
 

References 
 
Bak, Y.-K., Lampe, J.W., Sung, M.-K., 2014. Effects of dietary supplementation of glucosamine sulfate on 

intestinal inflammation in a mouse model of experimental colitis. J. Gastroenterol. Hepatol. 29, 957–
963 

Binod, P., Sandhya, C., Suma, P., Szakacs, G., Pandey, A., 2007. Fungal biosynthesis of endochitinase and 
chitobiase in solid state fermentation and their application for the production of N-acetyl-D-
glucosamine from colloidal chitin. Bioresour. Technol. 98, 2742–2748 

Bohlman, J.A., Schisler, D.O., Hwang, K.O., Henning J.P., Trinkle, J.R., Anderson, T.B., Steinke, J.D., Vanderfhoff, 
A., 2004. N-acetyl-D-glucosamine and process for producing N-acetyl-D-glucosamine. US Patent NO. 
6693188B2 

Chen, X., Gao, Y., Wang, L., Chen, H., Yan, N., 2015. Effect of treatment methods on chitin structure and its 
transformation into nitrogen-containing chemicals. Chempluschem 80, 1565–1572 

Chen, J.-K., Shen, C.-R., Liu, C.-L., 2010. N-Acetylglucosamine: production and applications. Mar. Drugs 8, 
2493–251 

Dziril, M., Grib, H., Laribi-Habchi, H., Drouiche, N., Abdi, N., Lounici, H., Pauss, A., Mameri N., 2015. Chitin 
oligomers and monomers production by coupling γ-radiation and enzymatic hydrolysis. Ind. Eng. Chem. 
Res. 26, 396–401 

Fu, X., Yan, Q., Yang, S., Yang, X., Guo, Y., Jiang, Z., 2014. An acidic, thermostable exochitinase with β-N-
acetylglucosaminidase activity from Paenibacillus barengoltzii converting chitin to N-
acetylglucosamine. Biotechnol. Biofuels 7, 174 

Hao, Z., Cai, Y., Liao X., Zhang, X., Fang, Z., Zhang, D., 2012. Optimization of nutrition factors on chitinase 
production from a newly isolated Chitiolyticbacter meiyuanensis SYBC-H1. Braz. J. Microbiol. 43, 177–
186 

Hartl, L., Zach, S., Seidl-Seiboth, V., 2012. Fungal chitinases: diversity, mechanistic properties and 
biotechnological potential. Appl. Microbiol. Biotechnol. 93, 533–543 

Inokuma, K., Hasunuma, T., Kondo, A., 2016. Ethanol production from N-acetyl-D-glucosamine by 
Scheffersomyces stipitis strains. AMB Express 6, 83 

Jamialahmadi, K., Behravan, J., Fathi Najafi, M., Tabatabaei Yazdi, M., Shaverdi, A.R., Faramarzi, M.A., 2011. 
Enzymatic production of N-acetyl-D-glucosamine from chitin using crude enzyme preparation of 
Aeromonas sp. PTCC1691. Biotechnology 10, 292–297 

Jung, W.-J., Souleimanov A., Park, R.-D., Smith, D.L., 2007. Enzymatic production of N-acetyl 
chitooligosaccharides by crude enzyme derived from Paenibacillus illioisensis KJA-424. Carbohydr. 
Polym. 67, 256–259 

Kim, S.-K., Ravichandran, Y.D., Khan, S.B., Kim, Y.T., 2008. Prospective of the cosmeceuticals derived from 
marine organisms. Biotechnol. Bioprocess Eng. 13, 511–523 

Krolicka, M., Hinz, S.W.A., Koetsier, M.J., Joosten, R., Eggink, G., van den Broek, L.A.M., Boeriu C.G., 2018a. 
Chitinase Chi1 from Myceliophthora thermophila C1, a thermostable enzyme for chitin and chitosan 
depolymerization. J. Agric. Food. Chem. 66, 1658–1669  

Krolicka, M., Hinz, S.W.A., Koetsier, M.J., Eggink, G., van den Broek, L.A.M., Boeriu C.G., 2018b. β-N-
Acetylglucosaminidase MthNAG from Myceliophthora thermophila C1, a thermostable enzyme for 
production of N-acetylglucosamine from chitin. Appl. Microbiol. Biotechnol., 7441–7454 

Kubomura, D., Ueno, T., Yamada, M., Tomonaga, A., Nagaoka, I., 2017. Effect of N-acetylglucosamine 
administration on cartilage metabolism and safety in healthy subjects without symptoms of arthritis: 
A case report. Exp. Ther. Med. 13, 1614–1621 

Kudan, S., Eksittikul, T., Pichyangkura, R., Park, R.D., 2010. Preparation of N-acetyl-D-glucosamine and N,N- 
diacetylchitobiose by enzymatic hydrolysis of chitin with crude chitinases. J. Biotechnol. 150S, S1–S576 

Kuk, J.H., Jung, W.J., Jo, G.H., Kim, Y.C., Kim, K.Y., Park, R.D., 2005, Production of N-acetyl-β-D-glucosamine 
from chitin by Aeromonas sp. GJ-18 crude enzyme. Appl. Microbiol. Biotechnol. 68, 384–389 

Kumirska, J., Czerwicka, M., Kaczyński, Z., Bychowska, A., Brzozowski, K., Thöming, J., Stepnowski, P., 2010. 
Application of spectroscopic methods for structural analysis of chitin and chitosan. Mar. Drugs 8, 
1567–1636 

Lever, M., 1973. Colorimetric and fluorometric carbohydrate determination with p-hydroxybenzoic acid 
hydrazide. Biochem. Med. 7, 274–281 

Liu, L., Liu, Y., Shin, H., Chen, R., Li, J., Du, G., Chen, J., 2013. Microbial production of glucosamine and N-
acetylglucosamine: advances and perspectives. Appl. Microbiol. Biotechnol. 97, 6149–6158 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Binod%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17092709
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sandhya%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17092709
https://www.ncbi.nlm.nih.gov/pubmed/?term=Suma%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17092709
https://www.ncbi.nlm.nih.gov/pubmed/?term=Szakacs%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17092709
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pandey%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17092709
https://www.ncbi.nlm.nih.gov/pubmed/17092709
http://ascidatabase.com/author.php?author=K.&last=Jamialahmadi
http://ascidatabase.com/author.php?author=J.&last=Behravan
http://ascidatabase.com/author.php?author=M.%20Fathi&last=Najafi
http://ascidatabase.com/author.php?author=M.%20Tabatabaei&last=Yazdi
http://ascidatabase.com/author.php?author=M.A.&last=Faramarzi


105 
 

Meriem, G., Mahmoud, K., 2017. Optimization of chitinase production by a new Streptomyces griseorubens 
C9 isolate using response surface methodology. Ann. Microbiol. 67, 175–183 

Mishra, P., Kshirsagar, P.R., Nilegaonkar, S.S., Singh S.K., 2012. Statistical optimization of medium components 
for production of extracellular chitinase by Basidiobolus ranarum: a novel biocontrol agent against 
plant pathogenic fungi J. Basic Microbiol. 52, 539–548 

Nakagawa, Y.S., Oyama, Y., Kon, N., Nikaido, M., Tanno, K., Kogawa, J., Inomata, S., Masui, A., Yamamura, A., 
Kawaguchi, M., Matahra, Y., Totani, K., 2011. Development of innovative technologies to decrease the 
environmental burdens associated with using chitin as a biomass resource: Mechanochemical grinding 
and enzymatic degradation. Carbohydr. Polym. 83, 1843–1849 

Nakagawa, Y.S., Eijsink, V.G.H.,  Totani, K., Vaaje-Kolstad, G., 2013. Conversion of α-chitin substrates with 
varying particle size and crystallinity reveals substrate preferences of the chitinases and Lytic 
Polysaccharide Monooxygenase of Serratia marcescens. J. Agric. Food Chem. 61, 11061–11066 

Nguyen-Thi, N., Doucet, N., 2016. Combining chitinase C and N-acetylhexosaminidase from Streptomyces 
coelicolor A3(2) provides an efficient way to synthesize N-acetylglucosamine from crystalline chitin. J. 
Biotechnol. 220, 25–32 

Pichyangkura, R., Kudan, S., Kuttiyawong, K., Sukwattanasinitt, M., Aiba, S., 2002. Quantitative production of 
2-acetamido-2-deoxy-D-glucose from crystalline chitin by bacterial chitinase. Carbohydr. Res. 337, 
557–559 

Rinaudo, M., 2006. Chitin and chitosan: properties and applications. Prog. Polym. Sci. 31, 603–632 
Roy, I., Mondal, K., Gupta, M.N., 2003. Accelerating enzymatic hydrolysis of chitin by microwave 

pretreatment. Biotechnol. Prog. 9, 1648–1653 
Sashiwa, H., Fujishima, S., Yamano, N., Kawasaki, N., Nakayama, A., Muraki, E., Hiraga, K., Oda, K., Aiba, S., 

2002. Production of N-acetyl-D-glucosamine from alpha-chitin by crude enzymes from Aeromonas 
hydrophila H-2330. Carbohydr. Res. 337, 761–763 

Sashiwa, H., Fujishima, S., Yamano, N., Kawasaki, N., Nakayama, A., Muraki, E., Sukwattanasinitt, M., 
Pichyangkura, R., Aiba, S., 2003. Enzymatic production of N-acetyl-D-glucosamine from chitin. 
Degradation study of N-acetylchitooligosaccharide and the effect of mixing of crude enzymes. 
Carbohydr. Polym. 51, 391–395 

Setthakaset, P., Pichyangkura, R., Ajavakom, A., Sukwattanasinitt, M., 2008. Preparation of N-acetyl-D-
glucosamine using enzyme from Aspergillus sp. JMMM 18, 53–57 

Singh, A.K., Mehta, G., Chhatpar, H.S., 2009. Optimization of medium constituents for improved chitinase 
production by Paenibacillus sp. D1 using statistical approach. Lett. Appl. Microbiol. 49, 708–714 

Suresh, P.V., Anil Kumar, P.K., Sachindra, N.M., 2011. Thermoactive β-N-acetylhexosaminidase production by 
a soil isolate of Penicillium monoverticillium CFR 2 under solid state fermentation: parameter 
optimization and application for N-acetyl chitooligosaccharides preparation from chitin. World J. 
Microbiol. Biotechnol. 27, 1435–1447 

Suresh, P.V., 2012. Biodegradation of shrimp processing bio-waste and concomitantproduction of chitinase 
enzyme and N-acetyl-D-glucosamine by marine bacteria: production and process optimization. World 
J. Microbiol. Biotechnol. 28, 2945–2962 

Tamai, Y., Miyatake, K., Okamoto, Y., Takamori, Y., Sakamoto, K., Minami, S., 2003. Enhanced healing of 
cartilaginous injuries by N-acetyl-D-glucosamine and glucuronic acid. Carbohydr. Polym. 54, 251–262 

Vaaje-Kolstad, G., Westereng, B., Horn, S.J., Liu, Z.L, Zhai, H., Sørlie, M., Eijsink, V.G.H., 2010. An oxidative 
enzyme boosting the enzymatic conversion of recalcitrant polysaccharides. Science 330, 219–222 

Villa-Lerma, G., González-Márquez, H., Gimeno, M., Trombotto, S., David, L., Ifuku, S., Shirai, K., 2016. 
Enzymatic hydrolysis of chitin pretreated by rapid depressurization from supercritical 1,1,1,2-
tetrafluoroethane toward highly acetylated oligosaccharides. Bioresour. Technol. 209,180–186 

Villa-Lerma, G., González-Márquez, H., Gimeno, M., López-Luna, A., Bárzana, E., Shirai, K., 2013. 
Ultrasonication and steam-explosion as chitin pretreatments for chitin oligosaccharide production by 
chitinases of Lecanicillium lecanii. Bioresour. Technol. 146, 794–798 

Wei, G., Zhang, A., Chen, K., Ouyang P., 2017.Enzymatic production of N-acetyl-D-glucosamine from crayfish 
shellwastes pretreated via high pressure homogenization. Carbohydr. Polym. 171, 236–241 

Yabushita, M., Kobayashi, H., Kuroki, K., Ito, S., Fukuoka, A., 2015. Catalytic depolymerization of chitin with 
retention of N-acetyl group. Chemsuschem 8, 3760–3763 

Yolmeh, M., Jafari, S.M., 2017. Applications of response surface methodology in the food industry processes. 
Food Bioprocess. Technol. 10, 413–433 

Zhang, A., Gao, C., Wang, J., Chen, K., Ouyang, P., 2016. An efficient enzymatic production of N-acetyl-D-
glucosamine from crude chitin powders. Green Chem. 18, 2147–2154 

http://pubs.acs.org/author/Nakagawa%2C+Yuko+S
http://pubs.acs.org/author/Eijsink%2C+Vincent+G+H
http://pubs.acs.org/author/Totani%2C+Kazuhide
http://pubs.acs.org/author/Vaaje-Kolstad%2C+Gustav
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nguyen-Thi%20N%5BAuthor%5D&cauthor=true&cauthor_uid=26767320
https://www.ncbi.nlm.nih.gov/pubmed/26767320
https://www.ncbi.nlm.nih.gov/pubmed/26767320
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pichyangkura%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11890893
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kudan%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11890893
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kuttiyawong%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11890893
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sukwattanasinitt%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11890893
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aiba%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11890893
https://www.ncbi.nlm.nih.gov/pubmed/11890893
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roy%20I%5BAuthor%5D&cauthor=true&cauthor_uid=14656136
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mondal%20K%5BAuthor%5D&cauthor=true&cauthor_uid=14656136
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gupta%20MN%5BAuthor%5D&cauthor=true&cauthor_uid=14656136
https://www.ncbi.nlm.nih.gov/pubmed/14656136
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sashiwa%20H%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fujishima%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamano%20N%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kawasaki%20N%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakayama%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Muraki%20E%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hiraga%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oda%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aiba%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sashiwa%20H%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fujishima%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamano%20N%5BAuthor%5D&cauthor=true&cauthor_uid=11950472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Suresh%20PV%5BAuthor%5D&cauthor=true&cauthor_uid=25187143
https://www.ncbi.nlm.nih.gov/pubmed/?term=Anil%20Kumar%20PK%5BAuthor%5D&cauthor=true&cauthor_uid=25187143
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sachindra%20NM%5BAuthor%5D&cauthor=true&cauthor_uid=25187143
https://www.ncbi.nlm.nih.gov/pubmed/25187143
https://www.ncbi.nlm.nih.gov/pubmed/25187143
https://www.ncbi.nlm.nih.gov/pubmed/?term=Villa-Lerma%20G%5BAuthor%5D&cauthor=true&cauthor_uid=26970920
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gimeno%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26970920
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trombotto%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26970920
https://www.ncbi.nlm.nih.gov/pubmed/?term=David%20L%5BAuthor%5D&cauthor=true&cauthor_uid=26970920
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ifuku%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26970920
https://www.ncbi.nlm.nih.gov/pubmed/26970920
https://www.ncbi.nlm.nih.gov/pubmed/26970920


106 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 
 

Chapter 5  

Chitinase Chi1 – a tool for fingerprint analysis of (modified)chitosan 
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ABSTRACT 

Nowadays, the production of tailored chitosan derivatives is gaining much attention. 

Chitosans can be modified with different methods like oxidation to acquire new properties in 

comparison to their native form resulting in new applications. The elucidation of the structure 

of these chitosan derivatives is important to understand the behaviour (structure-function 

relation) of the polymer. Therefore, the analysis of the structure at molecular scale 

(fingerprinting) can bring insights in this understanding. Here, we present a method based on 

the application of the fungal thermostable Chitinase Chi1 from Myceliophthora thermophila 

C1 and matrix assisted laser-desorption time-of-flight mass spectrometry (MALDI-TOF-MS). 

Chitinase Chi1 hydrolysed oxidised chitosan derivatives and the low molecular enzyme-

resistant oligosaccharides were identified with MALDI-TOF-MS. Depending on the degree of 

oxidation (OD), different oligosaccharides were identified. For the chitosan with the lowest 

OD only short oligosaccharides (degree of polymerization of DP2 and DP3) with low 

carbonyl/carboxyl ratio were detected. For chitosans with higher OD larger oligosaccharides 

(DP2–DP5) with different carbonyl/carboxyl ratio were identified.  
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5.1. Introduction 

Chitin and chitosan are polysaccharides abundantly present in nature. They are copolymers of 

N-acetylglucosamine (GlcNAc) and glucosamine (GlcN), and in chitin the number of N-

acetylated units is higher than in chitosan. Commonly, the polysaccharide with a degree of 

deacetylation (DDA) lower than 50 % is entitled chitin, while the DDA above 50 % is entitled 

chitosan. Chitin and chitosan are also distinguished by solubility in 0.1 M acetic acid. Chitin is 

not-soluble, while chitosan is soluble in this solution (Weinhold et al., 2009). 

Chitin is found mainly in the exoskeleton of crustaceans, insects, fungi and algae (Kardas et 

al., 2012) and chitosan is found in some fungi e.g. belonging to Mucorales (Bartnicki-Garcia 

and Nickerson, 1962). Industrially, chitosan is produced by partial or fully deacetylation of 

chitin by base treatment and it is considered as natural biopolymer (Rinaudo, 2006). Chitosan 

is a positively charged polymer at neutral pH and there are immense possibilities for chemical 

and mechanical modifications to generate materials with novel properties, functions and 

applications in many fields such as biomedicine, pharmaceuticals, metal chelation, and food 

additives (Kardas et al., 2012). As a consequence, numerous controlled chemical modification 

reactions are being explored (Mourya and Inamdar, 2008). The application of chitosan 

derivatives relies on their structure thus special emphasis has been payed to perform detailed 

structural analysis of chitosan and get insights into the structure-function relationships of 

chitosans and its derivatives. The understanding of the structure-function relationship can also 

help to predict its effect on the natural environment and/or synthetic products (Kumirska et 

al., 2009a, 2009b). Important parameters, which were found to influence the physicochemical 

properties of chitosan are the molecular weight (Mw), degree of polymerisation (DP), DDA, 

and pattern of acetylation (PA) (Weinhold et al., 2009; Cord-Landwehr et al., 2016). The 

characterisation can be performed with numerous analytical methods, such as Fourier 

transform infrared (FT-IR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, 

and X-ray spectroscopy (Rinaudo, 2006). Another option is an enzymatic fingerprinting, which 

is based on partial depolymerisation of chitosan with an specific enzyme followed by detection 

of hydrolysis products with mass spectrometry (MS) (Niehues et al., 2017). Such a method has 

been widely applied for analysis of other polymers like pectin with endopolgalacturonase from 

Kluyveromyces fragilis (Daas et al., 1999). The advantage of applying enzymes is their high 
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cleavage specificity compared to chemical or physical methods. For example, chemical 

depolymerisation of chitosan with strong acids can lead to the complete depolymerisation of 

chitosan to its monomers. 

In this paper we describe an analytic fingerprint method for analysis of modified chitosans. 

The method is based on the hydrolysis of chitosans with the thermostable fungal Chitinase 

Chi1 from Myceliophthora thermophila C1 (Krolicka et al., 2018) and the detection of released 

products by MALDI-TOF-MS. Chitinase Chi1 has been shown to hydrolyse a wide range of 

chitosans with different Mw, DDA and chain modification (Krolicka et al., 2018). Here we use 

Chitinase Chi1 to hydrolyse chitosans modified by oxidation of C6 in their GlcNAc and GlcN 

units. The method for chitosan oxidation was developed in our lab and was based on a 2,2,6,6-

tetramethylpiperidinoxyl radical (TEMPO)-laccase catalytic redox system, in which TEMPO was 

regenerated with laccase from Trametes versicolor (da Silva et al., 2018). In total, four new 

oxidized chitosan derivatives were obtained (Product 1, 2, 3, 4). The main aim of the 

fingerprint analysis was to elucidate the PA and get insights into the structure-function 

relationship of oxidized chitosans. 

5.2. Materials and methods 

5.2.1. Native and modified chitosans 

Native chitosan (Flonac C) with a Mw of 100 kDa and DDA of 82.8 % was obtained from Nippon 

Suisan Kaisha, Ltd. (Japan). This chitosan was used for production of modified chitosans as 

described by da Silva et al. (2018). Shortly, native chitosan was dissolved overnight in 0.1 M 

hydrochloric acid or acetic acid. Dissolved chitosans were oxidised using a TEMPO-laccase 

catalytic redox system. The TEMPO was regenerated with laccase from Trametes versicolor. In 

total, four new types of chitosan derivatives (products) with different OD were obtained and 

are shown in Table 5.1. 
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Table 5.1. Characteristics of modified chitosans. 

a0.1 M acid diluted solution used to dissolve chitosan prior to TEMPO-laccase oxidation, b HAc is acetic acid 

 

5.2.2. Enzyme  

Chitinase Chi1 from Myceliophthora thermophila C1 was purified and characterized as 

described by Krolicka et al. (2018).  

5.2.3. Enzymatic hydrolysis of native and modified chitosans 

Enzymatic hydrolysis of native and modified chitosans was performed with Chitinase Chi1 

from M. thermophila C1 (Krolicka et al., 2018). Samples containing chitosans and enzyme were 

incubated at 50 °C for 24 h under gentle stirring. The reaction was terminated by heating at 

96 °C for 10 minutes. The soluble low molecular mass fragments (oligosaccharides) obtained 

after the hydrolysis of native and modified chitosans were identified using MALDI-TOF-MS.  

5.2.4. Mass spectrometry  

MALDI-TOF-MS mass spectra of (oxidized) chito-oligosaccharides were recorded on a Bruker 

UltraFlextreme (Bruker Daltonics, Germany) in the reflective mode and positive ions were 

examined. The instrument was calibrated using maltodextrins with known molecular masses 

and the matrix solution consisted of 10 mg mL-1 dihydroxy benzoic acid (DHB) in 50 % (v/v) 

acetonitrile in milliQ water. Prior to analysis, samples were desalted by adding a small amount 

of Dowex AG50W-X8 resin in the hydrogen form (Bio-Rad, Hercules, CA, USA) to 50 μL sample 

solution. Hereafter, the suspension was briefly centrifuged and 1 μL of the supernatant was 

transferred to 9 μL DHB matrix solution. Finally, 0.5 μL of the mixture was added to the matrix 

plate and dried under a stream of dry air. The lowest laser intensity required to obtain a good 

quality spectrum was used and 10 times 50 laser shots randomly obtained from the sample 

were accumulated. Measurements were performed in the m/z 300–3,000 range. 

Product Acida Degree of 
deacetylation 

(% DDA) 

Degree of 
oxidation  

(% OD) 

Aldehyde content 
(mmol kg-1 chitosan) 

Carboxylate content 
(mmol kg-1 chitosan) 

Product 1 HAcb 83.6 1.1 50.9 13.5 

Product 2 HAcb 79.8 7.0 385 28.0 

Product 3 HAcb 83.4 4.6 264 10.4 

Product 4 HCl 82.7 4.0 227 10.8 
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5.3. Results and discussion 

Fingerprinting methods have been developed as specialized analytic methods delivering 

information about a unique pattern and indicating the presence of particular molecules in 

bipolymers. For example, this technique was used to determine the non-esterifed distribution 

in pectin with endopolygalacturonase (Daas et al., 1999). For chitosan, it was reported that 

fingerprinting based on the application of a specific chitosanase can be used for structural 

analysis of chitosans with similar DP and different PA (Niehues et al., 2017). It was assumed, 

that the PA should have significant impact on biological activity (enzyme recognition) and on 

physiochemical activity (charge density) for the chitosans with exactly the same Mw and DDA 

but different PA (Weinhold et al., 2009). This assumption can be also valid for modified 

chitosans, e.g. modified by oxidation. Introduction of additional CHO and COOH groups in the 

chitosan chains in a certain pattern of substitution (PS) could influence the characteristics of 

the chitosan polymer and the activity of the enzymes degrading chitosan (decrease or even 

diminish enzyme activity).  

As we showed before, a thermostable Chitinase Chi1 from M. thermophila C1 was able to 

hydrolyse an oxidized chitosan with 5 % OD (DDA of 84 %, Mw of 100 kDa) (Krolicka et al., 

2018). Moreover, the enzyme showed broad activity flexibility in degrading a wide range of 

different chitosans with DDA up to 94 % and Mw up to 3,000 kDa. Chitinase Chi1 was able to 

cleave the glycosidic linkages between GlcNAc-GlcNAc and GlcNAc-GlcN in chitin and chitosan. 

The activity on oxidised chitosan was measured with reducing sugars assay (Krolicka et al., 

2018). However, the detailed analysis of the composition and the type of the hydrolysis 

products was not performed. Here we show the detailed analysis of the soluble degradation 

products of four different types of oxidized chitosan (Product 1, 2, 3, 4). The oxidation of the 

native chitosan was performed for improvement of its solubility. In general, Product 1 was 

produced at low TEMPO concentration while Product 2, 3, 4 were produced in the reaction 

with high TEMPO concentration (10 % wt. vs chitosan). Product 1, 2 and 3 showed improved 

solubility, while Product 4 became a gel as a result of its dissolution in HCl before performing 

oxidation. The amount of TEMPO used in oxidation directly influenced the OD of produced 

chitosans. The analysis of the OD and DDA after oxidation process was performed as described 

by da Silva et al. (2018) and the results are presented in Table 5.1. In general, Product 1 was 
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characterised by a low OD, while Product 2,3 and 4 were characterised by a high OD. All the 

products were separately incubated with Chitinase Chi1 at the optimum temperature (50 °C) 

of the enzyme to ensure the optimum conditions for the enzymatic reaction. However, 

chitosan was not fully degraded to soluble oligosaccharides and part of each chitosan Product 

stayed in a polymeric form. Therefore after the enzymatic reaction, the polymers remaining 

in the samples were precipitated with acid and the water soluble chitosan oligosaccharides 

were separated. The water soluble chitosan oligosaccharides released by Chitinase Chi1 were 

analysed by MALDI-TOF-MS and their composition is summarised in Table 5.2. 

Table 5.2. Fragments obtained after enzymatic hydrolysis of native and modified chitosans with Chitinase Chi1 
from Myceliophthora thermophila C1. Fragments were identified with MALDI-TOF-MS. 

M(COOH), oxidised fragment: + 14 DA mass shift, indicating a carboxyl group 
M(CHO), oxidised fragment: - 2 Da mass shift, indicating an aldehyde group 

 

Due to its broad specificity, Chitinase Chi1 was able to hydrolyse all oxidized chitosan products, 

but the composition of the released oligosaccharides differed significantly depending on the 

chitosan product. For native chitosan, homo- and hetero-oligosaccharides consisting of 

GlcNAc and GlcN units with low DP, namely dimers (DP2) and trimers (DP3) were identified. 

Ion composition Type of adducts Native 
chitosan 

Product 1 Product 2 Product 3 Product 
4 

(GlcN)2  [M+H]+ x x  x  

GlcNAc,GlcN  [M+Na]+ x x x  x 

(GlcNAc)2  [M+H]+    x  

(GlcNAc)2 [M+Na]+ x     

(GlcNAc)2,GlcN [M+Na]+  x x x  x 

(GlcNAc)3 [M+K]+ x x x   

GlcNAc,GlcN [M(COOH)+H]+   x    

GlcNAc,GlcN [M(COOH)2+K]+   x x x x 

(GlcNAc)2 [M(CHO)2+H]+   x    

(GlcNAc)2,GlcN [M(COOH)+K]+   x    

GlcNAc,(GlcN)3 [M(CHO)4+H]+  x    

(GlcN)2 [M(CHO)+H]+      x 

(GlcN)2 [M(CHO)+ Na]+    x   

(GlcN)2 [M(CHO)2+ K]+    x x  

(GlcN)2 [M(COOH)+K]+   x   

(GlcN)2 [M(COOH)2+Na]+     x  

(GlcN)2 [M(COOH)2+K]+     x  

(GlcNAc)2,GlcN [M(CHO)+H]+     x  

(GlcNAc)2,GlcN [M(CHO)+ K]+    x   

(GlcNAc)2,GlcN [M(COOH)+Na]+    x   

(GlcNAc)2,GlcN [M(COOH)+K]+   x   

GlcNAc,(GlcN)2 [M(COOH)+Na]+    x  

(GlcNAc)3 [M(CHO)3+Na]+    x   

(GlcNAc)3 [M(COOH)3+Na]+     x  

(GlcN)4 [M(CHO)4+K]+      x 

GlcNAc,(GlcN)4 [M(COOH)+Na]+     x  

GlcNAc,(GlcN)4 [M(CHO)4+Na]+     x  
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The main unsubstituted chitosan oligosaccharides identified are (GlcN)2, (GlcNAc)2, 

(GlcNAc,GlcN), (GlcNAc)3 and ((GlcNAc)2,GlcN). For oxidised chitosans (Product 1, 2, 3, 4) a 

variety of additional oxidized and not-oxidized oligosaccharides  with DP2–DP5 consisting of 

GlcNAc and GlcN units, with aldehyde and carboxyl substitution ranging from one to four were 

detected. Interestingly, all oxidized oligosaccharides contained either carbonyl or carboxyl 

groups and never both groups were present in the released oligosaccharides.  

From Product 1, Chitinase Chi1 released oligosaccharides with DP2–DP4 and low 

carbonyl/carboxyl ratio, which is due to the low OD of this chitosan. The low OD is a result of 

the lesser amount of TEMPO and laccase used in the oxidation process than in case of the 

other products. Product 1 contains less GlcNAc/GlcN units substituted with carbonyl/carboxyl 

groups than other Products and can be easier degraded by Chitinase Chi1 to shorter 

oligosaccharides. In case of Product 2 and Product 3, Chitinase Chi1 released larger 

oligosaccharides with high carbonyl/carboxyl ratio. These Products have higher OD and thus 

their hydrolysis is more difficult for the enzyme. Chitinase Chi1 has to “search” for a not-

substituted GlcNAc unit, which is needed for catalytic activity of the enzyme. Chitinases are 

dependent on the acetyl groups in the GlcNAc unit in their substrate, since they use the acetyl 

group in the substrate assisted catalysis. From Product 4, with high OD, the enzyme released 

only two types of not-oxidised oligosaccharides (DP1 and DP2), three types of oxidized 

oligosaccharides with DP2 (GlcNAc, GlcN), (GlcNAc)2 and (GlcN)2, and an oligosaccharide 

composed of fully oxidized (GlcN)4 bearing CHO group.  

The release of specific oligosaccharides by hydrolytic action of Chitinase Chi1 gives 

information about the pattern of substitution, which can also be regarded to PS. For Product 

2 and Product 3, formation of larger oligosaccharides with one or multiple substitutions 

suggest a heterogeneous distribution of C6-carbonyl and C6-carboxyl groups along the 

polymer chain, and the random formation of aldehyde (CHO) and carboxyl (COOH) clusters, 

respectively. For Product 4 low molecular COO-, CHO clusters and only one short COO- 

oxidized oligomer (GlcNAc,GlcN) were identified, indicating a homogeneous distribution of 

COOH along the chain.  

Product 3 and Product 4 are chemically similar (DDA and OD, Table 5.1.), but they significantly 

differ in their macroscopic properties and behaviour. Product 3 showed an increased solubility 
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in sodium phosphate buffer at pH 7.4 due to the increased carboxylate content. For Product 

4, the oxidation process did not increase the solubility, in contrast, it produced a cross-linked 

structure capable of forming a hydrogel at pH 7.4. The difference between the Product 3 and 

Product 4 may be related to the dissolution of these Products in different acids before the 

oxidation reaction was performed. Acetic acid used for Product 3 and HCl used for product 4 

(Table 5.1.). According to Thevarajah et al. (2016), the extent of chitosan dissolution in HCl 

solution is higher than in acetic acid solution. Moreover, HCl can induce additional 

deacetylation and a higher degree of hydrolysis than acetic acid. The protonation of NH2 is 

also higher with HCl than with acetic acid (Rinaudo et al., 1999). These effects added to the 

formation of chitosan acetate by dissolution in acetic acid are sufficient to induce different 

changes in the chain conformation depending on the used solvent. Differences in the chain 

conformation could directly influence the accessibility of TEMPO and thus pattern of oxidation 

and distribution of CHO and COOH groups. Based on Table 5.2., showing the released 

oligosaccharide structures, and the cleavage preference of the enzyme a schematic overview 

of oligosaccharide released from Product 3 and 4 was made. As previously mentioned, 

Chitinase Chi1 require for its reaction an unsubstituted GlcNAc unit positioned in (-1) subsite 

of its active site. Up to date, it was known that at subsite (+1) either a GlcNAc or GlcN unit can 

be positioned. However, regarding to the released products with substitution on both 

reducing and non-reducing end, it can be concluded that Chitinase Chi1 accepts also an 

oxidized GlcNAc/GlcN unit with either carbonyl or carboxyl group at its (+1) subsite of the 

active site. Furthermore, these currently discovered broad specificity of Chitinase Chi1 

influences the release of specific oligosaccharides and gives information about the distribution 

of oxidation in chitosan. As shown  in Table 5.1. and Figure 5.1., Chitinase Chi1 released a 

series of shorter oxidized and not-oxidized oligosaccharides (minimum ten possible 

oligosaccharides), indicating that the distribution of oxidation was more random. However, 

from Product 4, only six types of products were released with one characteristic chito-

oligosaccharide composed of four fully oxidized GlcN units. Presence of this fully oxidised GlcN 

oligomers may indicate in a more block-wise distribution of CHO and COOH groups in the 

chitosan chains. These difference in Product 3 and Product 4 indicates, that indeed the PS 

influences the characteristics of the chitosan and for understanding the structure-properties 

relationship of chitosans. This is of importance in characterisation of unknown chitosans and 

chitosans with similar chemical composition but different behaviour. However, this method 
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can only be used for chitosans, which contain sufficient number of non-oxidized GlcNAc units 

for maintaining the activity of the enzyme. 

 

 

 

 

 

 

Figure 5.1. Schematic representation of the oligosaccharides released from two chitosan products: (A) Product 
3 and (B) Product 4 by the action of Chitinase Chi1 from Myceliphthora thermophila C1. Products 3 and Product 
4  were characterised with similar DDA and OD. The hydrolysis products were detected by MALDI-TOF-MS. A blue 
star indicates, that there are multiple products possible regarding sequence of the GlcNAc/GlcN units or the 
position of the CHO/COOH group in the oligosaccharide. 

 

5.4. Conclusions 

Here we show, that hydrolysis of oxidised chitosans can be used for elucidation of substrate 

specificity of chitinolytic enzymes and for analysis of the structure of modified chitosans 

(fingerprint analysis). Both approaches are based on hydrolysis of oxidized chitosans with an 

enzyme and subsequently detection of released products with MALDI-TOF-MS. In our 

experiments, we used thermostable Chitinase Chi1 and we demonstrated, that Chitinase Chi1 

accepts oxidized GlcNAc/GlcN units at its (+1) subsite of its active site, while GlcNAc has to be 

positioned at (-1) subsite. Chitinase Chi1 was also used in the fingerprint analysis of oxidized 

chitosans. The composition of released oligosaccharides revealed that there is an important 

relationship between structure and properties of chitosan. Chitosans with higher OD were 

characterised with improved solubility than chitosans with lower OD. However, two chitosans 

with similar DDA and OD were found to differ in the solubility, and only with the fingerprint 

method described in this paper it was possible to explain the difference. The analysis of the 

oligosaccharides released by Chitinase Chi1, showed that these chitosans differed significantly 

in the distribution pattern of CHO and COOH groups. Therefore, the fingerprint analysis is of 

a great importance for chitosan characterisation and for better understanding of the 

GlcN 

GlcNAc 

CHO group 

COOH group 

A B 
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structure-properties relationship of chitosans. This method is especially useful for the 

determination of the pattern of the substitution (PS) in oxidized chitosans. 
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Chapter 6  

General Discussion 
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6.1. Chitin/chitosan as biomass for monomers in the biobased economy  
 
The bioeconomy is an economy founded on biomass instead of fossil fuels. In the bioeconomy, 

renewable biological resources are used to replace fossil fuels as well as for production of 

food, feed and biobased products. Biobased products are the focus of the biobased economy 

(Mills, 2015). The vision of the bio-based economy is to obtain for example building blocks for 

materials and chemicals from renewable biological resources, such as plants, microorganisms 

and animals and to create the opportunity to reduce the emission of greenhouse gas and to 

reduce our dependence on coal, oil and gas (European Association for Bioindustries, 2011; 

McCormick and Kautto, 2013). 

A biomass side stream (biowastes) generated by different industries is considered as an 

interesting renewable biological resource for building blocks. The recovery of valuable 

components as biopolymers, fats and fine chemicals, pigments and pharmaceuticals from 

biowastes decreases landfilling of wastes and protects the environment. Moreover, 

conversion of cheap biowastes to added-value products can bring additional economic benefit 

(Jardine and Sayed, 2016). Recovered biopolymers like proteins, lignin, starch and chitin are 

of high importance, since they can be used directly as feed or food or they can be applied as 

a resource of building blocks for production of non-food biobased products.  

Chitin, one of the most abundant biopolymer on Earth, is generated in huge amounts as a by-

product (biowaste) from the food and chemical industry. So far, the sea-food industry 

generates the biggest amounts of chitin-containing biomass (6-8 million tons/year produced 

globally) comprising the shells from crustaceans (e.g. prawns, shrimps, crabs, lobsters) (Halder 

and Mondal, 2018). Unfortunately, this biomass is considered as a waste and is often just 

dumped in the sea or landfilled without any processing (Yan and Chen, 2015). However, such 

a landfilling leads to a serious environmental pollution of coastal areas thus in 1970s USA 

introduced strict environmental regulations and banned the dumping of waste shells without 

any processing (Ahmed and Ikram, 2017). In some countries, e.g. in Australia, disposal of 

crustacean shells is costly and can be up to 130 € per tonne (Yan and Chen, 2015). The part of 

the crustacean shells from food industry is processed by drying and desizing (i.e. crushing and 

milling) and is sold as a low-value fertilizer with a price (44 €/tonne) much lower in comparison 

to the price of dried crustacean shells (85-102 €/tonne) (Yan and Chen, 2015).  
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However, chitin-containing biomass has a much higher potential than only being a low-value 

fertilizer. Currently, there is much effort being done to valorise chitin-containing biomass 

(Jardine and Sayed, 2016). Furthermore, the valorisation of chitin and its derivatives is an 

important aspect of the blue bioeconomy, which recognises the need to maximise the 

enormous economic potential presented by the ocean while preserving it (Day et al., 2016). 

Besides chitin, chitin-containing biomass comprises proteins, fats, glucans and pigments (e.g. 

astaxanthin) (Figure 6.1.). All the components can be separated in a biorefinery concept using 

chemical or enzymatic extraction methods. Apart from food, refined components can be used 

as animal feed (e.g. proteins) and other parts can be further converted to valuable chemicals 

or materials. Lipids can be used in the production of high value oil, biodiesel and animal feed 

(Yan and Chen, 2015). Calcium carbonate is applied in pharmaceutical, agricultural, 

construction and paper industries (Yan and Chen, 2015). Astaxanthin, a carotenoid with 

antioxidant properties, is widely used in aquaculture feeds, food, cosmetic, pharmaceutical 

and medical applications (Prameela et al., 2017). Glucans recovered from fungi have potential 

application in food and feed, medicine and pharmacy (Zhu et al., 2016).  

The first step of chitin valorisation is its extraction (Figure 6.2.). Traditionally, chitin is 

extracted by removal of proteins (deproteinization) with alkali treatment (e.g. with NaOH) and 

removal of calcium carbonate (CaCO3) (demineralization) with acidic treatment (e.g. HCl) 

(Arbia et al., 2013; Younes and Rinaudo, 2015). After extraction, chitin is often decoloured 

with acetone or an organic acid solvent mixture (Hamed et al., 2016).  

The more valuable biopolymer chitosan is obtained through deacetylation of chitin, in the 

process where acetyl groups attached to GlcN are removed often under alkaline conditions 

(Mao et al., 2017). There are three characteristics, which make chitosan an interesting 

industrial polysaccharide: 1) chitosan behaves as a polyelectrolyte with positive charge density 

at low pH; 2) chitosan is the only known high molecular weight cationic polysaccharide, while 

other polysaccharides are generally either neutral or anionic; 3) chitosan is often claimed to 

be GRAS (Generally Recognized As Safe) and bioabsorbable (Bellich et al., 2016). These 

characteristics enable chitosan to have application in various fields. For example, chitosan is 

used in medicine (as antibacterial lining for the bandages and wound dressing), in agriculture 

(for coatings for seeds to enhance disease resistance), in food industry (as food preservative, 
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active edible packaging, dietary fibre) (Hamed et al., 2016; Van den Broek et al. 2015). 

Chitosan is also advertised as an dietary supplement for weight-loss, since it was shown to 

bind fat and hence chitosan should prevent fat digestion in human body (Bellich et al., 2016). 

Chitosan prices depend on the quality of the product given mainly by chitosan’s degree of 

deacetylation, Mw, water solubility, viscosity and residual protein, pigment and mineral 

(Gomez-Rios et al., 2017). The demand for chitosan is increasing every year. In 2010, the global 

market for chitosan was estimated at 0.1 million tons, while in 2015 0.2 million tons were 

produced (http://2014.igem.org). Global chitosan market size is expected to reach 2.2 million 

€ by 2022 from 1.1 million € in 2015 (https://www.alliedmarketresearch.com/). 

 

Both chitin and chitosan can be hydrolysed to their oligosaccharides (CHOs) and monomers 

(GlcNAc and GlcN) (Figure 6.2.). Hydrolysis is traditionally performed with chemical methods 

using a strong acid as catalyst (e.g. HCl) which breaks the glycosidic bonds in chitin and 

chitosan polymers (Hamed et al., 2016). CHOs have a polymerisation degree (DP) less than 20 

and have an average molecular weight less than 3.9 kDa (Lodhi et al., 2014). GlcNAc and GlcN 

are produced by chemical hydrolysis by direct depolymerisation or by depolymerisation and 

de-acetylation of GlcNAc to GlcN and subsequent re-acetylation to GlcNAc with acetate 

anhydride (Bohlman et al., 2004; Mojarrad et al., 2007; Roseman and Ludowieg, 1954).  

There is an increasing interest in CHOs, GlcNAc and GlcN as bioactive compounds (Liaqat and 

Eltem, 2018). They are more suitable for some industrial applications than chitin and chitosan 

due to their low viscosity, low molecular weight, short chain lengths and water solubility 

(Hamed et al., 2016; Liaqat  and Eltem, 2018). CHOs are mostly used for research purposes, 

but they are also promising cholesterol lowering, anticancer, anti-bacterial, and immuno-

enhancing agents (Liaqat and Eltem, 2018). CHOs are also used for enhancing plant growth 

(Smith and Habib, 2011) and as elicitors of plant defence (Liaqat and Eltem, 2018). GlcNAc and 

GlcN are widely used for treatment of joint diseases (e.g. osteoarthritis) and inflammatory 

bowel disease in children (Salvatore et al., 2000). GlcNAc was shown to have a potential effect 

on the cartilage metabolism at a lower dose (500–1,000 mg/day) compared with GlcN (1,500 

mg/day) (Kubomura et al., 2017). The European Society for Clinical and Economic Aspects of 

Osteoporosis and Osteoarthritis (ESCEO) recommends a treatment of a chronic symptomatic 

low-acting drugs for osteoarthritis (SYSADOAs) based on glucosamine sulphate as a first-line 
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therapy (Bruyère et al., 2016). In cosmetics, GlcNAc is a valuable ingredient for improving skin 

quality (Riodan, 1999; Bisset et al., 2007). In food industry, GlcNAc is used as an additive in 

beer, milk and wine (Xu et al., 2004a, 2004b, 2004c). Recently, GlcNAc was proposed as a 

biological C6 source for bioethanol production through fermentation (Inokuma et al., 2013). 

Other promising valorisation of the monomers is their application as platform chemicals for 

synthesis of high-value chemicals like ethanolamine (ETA) and 5-hydroxymethylfurfural (5 

HMF) among others  (Figure 6.2.). ETA is used in power plants for CO2 sequestration and in 

skin-friendly household cleaners, soaps and surfactants (Yan and Chen, 2015). HMF is an 

important platform chemical as it can be converted into numerous sustainable chemicals such 

as alkoxymethylfurfurals, levulinic acid, adipic acid, furan-based monomers etc. which can be 

used to make different polymers (Putten et al., 2013). Thus more sustainable and economical 

feasible routes are needed for the growing demand of GlcNAc and GlcN. 
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Figure 6.2. Application of chitin. Dashed lines indicate potential applications. 

 

 

 

α-chitin-containing biomass 

Dried shells  
crabs, shrimps, lobsters 

6–8 million tonne/year produced globally 

Fungal mycelia 

(from food and chemical industry) 
Aspergillus niger: 80,000 tonne/year globally 

Mushroom waste 

(mainly stalks and fruit body of irregular 
diemensions) 
Agaricus bisporus: 50,000 tonne/year 
globally  

Insect cuticle 
(from silk production, insect protein 
production) 
Bombyx sp.: 65,000 tonne/year globally (dry)  

Sponges 

(feasible to grow or farm the amount of chitin 
for manufacturing) 
Ianthella basta, Lubomirskia baicalensis  

C
h

it
in

 e
xt

ra
ct

io
n

 

Cephalophodes 

(Beaks and cuttlebones) 
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value: 43-77 €/tonne (dried shells) 



127 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Application of chitin. Dashed lines indicate potential applications. (Continuation) 
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deacetylation 
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hydrolysis 

N-acetylglucosamine (GlcNAc) 
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osteoarthritis) 
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conversion 

● Ethanolamine (ETA)  
 

● 5-hydroxymethylfurfural (5-HMF)  
 

Other chemicals: 
● 3-acetamido-5-acetylfuran (3A5AF) 
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 (HADP) 
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deoxyhexopyranoside 
 (HAADP)  

● biodiesel 
● sialic acid 
● biobased polymers: production 400 
million tonne in 2020 

hydrolysis 

conversion 
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6.2. Enzymes able to produce monomers 

It was already predicted 50 years ago, that chitinolytic enzymes would play a key role in the 

depolymerisation of chitin into its building blocks, however, there are still no commercially 

available cocktails of chitinolytic enzymes industrially applied for the production of GlcNAc. In 

contrast, the modern biotechnological research on lignocellulose, another biomass form 

industrial side streams, is very advanced and strategies for the biorefinery of lignocellulose 

have been developed. The monomers, glucose and xylose, are enzymatically obtained from 

the biomass and converted to bioethanol during fermentation and the lignin rich residues are 

burned for heat and electricity. Since 2014, the bioethanol from the lignocellulosic has been 

produced on a commercial scale by the companies GranBio and Raizen (Brazil), Poet & DSM 

and Aboengoa (US), and M&G (Italy) (Johansen, 2016).  

The carbohydrate structure of chitin is very similar to the structure of cellulose. Both polymers 

are highly crystalline with tight H-bonding network between individual polymer chains, 

therefore they are very rigid and difficult to access by hydrolytic enzymes (Eijsink et al., 2008). 

The limited accessibility to the substrate directly influences the efficiency of enzymes and the 

overall economy of the process. Years ago, the hydrolysis of cellulose to fermentable sugars 

required 40–100 times more enzyme per gallon of ethanol than hydrolysis of corn starch, 

which is easily accessible for enzymes (Merino and Cherry, 2007). As a consequence, the costs 

of enzymes was a major factor that limited the profitability of producing cellulose-based 

bioethanol (Eijsink et al., 2008). It was concluded, that the technologies that produce more 

efficient enzymes would have beneficial effects for the biofuel industry, not only because they 

lower enzyme cost per gallon of ethanol but also because they might result in faster processing 

times, which, in turn, reduce capital investment per gallon of production capacity (Eijsink, 

2008). The successful decrease of about 20-fold in the enzyme use cost played an important 

role in the economic viability of a biotechnological process for converting lignocellulose into 

ethanol (Johansen, 2016). This achievement gives faith, that also chitin can be used for 

production of GlcNAc in a sustainable economic feasible process with enzymes as biocatalysts.  

More than ten years ago, research showed that rigidity of chitin indeed arises problems in 

chitin conversion. Degradation experiments of crystalline chitin with crude chitinolytic enzyme 

preparations from bacteria and fungi e.g. Aeromonas hydrophila H-2330, Bacillus licheniformis 
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SK-1, Burkholderia cepacia TU09, Aspergillus sp. typically took few days and the yield of 

GlcNAc was still low (41–85 %) (Sashiwa et al., 2002; Pichyangkura et al, 2002; Setthakaset et 

al., 2008). The problem of chitin inaccessibility has been solved by development of pre-

treatment methods, such as steam explosion or ball-milling, which considerably increased the 

accessibility of chitin and the hydrolytic efficiency of enzymes (Lee et al., 1996; Villa-Lerma et 

al., 2013).  

The search of efficient enzymes is still ongoing. Commonly, enzymes are obtained by screening 

different organisms producing the enzymes of interest. Microbial enzymes have the largest 

potential as biocatalyst since, on a large scale, the enzymes produced by microbial hosts (e.g. 

bacteria and fungi) are cost-effective due to high production levels associated with standard 

expression, inexpensive culture media, ease of growth, and short fermentation cycles (Rigoldi 

et al., 2018).  

For a long time, the accepted model for enzymatic degradation of chitin has been based on 

hydrolytic enzymes (glycosyde hydrolases, GH), where chitinases (EC 3.2.1.14) hydrolyse chitin 

into chitin oligosaccharides (mainly dimers) of GlcNAc, which are subsequently degraded by 

N-acetylglucosaminidases (NAGase; EC 3.2.1.52), producing GlcNAc monomers (Hoel et al., 

2010). Some NAGases were also found to work on polymeric chitin (Konno et al., 2012) and 

chitinases to work on chitosan (Ohtakara et al., 1990). However, the conventional hydrolytic 

model has been challenged for the past few years, when in 2010, Vaaje-Kolstad et al., reported 

that the protein CBP21 from Serratia marcescens degrades crystalline chitin in an oxidative 

way introducing breaks in chitin chains and releases oxidized chitin oligosaccharides. Currently 

CBP21 is classified as a lytic polysaccharide monooxygenases SmLPMO10A (LPMO; EC 

1.14.99.53). The activity of LPMOs is very appreciated, since they do not only open up the 

crystalline structure and make it more accessible for chitinase and NAGase but also release 

chitin oligosaccharides, which can be further degraded by hydrolases (Figure 6.3.). LPMOs 

working on chitin have been showed to have a rescuing effect on hydrolytic enzymes which 

tend to get stuck on the substrate during the degradation process (Vaaje-Kolstad et al., 2005). 

The concerted work of chitinases, NAGases and LMPOs represents a whole picture of chitin 

degradation to GlcNAc. LPMOs were shown to decrease the enzyme load of hydrolases and 

due to their superior effects on polymer degradation, and therefore LPMOs are used as an 
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important component in commercial enzyme cocktails for production of bioethanol from 

lignocellulose.  

 

Figure 6.3. Enzymatic degradation of chitin with chitinolytic enzymes. Chitinases (green enzymes), N-
acetylglucosaminidases (NAGases) (red enzymes) and lytic polysaccharide monooxygenases (LPMO (yellow 
enzymes). Blue circle indicates GlcNAc unit. Light blue circle indicates oxidized GlcNAc unit. 

Since the production of bioethanol from lignocellulose-rich biomass reached the industrial 

scale, it is worth to take few lessons from the approach used in the bioethanol production, 

and apply them in the production of GlcNAc from chitin. However, before the application of 

LPMOs for the production of GlcNAc from chitin, few things have to be considered. First of all, 

all enzymatic components should work in synergy. It was reported, that synergy between 

enzymes can differ depending on the structural form of chitin. For β-chitin, the presence of 

SmLPMO10A (CBP21) had no or little effect on the endo-acting chitinase ChiC from S. 

marcescens, while SmLPMO10A greatly enhanced the initial rate of exo-acting chitinases ChiA 

and ChiB (Hamre et al., 2015). On the other hand Nakagawa et al. noticed that SmLPMO10A 

hardly influenced the activity of ChiA on α-chitin (Nakagawa et al., 2013). Secondly, an 

important aspect of enzymatic synergy are conditions, which should be optimal for all 

enzymes i.e. hydrolases and LPMOs have to work optimal under the same conditions. It should 

be noted, that LPMOs work in an oxidative way and they release oxidized products (lactones), 

which have to be removed after the reaction. Furthermore, it was observed that in the 

absence of the substrate LPMOs release superoxide as a product of each redox cycle 

(Kjaergaard et al., 2014). Superoxide is spontaneously transformed into hydrogen peroxide 

(H2O2) that reacts with transition metals such as iron and copper to form highly toxic hydroxyl 

radicals and other reactive oxygen species. These toxic radicals may be very harmful for other 

enzymes in the enzyme cocktail. Destructive oxidative side reactions may be reduced by 

improving the binding capability of enzyme to the substrate by an introduction of 
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carbohydrate binding modules (CBMs) to LPMO (Isaksen et al., 2014; Kittl et al., 2012). CBMs 

are a class of sugar-binding proteins typically found as a part of a larger multi-modular enzyme. 

The conventional role of a CBM is to bind to carbohydrate substrate and direct the catalytic 

machinery onto its substrate, thus enhancing the catalytic efficiency of the enzyme (Boraston 

et al., 2004). Another option to decrease the harmful effect of H2O2 is the addition of the 

enzyme catalase to the reaction mixture, the enzyme which converts H2O2 to water and 

oxygen (Scott et al., 2016). Therefore, the supplementation of LPMOs probably need an extra 

enzyme that has no direct role in chitin degradation. From a technical point of view, there will 

be an adjustment of bioreactors needed for good oxygen transfer, since LPMOs will suffer 

from the lack of oxygen (Ezeilo et al., 2017). Finally, the cost of the process might be decreased 

through the addition of LPMOs, when LPMOs would prove their effect on decreasing the 

overall enzyme load. 

However, the research on LPMOs is still ongoing. Currently, nine from 24 known LPMOs 

showed activity on chitin, of which one enzyme AoLPMO11A originates from the fungus 

Aspergillus oryzae (Vaaje-Kolstad, 2017; Hemsworth et al., 2014). Many sequences of other 

fungal LPMOs working on chitin have been found, but experimental data is missing (Berrin et 

al., 2017).  

A very important aspect of efficiency of the enzymes is their stability. The enzyme stability 

belongs to the “application-wise” characteristics, which are desirable for industrially 

applicable enzymes. Currently, more attention is paid to the increased thermostability rather 

than to “conventional” parameters such as temperature and pH profiles (Harris et al., 2014). 

In general, increased thermostability is needed for enzymes to survive industrial settings and 

for flexibility with respect to the process configurations. Such a flexibility allows improvement 

of the hydrolysis performance particularly of the hydrolysis of polymeric substrates as chitin. 

Therefore, the thermostable enzymes are an ideal option for hydrolysis of chitin to GlcNAc. 

Thermostable enzymes can be obtained from bacteria and fungi. Thermophilic fungi have 

already been used for production of diverse thermophilic enzymes at industrial-scale for 

biomass degradation (Harris et al., 2014) and they might be the promising enzyme producers 

for chitinolytic enzymes. 
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Chitinolytic enzymes were characterised from many fungal strains, of which some are 

classified as thermophilic belonging to the genera Aspergillus sp. (Pera et al., 1997; Xia et al., 

2001), Chaetomium sp. (Li et al., 2010), Gliocladium sp. (Ma et al., 2012), Rhizopus sp. (Chen 

et al., 2013), Myceliophthora sp. (Dua et al., 2016), Thermoascus sp. (Li et al., 2010), 

Thermomyces sp. (Guo et al., 2008; Prasad andd Palanivelu, 2012; Zhang et al., 2015), 

Trichoderma sp. (Ulhoa and Peberdy, 1991; Lorito et al., 1994; Lisboa De Marco et al., 2004; 

Koga et al., 1991). Chitinolytic enzymes obtained from the industrially used thermophilic 

fungal strains like Aspergillus and Trichoderma lose their enzymatic activity drastically after 

incubations in the range of minutes to 1 hour at optimal or higher temperatures. Therefore, 

there is a need to search for enzymes with improved thermostability. 

In this thesis a chitinase (Chitinase Chi1) and a NAGase (MthNAG) from Myceliophthora 

thermophila C1 were characterized. Both enzymes showed increased thermostability. In 

comparison to other fungal chitinolytic enzymes, Chitinase Chi1 and MthNAG are the only 

enzymes, which are stable up to 1 week at their optimum temperature at 50–55 °C up till now 

(Chapter 2 and Chapter 3). The thermostability of Chitinase Chi1 and MthNAG can lead to the 

improvement of the overall economy of the production of GlcNAc from chitin as it was shown 

for thermostable enzymes used for lignocellulose hydrolysis (Viikari et al., 2007). The high 

specific activity of Chitinase Chi1 and MthNAG will decrease the amount of enzymes needed 

for chitin hydrolysis. Chitinase Chi1 and MthNAG were shown to be able to degrade polymeric 

chitin to GlcNAc in a synergistic way. This synergy is important for an efficient production 

process, where dimers released by Chitinase Chi1 are further degraded to two GlcNAc units.  

Chitinase Chi1 and MthNAG are hydrolases and their efficiency relays on the accessibility of 

chitin and chitin oligosaccharides. These enzymes hardly access the crystalline structure of 

commercial chitin, even in the reduced and more or less uniform size like flakes and practical 

grade powder. In this form, enzymes can work only on the surface of the chitin particles but 

are not be able to penetrate the particles (Jaworska and Roberts, 2016). We showed that 

Chitinase Chi1 efficiently degraded chitin oligosaccharides and amorphous parts of swollen 

chitin (Chapter 2) and released (GlcNAc)2 which were efficiently degraded by MthNAG 

(Chapter 3). Chitinase Chi1 and MthNAG synergistically hydrolysed swollen chitin, however, 

the yield of GlcNAc, 37.8 % after 24 h incubation, indicated that the swollen chitin (pre-treated 
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with phosphoric acid) is not a suitable substrate (Chapter 3). Furthermore, the use of excess 

amount of phosphoric acid is not an environmentally friendly approach. 

Different treatment methods to process chitin biomass have been reported e.g. ball mill 

grinding, steam explosion, alkaline treatment, phosphoric acid treatment and dissolution in 

and ionic liquids (Chen et al., 2015), which endow chitin with substantially different structure 

changes and reactivity. Chen et al. (2015), showed that the ball milling is by far the most 

effective method to destroy the crystalline regions and the networks of the polymer chains in 

chitin. 

In this thesis, we used a ball milling for amorphization and for conversion of chitin to soluble 

oligosaccharides as described by Yabushita et al. (2015). In this method the ball milling was 

combined with the impregnation of chitin with low amount of H2SO4 (the molar amount of 

chitin based on GlcNAc units was 8.1 times higher than the molar amount of H2SO4) which 

resulted in the selective cleavage of glycosidic bonds between the GlcNAc units rather than 

amide bonds of the acetyl group at GlcNAc. The obtained amorphous chitin (ball-milled-H2SO4-

chitin) had fully destroyed crystallinity and contained water soluble chitin oligosaccharides, 

with DP2 to DP12 (Chapter 4). A very low amount GlcNAc (DP1) was  found in the treated 

chitin (0.8 % w/w) thus further enzymatic action of Chitinase Chi1 and MthNAG were essential 

for production of high amounts of GlcNAc. We showed that ball-milled-H2SO4-chitin is 

efficiently hydrolysed to GlcNAc by Chitinase Chi1 and MthNAG, with conversion as high as 

73.2 % (Chapter 4). The highest yield of the GlcNAc production was obtained at optimal 

enzyme load and Chitinase Chi1/MthNAG activity ratio that were determined by process 

optimization with Central Composite Design (CCD) and Response Surface Analysis (RSA). 

Further investigation showed, that the increase of the concentration of substrate (from 1.6 to 

5.0 % w/w) leads to a higher production of GlcNAc in the process. Finally, the crude enzyme 

preparation of Chitinase Chi1 and MthNAG hydrolysed ball-milled-H2SO4-chitin as efficient as 

purified enzymes, indicating that the crude preparations may be used in the process without 

purification.  



134 
 

6.3. A process design to enzymatically produce GlcNAc monomers on large 

scale  

Here, we present a “proof-of-concept”, that an improved enzymatic method can be beneficial 

over  chemical methods. The most important advantage of these enzymes instead of acids is 

their selectivity in cleaving glycosidic bonds between GlcNAc units without destroying the final 

products. Additionally, the enzymes work efficiently under milder conditions than that used 

for chemical process.  

Here we propose a setup for the process based on hydrolysis of ball-milled-H2SO4-chitin with 

Chitinase Chi1 and MthNAG obtained from M. thermophila C1 (Figure 6.4.). The proposed 

process is an integration of five operation units: (1) production of the enzymes Chitinase Chi1 

and MthNAG in M. thermophila C1, (2) chitin pre-treatment, (3) enzymatic hydrolysis of chitin, 

(4) separation of GlcNAc from Chitinase Chi1 and MthNAG, and (5) GlcNAc recovery.  

 

 
  
 
 
 
 
 
 
 

 
 
 
 
Figure 6.4. Production process for GlcNAc based on hydrolysis of chitin with Chitinase Chi1 (green enzyme) and 
MthNAG (red enzyme) from Myceliophthora thermophila C1. 1. Production of enzymes Chitinase Chi1 and 
MthNAG in M. thermophila C1, 2. Chitin pre-treatment with H2SO4 impregnation and ball-milling and preparation 
of ball-milled-H2SO4-chitin, 3. Hydrolysis of ball-milled-H2SO4-chitin with Chitinase Chi1 and MthNAG in 
continuous stirred bioreactor, 4. Cross-flow filtration for separation of GlcNAc from Chitinase Chi1 and MthNAG, 
5. GlcNAc recovery with crystallization, filtration and drying. 

 

(1) Production of Chitinase Chi1 and MthNAG 

M. thermophila C1 is used to produce chitinolytic enzymes. This filamentous fungus has been 

developed to a low protease/(hemi-) cellulase free M. thermophila C1-expression host (LC-

strain) as a proprietary mature enzyme production system. It was reported, that the 

developed genetic tools for M. thermophila C1 enable overexpression of homologous and 
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heterologous proteins with high production levels up to 100 g L-1 (Visser et al., 2011). 

Therefore, M. thermophila C1 is an appropriate enzyme producing host that can ensure a high 

production level of chitinolytic enzymes suitable for industrial processes. We successfully 

cloned and overexpressed homologous genes encoding for Chitinase Chi1 and MthNAG 

(Chapter 2 and Chapter 3) in new single-component M. thermophila C1 strains based on LC-

strain. In the crude enzyme preparations Chitinase Chi1 and MthNAG represented about 60 % 

and 52 % of the total protein, respectively. The removal of other enzymes and proteins 

through a purification process was needed for characterisation of Chitinase Chi1 and MthNAG 

(Chapter 2 and Chapter 3). Particularly the separation of Chitinase Chi1 from a NAGase 

present in the crude enzyme preparation of Chitinase Chi1 was crucial to determine the 

correct activity and mode of action (Chapter 2). Homologous overexpression of proteins, i.e. 

production of enzymes in the host of which the gene encoding the enzyme is obtained, 

ensures correct maturing of the enzyme regarding posttranslational modification including 

enzyme folding and glycosylation. Heterologous production of enzymes may influence the 

structure and activity of the produced enzyme. The gene encoding for Chitinase Chi1 has been 

heterologously produced in Pichia pastoris by Dua et al. (2016) and the protein obtained by 

Dua et al. was designated as exochitinase rMtChit. The mode of action, glycosylation level and 

thermostability of rMtChit differed from that of Chitinase Chi1 (more discussed in Chapter 2). 

Therefore, our approach with homologous enzyme production enabled us to produce 

Chitinase Chi1 and MthNAG with their natural characteristics and in this case beneficial 

properties.  

(2) Chitin pre-treatment 

The ball milling is commonly used at industrial scale for desizing of numerous types of 

materials, for example, cocoa products in the food industry. According to the supplier 

(Vekamaf Services B.V., Rotterdam, Netherlands), ball mills have many benefits including 

excellent product fineness and homogeneity, extremely low energy consumption, and 

consistent product quality. Therefore, we conclude that the pre-treatment of chitin with ball 

milling can be cost effective and time efficient pre-treatment method for chitin. The pre-

treated chitin will be added to the bioreactor either continuously or semi-continuously to 

maintain an optimum chitin concentration in the bioreactor. 
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(3) Enzymatic hydrolysis of chitin 

The hydrolysis of ball-milled-H2SO4-chitin with Chitinase Chi1 and MthNAG can be conducted 

in a continuous stirred bioreactor for 6 hours. Chitinase Chi1 was most active at pH 6.0 and 55 

°C and MthNAG was most active at pH 4.5 and 50 °C (Chapter 2 and Chapter 3). Therefore, 

the bioreactor will be maintained at pH 5.0 and an isothermal bioreactor temperature 

between 50 and 55 °C with mixing 800 rpm. These conditions of enzymatic hydrolysis are much 

milder than that used for chemical hydrolysis. From the operational point of view, milder 

conditions of hydrolysis are not so corrosive to the bioreactor as concentrated acids. The 

application of relatively high temperatures has an additional advantage i.e. high temperature 

suppresses microbial-contamination of the resulting GlcNAc product with most mesophilic 

bacteria, fungi, and yeast (Haynes et al., 1999).  

The use of more concentrated substrates is a good approach for an efficient use of the 

production space and increase of productivity. As shown in Chapter 4, the hydrolysis of the 

increased amount of substrate should be possible, since the sample containing 5 % (w/v) ball-

milled-H2SO4-chitin was not viscous and should not result in problems from an operational 

point of view. However, in order to be economically feasible, the initial concentration of solids 

should be above 20 % dry matter. Therefore, additional experiments for the reaction mixture 

with such a high concentration should be performed. 

(4) Separation of GlcNAc from Chitinase Chi1 and MthNAG 

After the hydrolysis of ball-milled-H2SO4-chitin with Chitinase Chi1 and MthNAG performed in 

the bioreactor, the GlcNAc product has to be separated from the enzymes. An appropriate 

mean for separation is a continuous cross-flow ultrafiltration system (cross-flow membrane 

filtration), since this technology has been used widely in industry for example for extraction 

of soluble antibiotics from fermentation liquors. In this type of ultrafiltration the reaction 

mixture travels tangentially across the surface of the filter (Koros et al., 1996). The advantage 

of ultrafiltration over the standard precipitation method is that the enzymes can be 

continuously recycled. In case of precipitation with e.g. ammonium sulphate, enzymes are 

separated through dead-end filtration and they need to be recovered, what could lead to the 

decrease of their activity. Using cross-flow membrane filtration, a good separation of GlcNAc 

from Chitinase Chi1 and MthNAG can be obtained with a membrane with a 10 kDa Mw cut-

off. Chitinase Chi1 has Mw of 42 kDa and MthNAG has Mw of 71 kDa therefore during the 

https://en.wikipedia.org/wiki/Antibiotic
https://en.wikipedia.org/wiki/Fermentation_(biochemistry)
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filtration both enzymes are retained by the filter in the retentate, while GlcNAc molecules 

penetrate the filter pores to the permeate. No protein contaminants are expected in the 

permeate when the enzymes have been purified. In the case of crude enzyme preparations, 

separation of enzymes/proteins from the produced GlcNAc could be performed by the 

traditional precipitation and dead-end filtration or centrifugation. Application of either 

purified or crude enzymes should be taken into account for calculations of the costs of the 

process to balance costs of purification and costs of separation. The separated enzymes can 

either be recycled to the bioreactor or recovered for later use. Due to the general good 

stability, Chitinase Chi1 and MthNAG can be recycled numerous times. However, it has to be 

investigated how many times the enzymes (purified or in their crude extracts) can be recycled 

and used in the process. Recycled enzymes will be added to the bioreactor and eventually a 

portion of fresh enzyme will be added to compensate for enzyme deactivation with time. The 

permeate stream containing the GlcNAc product will be directed to a GlcNAc recovery unit.  

(5) GlcNAc recovery 

In the recovery unit, GlcNAc product can be separated from the solution using a crystallization 

method. GlcNAc present in the solution will be precipitated by addition of ethanol as an 

antisolvent. Precipitated GlcNAc will be separated from water by centrifugation and crystals 

of GlcNAc will be finally dried. Crystallization from solutions is a common method of 

separation and purification of products and is used for example, in the pharmaceutical 

industry for the isolation and synthesis of pure active pharmaceutical ingredients (Rohani, 

2010) or in the food industry for production of glucose (Alves et al., 2007). Products obtained 

are characterised by high purity and uniform crystals (Alves et al., 2007).  

6.4. Conclusions and perspectives 

GlcNAc plays an important role in human lives as an component of human body and has 

numerous applications as food supplement and bioactive ingredient in pharmaceutical and 

medical applications. In the last years, the role of GlcNAc as a promising building block for 

biobased chemicals and materials, e.g. ETA, 5-HMF, polyamides, has been proven. Currently, 

GlcNAc is produced based on depolymerization of chitin with corrosive chemical catalysts (e.g. 

HCl). This process in environmentally unfriendly and studies are carried out to develop more 

efficient and suitable methods. A promising alternative is depolymerisation of chitin with 
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specific biological catalysts – enzymes. Chitinolytic enzymes work under milder conditions and 

are more specific than chemical catalysts, and do not cause environmental pollutions since 

they are biodegradable and catalyse a process with low waste. 

However, application of an enzymatic method for depolymarization of chitin for GlcNAc 

production faces few challenges i.e. efficiency of enzymes, crystallinity and rigidity of chitin 

and process setup. Below we present a short summary of the preferences and considerations 

for each aspect: 

1) Enzymes (preferably of microbial origin, thermostable) and their amounts (designed 

with process design tools) 

2) Pre-treatment of α-chitin from crustacean shells (suitable for amorphization; cost 

effective; possible to be scaled up) or use of α-chitin with lower crystallinity (obtained 

from insects and fungi) 

3) Process setup (economic calculations for application of process units e.g. bioreactors, 

filters; reuse reactants e.g. enzymes; application of an efficient separation unit for 

separation of produced GlcNAc from enzymes and unconverted material for high 

purity of the product) 

In this thesis different aspects have been investigated for the enzymatic production of GlcNAc. 

Two chitinolytic enzymes Chitinase Chi1 and NAGase MthNAG obtained from Myceliophthora 

thermophila C1, a thermophilic fungus have been studied. Both enzymes showed high 

thermostability and specific mode of action. Chitinase Chi1 and MthNAG depolymerized chitin 

in a synergistic way i.e. the products released by Chitinase Chi1 were degraded by MthNAG. 

The combination of the thermostability and ability to a synergistic degradation of chitin make 

Chitinase Chi1 and MthNAG promising catalysts for production of GlcNAc from chitin at 

industrial scale. 
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Chitin is a natural biopolymer abundantly occurring in nature and is a main source for 

production of its monomer - N-acetylglucosamine (GlcNAc). GlcNAc is widely used in medical 

treatment of joints disorders e.g. osteoarthritis, in skin care and dermatology as moisture 

agent, in food as a food additive. In this thesis we present the development of an enzymatic 

process for production of GlcNAc from chitin with use of chitinolytic enzymes Chitinase Chi1 

and N-acetylglucosaminidase (NAGase) MthNAG from Myceliophthora thermophila C1.  

In Chapter 1 we describe the main current and future applications of GlcNAc. Also a general 

comparison of chemical and enzymatic production methods of GlcNAc is given. The market 

demand for GlcNAc is predicted to grow in coming years thus GlcNAc has to be produced in 

an efficient and environmentally friendly process. The enzymatic process seems a promising 

alternative for currently used chemical methods, if the problem of poor accessibility of chitin 

to the enzymatic action and the  stability of the enzymes will be solved. The application of an 

efficient pre-treatment method of chitin and thermostable chitinolytic enzymes is a way to 

solve this problem. 

In Chapter 2 and Chapter 3 we describe the homologous overproduction of Chitinase Chi1 and 

MthNAG in a low protease/(hemi-) cellulase free M. thermophila C1-expression host. 

Overproduced enzymes were purified and their mode of action, catalytic properties and 

thermostability were characterised. Both enzymes showed remarkable thermostability that 

has never been observed for this group of fungal enzymes. Chitinase Chi1 and MthNAG 

synergistically hydrolysed chitin i.e. the products released from polymeric chitin by Chitinase 

Chi1 were hydrolysed by MthNAG to a final product, GlcNAc. The synergistic action of 

Chitinase Chi1 and MthNAG and their thermostability was fundamental for the development 

of an enzymatic production process of GlcNAc. 

Due to the high crystallinity and strong hydrogen bonding network, chitin is poorly accessible 

for enzymes. Therefore, efficiency of an enzymatic production of GlcNAc from chitin can be 

enhanced by applying a proper pre-treatment of chitin prior to enzymatic reaction. In Chapter 

4 we investigated the production of GlcNAc from chitin impregnated with H2SO4 and 

subsequently ball milled (ball-milled-H2SO4-chitin). According to the XRD measurements, the 

crystallinity of chitin has been drastically decreased upon ball-milling pre-treatment and the 

accessibility of chitin was considerably improved for the enzymatic action of Chitinase Chi1 

and MthNAG.  
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Subsequently, we optimized the production of GlcNAc from ball-milled-H2SO4-chitin based on 

a catalytic cascade catalysed by Chitinase Chi1 and MthNAG. Using central composite design 

(CCD) and response surface methodology (RSM), we found conditions that allow production 

of GlcNAc at high yield. After 6 h incubation at 50 °C, the yield of GlcNAc of 73.2 % from 1.6 % 

(w/v) ball-milled chitin treated with 25 µg Chitinase Chi1 and 20 µg MthNAG was obtained. 

The product contained approximately 93 % (mol) GlcNAc, next to short chitin oligosaccharides 

with DP 3, 4 and 5. Similar results were obtained in preparative experiments, at higher chitin 

load and reaction volume, proving the validity of the model. The high yield of GlcNAc obtained 

for Chitinase Chi1 and MthNAG confirms the applicability of these enzymes in GlcNAc 

production from chitin. 

In Chapter 5 we describe the application of Chitinase Chi1 as a tool for a fingerprint analysis 

of (modified)chitosan. Since Chitinase Chi1 showed a wide substrate specificity (Chapter 2) 

and was active on chitosans with the degree of deacetylation (DDA) up to 94 %, the enzyme 

was used for hydrolysis of modified chitosans with different degree of oxidation (OD). The 

oligosaccharides released by Chitinase Chi1 were identified with MALDI-TOF-MS. Depending 

on the degree of oxidation (OD), different oligosaccharides were identified. The results were 

used for the elucidation of the structure of the oxidised chitosans and for understanding the 

behaviour (structure-function relation) of this polymers.  

In Chapter 6 we give an overview on chitin and chitosan as a biomass for monomers in the 

biobased economy. We showed the valorisation routes for chitin from different types of 

chitin-containing biomass and we gave an overview on current and potential applications of 

GlcNAc. Furthermore, we discussed the main drawbacks of the enzyme-based methods for  

the production of GlcNAc from chitin and we identified the possible solutions. Finally, we 

present a setup for the process based on hydrolysis of ball-milled-H2SO4 chitin with Chitinase 

Chi1 and MthNAG and give suggestions for the consideration of the important aspects of the 

enzymatic production of GlcNAc from chitin. 
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