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Chitin and chitosan are bioactive polymers found in the exoskeleton of arthropods,
cephalopods, and cell walls of fungi. The main industrial sources of chitin and chitosan are
wastes from seafood processing industries. Since chitin and chitosan have poor solubility in
water. Chito-oligosaccharides (CHOS), oligomers of chitin and chitosan, are more interesting
for a wide variety of applications because they are water soluble, non-toxic, and biocompatible.
Chitosanase can be used to produce partially acetylated CHOS for several applications.
Previously, the family 46 chitosanase from Bacillus subtilis (BsCsn46A) has been shown to
possesses high potential for industrial applications. In this, two forms of recombinant

BsCsn46A from B. subtilis containing the native Bacillus or Escherichia coli OmpA signal

peptide were constructed and overexpressed in E. coli to evaluate their secretion efficiency.

The results showed that only the construct with the native signal peptide could be cleaved

homogenously, generating the same N-terminal sequence as in the wild type bacteria,

whereas, secreted BsCsn46A from the construct containing the OmpA signal peptide was

heterogeneous. However, the expression level of BsCsn46A generated from the construct
containing the E. coli OmpA signal peptide was much higher compared to the native Bacillus
signal peptide. Therefore, the construct BsCsn46A with OmpA signal peptide was used for

the subsequent experiments. In-depth characterization of the mode of action of BsCsn46A and
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its ability to degrade chitosans with various fractions of N-acetylation (Fa) were performed,
using size exclusion chromatography, '"H-NMR, and mass spectrometry (MS) methods. The
results showed that BsCsn46A has subsite binding preference for D-units in the -1 subsite,
although the enzyme can also hydrolyze glycosidic linkages following an A-unit. Utilizing
the non-processive endo-mode fashion, BsCsn46A can efficiently convert chitosans with

different degrees of acetylation into mixtures of CHOS with varying chain lengths and

compositions, depending on the substrate and the reaction conditions. Notably, this enzyme
seems to be one of the fastest chitosanases so far. The initial specific activities of chitosan
degradation were 5.5x10° and 84x10° min! for chitosans with Fa 0.15 and Fa 0.3,
respectively. Finally, CHOS with various Fa were produced by enzymatic hydrolysis using
BsCsn46A for chitosan-with Fa 0.15 and Fa 0.3, or a mutant of B. licheniformis chitinase

(BIChiA3) with improved properties for highly acetylated chitosan (Fa 0.6). Then, the

biological activities of various degrees of acetylation of CHOS with Fa0.15, 0.3 and 0.6 on a
model cell line for neuronal function and differentiation were studied. The results suggested
that CHOS effectively protect the SH-SYS5Y cells from a neurotoxic agent. Interestingly,
CHOS could enhance autophagy activity in SH-SYSY cells. CHOS with different degrees of
acetylation showed different biological activities including neuroprotective effects. In

conclusion, BsCsn46A is a suitable enzyme for the bioconversion of chitosans with various

degrees of acetylation into value-added CHOS for different applications.
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CHAPTER I

INTRODUCTION

1.1 Significant of this study
Chitin, a B-(1,4)-linked polymer of N-acetyl D-Glucosamine (GICNAc; A), is the
second most abundant biopolymer on earth after cellulose (Khoushab and Yamabhai) .
Exoskeleton of insects, cell walls of various fungi, crab and shrimp wastes are the main
sources of chitin (Ravi Kumar 2000). Chitosan, a D-glucosamine polymer (GIcN; D),
is a completely or partially deacetylated derivative of chitin (Wang et al. 2006). It is
usually obtained by the artificial deacetylation of chitin under strongly alkaline
conditions. Although chitosan is known to have important biological activities, poor
solubility makes them difficult to be used in food and biomedical applications (Kim and
Rajapakse 2005). Unlike chitosan, chito-oligosaccharides are readily soluble in water
due to their shorter chain lengths and free amino groups in D-glucosamine units. The
low viscosity and greater solubility of CHOS at neutral pH have attracted the interest
of many researchers to utilize chitosan in its oligosaccharide form (Jeon and Kim 2000).
The biodegradation of chitin in crustacean shell waste is very slow, so the
accumulation of large quantities of discards seafood processing industry has become a
major environmental concern. The amount of worldwide shrimp and prawn production
was 6,091,869 tons in 2005 (FAO 2008). In developing countries, waste shells are often
just dumped in landfill or the sea. Disposal of shellfish processing discards has been a

challenge for most of the shellfish-producing countries. Out of the different species



of crustaceans, shrimp and crab shell wastes have been widely used as sources for
the isolation of chitin. The production of value-added products such as chitin and
their derivatives and application in different fields are therefore of utmost interest
(Khoushab and Yamabhai). The oligosaccharide of chitin and chitosan have various
potential application in the field of food (Fernandes et al. 2008), agricultural (Hadwiger
et al. 1984), and pharmaceutical (Dou et al. 2009) industries. Today, commercial interest
in the conversion of chitin or chitosan into bioactive CHOS, using enzymatic reaction,
mainly chitosanase, has been increased. The substrate specific activity of chitosanase
depends on the degree of deacetylation (DDA) , fraction of N-acetylated residues (Fa),
degree of polymerization (DP) or molecular weight (Mw), molecular weight distribution
(PD), and pattern of N-acetylation (Pa) (Aam et al. 2010). Since the various biological
activities of CHOS are dependent on the degree of polymerization and deacetylation, it
is essential to produce a well-defined CHOS mixtures for better understanding of the
structure-function relationship, so that more appropriate uses of different products can

be reached.

Until now, most of the research on molecular mechanism of CHOS has been done
with CHOS mixtures with various Fa, Mw, PD and Pa. Consequently, when using
complex mixtures of CHOS in biological activity assays, it is difficult to know which
molecule/molecules are causing the effects. Therefore, in this Ph.D.thesis, I will
purify/separate CHOS to test the biological activity. In addition, a method for
bioconversion of chitosan into CHOS will be invent and the products will be tested for

their biological activities.

This thesis is divided into 6 Chapters. Chapter | is an introduction, including

significance of this study, research objective and scope of the study. Chapter Il is a



literature review involving the bioconversion of chitin and chitosan (manuscript
preparation). Chapter 11l involves expression of recombinant Bacillus subtilis
chitosanase in E. Coli expression system and the effect of signal peptide on the secretion
efficiency (Pechsrichuang et al. 2016). Chapter 1V is an in-depth characterization of
family 46 chitosanase from Bacillus Subtilis (BsCsn46A) (Pechsrichuang et al. 2018).
Chapter V is the study of the biological activity of CHOSs on neuroprotection and
autophagy modulation of human neuroblastoma cells (manuscript preparation). Finally,

the conclusion is written in Chapter VI.

1.2 Research objectives

The key objectives of this study are:

1. To study the recombinant BsCsn46A that is over-express and secreted from E.
coli expression system.

2. To optimize the condition for efficient bioconversion of chitosan into CHOS.

3. To analyzed different hydrolytic products obtained from various bioconversion
procession reaction.

4. To elucidate biological activities of different well-defined CHOS products.

1.3 Scope of the study

Chitosan from Kitoflokk™ (Fa 0.15), Heppe Medical chitosan GmbH (Fa 0.3),
and highly acetylated chitosan with Fa 0.6 (prepared by homogenous de-N-acetylation
of chitin from shrimp shells) were used as a substrate of recombinant chitosanase to

produce chito-oligosaccharide. The biological assay was done in vitro.
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CHAPTER Il

BIOCONVERSION OF CHITIN AND CHITOSAN

2.1 Abstract

Chitin and chitosan are biopolymers from exoskeleton of arthropods. The main
industrial sources of chitin and chitosan are crab, lobster and shrimp wastes from
seafood processing industries. Degradation of crustacean shell waste in nature is very
slow, so that accumulation of large quantity of discards seafood processing industry has
become a major environmental concern. Chitin and chitosan can be prepared by using
chemical, enzymatic or microbiological methods. Nowadays, demand of green products
to replace pollution-generating products is increasing. Thus, bioconversion processes
using enzymatic or microbiological method are more attractive. Preparation of chitin
and chitosan from shell waste can be performed by using microbial fermentation for
deproteinization and demineralization processes. However, chitin and chitosan have
poor solubility in water, making them difficult to use in biological application.
Therefore, chito-oligosaccharide, an oligomer of chitin and chitosan, is more interesting
due to its water solubility at neutral pH, non-toxicity, biocompatibility and broad variety
of applications including agriculture, food, medical and pharmaceutical. Bioconversion
of chitin and chitosan into CHOS can be performed by enzymatic method using
glycoside hydrolases (GH) namely chitinases and chitosanases. In the past decade,
various chitinolytic GHs have been intensively studied and the recombinant GHs

have been expressed and engineered to increase the enzyme activity or increase



transglycosylation activity for the production of long chain CHOS. Recently, lytic

polysaccharide monooxygenase (LPMQO), a new discovered group of carbohydrate

active enzymes, classified as auxiliary activities (AA) has been shown to be active on
the crystalline structure of a- and B-chitin. LPMO has been shown to work in synergy
with chitinase to degrade a-chitin, increasing the solubility of chitin. Chitin deacetylase
is another chitin-active enzyme which is important for conversion of chitin into chitosan
by the hydrolysis of the N-acetamido groups of N-acetyl-D-glucosamine residues of the
chitin polymer. This review summarizes various strategy for the bioconversion marine
shell wastes into chitin, chitosan and CHOS via microbial fermentation and enzyme
technology. While microbial fermentation is efficient and cost effective, enzymatic
hydrolysis is more precise and the property of the hydrolytic products can be tightly

controlled and better defined.

Keywords: Bioconversion; chitin; chitosan; microbial fermentation; chitinase;
chitosanase; enzymatic hydrolysis, transglycosylation; lytic polysaccharide

monooxygenase; chitin deacetylase

2.2 Chitin, chitosan and CHOS

Chitin is a B-(1,4)-linked polymer of 2-acetamido-2-deoxy-B-D-glucopyranose
(N-acetyl D-Glucosamine; GIcNAc; A) chains, an acetamide group exist at the C2
position (Figure 2.1). Its main source is the exoskeleton of crabs and shrimps, whose
availability in nature makes chitin a renewable source of chitosan. Chitin is non-water
soluble and arranged in three different microcrystalline structures; antiparallel (1]1)

sheets (a-chitin), parallele (117) sheets (B-chitin) and a combination of both (y-chitin),



consist of two parallel strands which alternate with a single parallel strand (11) (Rudall
1963). The a-chitin is found in exoskeleton of arthropod, insects and fungal and yeast
cell walls, while the B-form mainly obtained from squid pen. The molecular
arrangement of oa-chitin is strongly packed with both inter- and intra molecular
hydrogen bonding, and it is the most stable form of the three crystalline variations,
while B-chitin has weak intramolecular hydrogen bonding (Carlstrém 1957, Hackman

and Goldberg 1965).

Figure 2.1 Chemical structure of Chitin (Prashanth and Tharanathan 2007)

Chitosan, a heteropolymer of D-glucosamine polymer (GIcN; D) and N-acetyl-
D-glucosamine polymer, is a completely or partially deacetylated derivative of chitin
(Figure 2.2). It is usually obtained by the artificial deacetylation of chitin in the presence
of alkaline. Chitosan can be classified according to degree of N-acetlation (DA) or
fraction of N-acetylated residues (Fa), the degree of polymerization (DP) or molecular
weight (Mw), the molecular weight distribution (PD) and the pattern of N-acetylation
(Pa) (Aam et al. 2010).

Chitosan has a pKa value of about 6.5; hence, chitosan is positively charged and

is soluble in weakly acidic solutions with a charge density that is dependent on the pH



and the degree of deacetylation. Although chitosan is known to have important
biological activities, but it is poor solubility in water that makes them difficult to use in
biological application. Unlike CHOS, which are readily soluble in water due to their
shorter chain lengths and free amino groups in D-glucosamine units. The low viscosity
and greater solubility of CHOS at neutral pH have attracted the interest of many
researchers to utilize chitosan in its oligosaccharide form (Jeon and Kim 2000).
Chitin, chitosan and CHOS can be distinguished by Fa and DP values. The Fa
needs to be below 0.7 for the chitosan to be soluble in weak acid, while Fa of chitin is

above 0.7 and insoluble in water. The DP of Chitin and chitosan polymers are more

than DP 100, while DP of CHOS is less than 100.

Figure 2.2 Chemical structure of Chitosan (Prashanth and Tharanathan 2007)

The crustacean shells have three main components including chitin, minerals
(mainly calcium carbonate) and proteins (Ferrer et al. 1996). Therefore, the industrial
techniques to extract chitin and chitosan from crab and shrimp shell wastes mainly
employs stepwise chemical method consisting of three steps: demineralization,
deproteinization and bleaching which involves hazardous chemical. Demineralization
can be achieved using diluted HCI (1-8%) or using other acid such as acetic and sulfuric

acid and NaOH for the deproteinization step. For decolourization step, NaOCI or H20>
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solutions are being used as a bleaching agent. Chitin deacetylation forming chitosan
may follow chitin extraction by using very strong NaOH (40-50%) solution to de-
esterify the N-acetyl linkages (Hayes et al. 2008). However, the chemical process has
many disadvantages including high cost, inconsistent of molecular weight (MW) and
degree of acetylation (DA) and a disposal problem to the environment (Kaur and
Dhillon 2015). Therefore, the environmentally friendly processes, i.e., deproteinization
and demineralization by microbial fermentation using protease producing bacteria and
lactic acid bacteria and deacetylation by chitin deacetylase are in demanded.

Because of the abundant of shellfish wastes, the production of value-added
products such as chitin and their derivatives and application in different fields are
highly interesting. The oligosaccharide of chitin and chitosan have various potential
application in the field of food (Lee et al. 2002), agricultural (Yin et al. 2010), and
pharmaceutical industries (Muanprasat and Chatsudthipong 2017). Because of the
interest in green technology nowadays, commercial interest in the conversion of chitin or
chitosan to generate bioactive CHOS, using microbial or enzymatic method has been

gradually increased.

2.3 Production of chitin and chitosan from crustacean shells using

microbial fermentation

Chitin and chitosan from crustacean shell is generally prepared using inorganic
acid for demineralization and strong alkali for deproteinization (Aye and Stevens 2004).
The chemical chitin and chitosan extraction processes have many disadvantages,
including environmental pollution, abundant of toxic waste, and is harmful to human

health. Therefore, the alternative method for chitin and chitosan extraction which is
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more environmentally approach using microbial fermentation has been developed to
replace the toxic chemical method. Chitin from crustacean shell has been produced
using microbiological method, in which deproteination takes place by function of
proteases obtained from microorganisms and demineralization by acid produced from
microorganism during fermentation. These include Serratia marcescens B742,
Pseudomonas aeruginosa, Bacillus pumilus Al, Pseudomonas aeruginosa F722,
Lactobacillus plantarum ATCC 8014, Lactobacillus paracasei subsp. tolerans KCTC-
3074 and Serratia marcescens FS-3 (Table 2.1). These microorganism have been shown
to produce organic acid to dissolve calcium carbonate and protease to hydrolyze
proteins in the crustacean shell. The efficiency of fermentation is depending on raw
material, fermentation type (fermentation in single step and co-fermentation) and
incubation condition as summarized in Table 2.1. However, the extraction of chitin by
microbial fermentation is not highly efficient when compared to the chemical method

and requires complicated downstream processing for isolated of CHOS.



12

Table 2.1 Bioconversion of chitin and chitosan from crustacean shells using microbial

fermentation
Raw materials Microorganism Condition % Yield %DPY and References
%DM?
Shrimp shell - Serratia marcescens -35°C, 11 days 21.35% 94.5 and 93.0% (Zhang et al.
powders (SSPs) B742 (deproteinization) - Submerged chitin and 2017)
- Lactobacillus fermentation 13.11%
plantarum ATCC 8014 chitosan
(Demineralization)
- Rhizopus japonicus
M193 (Deacetylation)
Shrimp waste Pseudomonas 20% glucose, 20% 47% chitin 92% and 82% (Sedaghat et
Penaeus aeruginosa, protease- inoculation and 6 al. 2017)
merguiensis producing bacterium days at 50 °'C
Shrimp shells, Bacillus pumilus Al pH5.0at35°C 27% chitin 94% and 88% (Ghorbel-
Metapeneaus and 150 rpm for 6 Bellaaj et al.
monoceros days 2013)
Crab shell waste Pseudomonas aeruginosa 7 days at 30 °C. - 63% and 92% (Ohetal.
F722 2007)
Red crab Cofermentation with 30 °C, 180 rpm for - 52.6% and (Jung et al.
(Chionoecetes Lactobacillus paracasei 7 days 97.2% 2006)
japonicus) subsp. tolerans KCTC-

3074 and Serratia
marcescens FS-3
Y9DP is deproteinization rate and %DM is demineralization rate. %DP and %DM

were calculated as previously described in (Sedaghat et al. 2017).

2.4 Conversion of chitin into chitosan by chitin deacetylase

Traditional method for conversion of chitin into chitosan is typically achieved by
using strong alkaline solution, which generates the environmental problem and unregular
deacetylation pattern, making it difficult to control and predict their biological
activities. (Chang et al. 1997). Enzymatic method by chitin deacetylase (CDA, EC
3.5.1.41) is an alternative method to deacetylate chitin. Chitin deacetylases belong to
the family 4 of carbohydrate esterases (CE4), according to the CAZy classification
system (Lombard et al. 2014). Chitin deacetylase had been isolated and partial
characterized from many fungi including CDA from Mucor rouxii (Kafetzopoulos et al.

1993, Tsigos et al. 1999), Aspergillus nidulans (Alfonso et al. 1995), Colletotrichum
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lindemuthianum (Hekmat et al. 2003, Blair et al. 2006), Vibrio parahaemolyticus
(Hirano et al. 2015) and Vibrio cholerae (Andrés et al. 2014). The enzyme chitin
deacetylases catalyze the hydrolysis of the acetamido group in GIcNAc units of chitin,
chitosan and CHOS, consequently generating glucosamine units and acetic acid (Zhao
et al. 2010). This method is controllable, non-degradable process, resulting in the
production of well-defined chitosan (Tsigos et al. 2000). So far, several chitin
deacetylases have been cloned, purified and in-depth characterized, as shown in Table
2.2. In addition, it has been recently shown that the activity of chitin deacetylase from
Aspergillus nidulans FGSC A4 on insoluble chitin can be improved by co-
administration of CBP21, a chitin-active lytic polysaccharide monooxygenase (LPMO)

from Serratia marcescens (Liu et al. 2017).

Table 2.2 Bioconversion of chitin or chitin oligomer into chitosan or chito-

oligosaccharide by chitin deacetylase.

Enzyme Enzyme source Substrate Condition End products Reference
Chitin Podospora Colloidal 37 °C, 120h ADA =15% (HoRbach et
deacetylase, anserine chitin al. 2018)
PaCDA (Yeast system;

Hansenula
polymorpha)
Chitin Aspergillus (GINAC)s 37°C,24h  (GIN)s, (Liu et al.
deacetylase, nidulans FGSC A4 (GIN)s(GINAC)s, 2017)
AnCDA, (E. coli system) (GIN)4(GINAC)
Carbohydrate
esterase family4
Chitin Puccinia graminis - (GINAc)4 37°C,48h - A-A-D-D (Nagvi et al.
deacetylase, f. sp. tritici - (GINACc)s - A-A-D-D-D 2016)
PgtCDA (E. coli system) - (GINAC)s - A-A-D-D-D-D
Chitin Scopulariopsis Chitin from 55 °C, 55 min 37% (Cai et al.
deacetylase brevicaulis Aspergillus Deacetylation 2006)
(fungus) niger

mycelium
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2.5 Production of CHOS by enzymatic method
2.5.1 Hydrolysis activity by chitinase and chitosanase

Bioconversion of chitin and chitosan into CHOS can be performed by
enzymatic method using enzyme in the family of glycoside hydrolase (GH), namely
chitinases and chitosanases. They are capable of converting chitin and chitosan into
CHOS by hydrolyzing the B-1,4 glycosidic linkages between the sugar units. The
enzymes responsible for chitin degradation are chitinases (EC3.2.1.14). Chitinases
occur in glycoside hydrolase families 18 and GH19, which are found in a variety of
organisms such as bacteria, fungi, insects, plants, and animals (Tanaka et al. 2004).
Chitinases have the ability to hydrolyzed A-A linkage, but not D-D linkage. Moreover,
chitinases also hydrolyze highly acetylated chitosan, varying of CHOS mixture could
be produced depending on the degree of acetylation of chitosan (Horn et al. 2006).
However, chitinase could not get access to the compact structure of insoluble chitin.
Our laboratory has previously studied on the hydrolytic activity of ChiAl from Bacillus
licheniformis against colloidal chitin. The result showed that only (GIcNAc)2 was
released (Songsiriritthigul et al. 2010). After that, the activity of the enzyme has been
improved 2.7-fold and 2.3-fold at pH 3 and 6.0 by directed evolution, using DNA
shuffling technique (Songsiriritthigul et al. 2009).

Chitosanase or chitosan N-acetylglucosaminohydrolase (EC 3.2.1.132)
catalyzes the hydrolysis of glycosidic bond of chitosan into CHOS (Falcon-Rodriguez
et al.). Chitosanases are members of glycosyl hydrolase (GH) families GH5, GH7,
GH8, GH46, GH75, and GH80, according to the CAZy database. Among these familes,
GH46 have been studied extensively in terms of their catalytic features, enzymatic
mechanisms and protein structures (Marcotte et al. 1996, Lacombe-Harvey et al. 2009).

Chitosanases can be classified into three classes depending on their cleavage specificity.
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Classl cleaves GIcNAc—GIcN and GIcN-GIcN bonds, classll cleaves only the GIcN-
GIcN bonds and classlll chitosanases cleaves GIctN-GIcNAc and GIcN-GIcN bonds
(Tanabe et al. 2003). The enzyme have been found in a variety of microorganism such
as bacteria, fungi and a few in plant (Jo et al. 2003). Many of them are derived from the
genus Bacillus that belong to GH families 8 and 46. Recently, in- depth characterized
of endo chitosanase from bacillus subtilis 168 (BsCsn46A), which is the one of the
fastest chitosanases described so far, has been reported (Pechsrichuang et al. 2018). A
summary of reports on the bioconversion of chitin and chitosan and the analysis of the
hydrolytic products of chitinases and chitosanases from various microorganism is

shown in Table 2.3.



16

Table 2.3 Enzymatic hydrolysis of chitin and chitosan into CHOS by chitinase and

chitosanase.
Enzyme Enzyme source Substrate Condition DP of end Reference
products
Chitinase B Serratia marcescens chitosan Fa 0.65 37°C, 1 week 1-4 (Serbotten
GH Family 18 (E. coli system) (homogeneous de-N- (2=0.37) et al. 2005)
acetylation of chitin)
Chitinase G Streptomyces coelicolor chitosan Fa 0.64 37 °C, 1 week 1-3 (Heggset et
GH Family 19 A3(2) (homogeneous de-N- al. 2009)
(E. coli system) acetylation of chitin)
Chitinase Bacillus licheniformis Colloidal chitin 37°C, 60 min 2 (Songsiriritt
(Hsiao et al.) (E. coli system) higul et al.
GH family 18 2010)
ScCsn46A Streptomyces coelicolor Chitosan F0.32 37°C, 7 days 1-3 (Heggset et
GH family 46 A3(2) al. 2010)
(E. coli system)
Chitosanase Aspergillus fumigatus Chitosan 60°C,24h 3-6 (Chenetal.
(Pichia pastoris) 2012)
SaCsn75A Streptomyces Chitosan Fa0.31 37 °C, 7 days 2-4 (Heggset et
GH family 75 avermitilis al. 2012)
Chitosanase Bacillus sp. Chiosan 50°C, 2h 3-6 (Zhou et al.
GH family 8 (E. coli system) (DDA>95%) 2015)
Chitosanase Bacillus subtilis ATCC Chitosan 37 °C, 5 min 2-6 (Nguyen et
23857 al. 2016)
(Lactobacillus plantarum
WCFS1)
Chitinase Chil Myceliophthora -Swollen chitin 50 °C,6h -2 (Krolicka et
thermophila C1 - Chitosan 90DDA/100 -2-12 al. 2018)
(Myceliophthora
thermophila C1)
BsCsn46A Bacillus subtilis strain 168 Chitosan F 0.30 37°C,48h 2-3 (Pechsrichu
GH family 46 (E. coli system) ang et al.
2018)
Chitosanase Rhizobacterium Chitosan 30°Cfor6h 2-3 (Qinetal.
(GsCsn46A) Gynuella sunshinyii (DDA>95%) 2018)

GH family 46 (E. coli system)

2.5.2 Transglycosylation activity

Biosynthesis of CHOS with specific composition and length is becoming
more important for many industrial applications such as therapeutic agents (Wu et al.
2012, Yousef et al. 2012, Zhang et al. 2014, Muanprasat et al. 2015), prebiotic (Lee et
al. 2002, Fernandes et al. 2012), or in agriculture applications (Falcon-Rodriguez et al.
2011, Maksimov et al. 2011, Rahman et al. 2015). Bioconversion of chitin and chitosan
into CHOS is normally prepared by enzymatic hydrolysis using chitinases and
chitosanases to generate short oligomers as the major product (Table 2.3). However,
CHOS can also be generated by transglycosylation reaction. So far, a few chitosanase

has been shown to possess transglycosylation activity (Tanabe et al. 2003, Hsiao et al.
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2008) (Table 2.4). In addition, few studies have described the generation of engineered
family 18 chitinases through site directed mutagenesis to reduce the hydrolysis and
improve transglycosylation activity in order to produce long chain CHOS (Table 2.4).
When conserved Trpl67 at the -3 subsite of Serratia marcescens QMB1466 was
substituted with alanine, the transglycosylation activity of the enzyme was enhanced
(Aronson et al. 2006). Long oligosaccharides, i.e., (GINAc)s and (GINAc)s were
produced when (GINAc)4 was used as substrate, and (GINAc)s and (GINAc)7 could be
formed from (GINAC)s. In addition, Zakariassen et al reported transglycosylation
activity of double mutant chitinase, chiA-D313N-F396W from Serratia marcescens
(Zakariassen et al. 2011). The mutation of Asp to Asn at conserve diagnostic DxDXE
motif at catalytic domain and exchanged Phe to Trp could affect the transglycosylation
activity of the enzyme. The long oligosaccharide products (GINACc)s to (GINAC)s were
detected when using (GINAC)s as substrate. Recently, (Bhuvanachandra et al. 2018) has
created mutated chitinases StmChiA at catalytic domain (D464N) and glycon binding
site (W306A and W679A) and it was reveal that the mutants of the glycon binding site
(W306A and W679A) appear to produce long-chain CHOS more efficiently than the

catalytic mutant D464N.
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Table 2.4 Bioconversion of chitin and chitosan into CHOS by transglycosylation

activity of chitinolytic enzyme.

Enzyme Enzyme source  Substrate  Condition DP of end products Reference
Chitosanase Streptomyces (GIN)s 37°C,8h (GIN)2(GINAC)s, (Tanabe et
griseus HUT (GINAC)3 (GIN)3(GINAC)s, al. 2003)
6037 (GIN) (GINAC)s,
Chitinase A, Serratia - Onice -DP5, DP6 from (Aronson et
SmChiAW167A marcescens (GINAc)s  temperature  (GINAC)4 al. 2006)
GH family 18 QMB1466 - for 10 min - DP6, DP7 from
(E. coli system) (GINAC)s (GINAC)s
Chitinase, ChiA- Serratia (GINAc)s  37°C,5 DP3-DP8 (Zakariasse
D313N-F396W marcescens min netal
GH family 18 (E. coli system) 2011)
(double mutant)
Chitinase,StmChi  Stenotrophomona  (GINAc)s 40 °C, 0- DP2-DP6 (Bhuvanac
A s maltophilia (GINAc)s 720 min handra et
-W306A, W679A  (E. coli system) al. 2018)
(glycon binding
site)

-D464N (catalytic)

2.5.3 Auxiliary activity

Lytic polysaccharide monooxygenases (LPMOs), a group of carbohydrate
active enzymes has been classified as auxiliary activities (AA) from CAZy database
(Levasseur et al. 2013), occuring in families 9 (previously GH 61) (Quinlan et al. 2011),
10 (previously CBM 33) (Forsberg et al. 2011), 11 (Hemsworth et al. 2014) 13, 14 and
15. LPMOs are copper dependent enzymes that use molecular oxygen and external
electron donor to oxidize on surface of recalcitrant polysaccharide and cleavage
glycosidic bonds of chitin and cellulose. Recently, (Vaaje-Kolstad et al. 2010) and
(Bissaro et al. 2018) reported advance technique including computational, biophysical,
and biochemical methods. These enzymes generate oxidized chain ends, thus boosting
the degradation by chitinase (Vaaje-Kolstad et al. 2010). There has been reported about
the degradation of insolube a- and B- chitin using LPMOs (Table 2.5). Nakagawa et al
(Nakagawa et al. 2013) reported the degradation of a- and - chitin by CBP 21. The

oxidized CHOS with DP 4-6 were produced when using a- chitin as substrate, while
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CHOS with DP 4-10 were detected when using - chitin as substrate. Moreover, they
also studied the synergy of CBP21 and chitinases (ChiB and ChiC) for the degradation
of various particle size of crystalline a-chitin (mechanical pretreatment), the study
showed that this enzyme acts synergistically with chitinases. In addition, the individual
and synergistic activity with chitinase of LPMO (SgLPMO10F) from Streptomyces
griseus has been studied (Nakagawa et al. 2015). The individual SQLPMO10F showed
activity on both a- and B-chitin, although the enzyme was active on B-chitin more than
a- chitin. The synergistic activity of Serratia marcescens GH18 chitinase and
SgLPMO10F could improve the chitin solubilization yield. Other LPMOs that are
active on insoluble chitin such as BIAAL1OA from Bacillus licheniformis (Forsberg et
al. 2014) and CjLPMO10A from Cellvibrio japonicus have also been reported.
Moreover, LPMOs have been used for component in enzymes cocktail for chitin
degradation. The enzyme cocktails for saccharification of chitin using five mono-
component enzymes from Serratia marcescens including SmMLPMOZ10A (CBP21), three
chitinases (SmChiA, SmChiB, SmChiC) and a beta-N-acetylhexosaminidase, SMCHB

(chitobiase) have been developed by (Mekasha et al. 2017).
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Table 2.5 Bioconversion of chitin into CHOS by recombinant Lytic Polysaccharide

Monooxygenase (LPMO). Products detected upon incubation with chitin

were CHOS oxidized aldonic acids (i.e. products oxidized at the C1 carbon)

Enzyme Enzyme source Substrate Condition DP of Reference
dominating end
products
LPMO, CBP21  Serratia marcescens  a- and p- chitin 37°C - CHOS DP 4-6  (Nakagawa et
from a- chitin al. 2013)
-CHOS DP 4-10
from - chitin
LPMO, Bacillus licheniformis  squid pen B- 37°C,16h CHOS DP6-9 (Forsberg et
BIAA10A (E. coli system) chitin (Cl-oxidized) al. 2014)
LPMO, Streptomyces griseus  a- and B- chitin  40°C,150 - CHOS DP4-6 (Nakagawa et
SgLPMO10F (Brevibacillus min from a-chitin al. 2015)
choshinensis SP3) - CHOS DP4-8
from B-chitin
Chitin-active Cellvibrio japonicus ~ Shrimp shell a- 37 °C, 24 h CHOS DP4- (Forsberg et
LPMO, (E. coli system) chitin and squid DP6 al. 2016)
CjLPMO10A pen B- chitin
LPMO, Serratia marcescens B- chitin 40°C, 60 CHOS DP4-6 (Bissaro et al.
SMAAL0A or (E. coli system) min 2018)
CBP21

2.6 Conclusion

Bioconversion of marine shell wastes into value-added chitin, chitosan and CHOS
using microbial and enzymatic methods have been researched for many years. To
extract the chitin from the crustacean shell, pretreatment the shell wastes using
microbial fermentation by lactic acid bacteria and protease producing bacteria has been
performed for demineralization and deproteinization. For bioconversion of chitosan,
chitin or chitin-oligomer can be converted into chitosan or chitosan oligomers by chitin
deacetylase. CHOS production from chitin and chitosan involve GH families of
chitinase and chitosanase, respectively. The major products from hydrolysis reaction
of chitinase and chitosanase currently are short oligomers (DP ranging from 1-12),
depends on substrate specificity of the enzymes (Table 2.3). To produce longer chain
CHOS, engineered chitinase with improved transglycosylation and reduced hydrolytic

activity have been used. LPMOs are emerging enzyme for the bioconversion of
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chitin/chitosan. However, mechanochemical pretreatment for reduction of crystallinity

of chitin is also essential for direct enzymatic degradation by LPMOs and/or chitinases.
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CHAPTER Il

EXPRESSION OF RECOMBINANT BACILLUS SUBTILIS

CHITOSANASE IN E. COLI EXPRESSION SYSTEM

3.1 Abstract

The production of secreted recombinant proteins from E. coli is pivotal to the
biotechnological industry because it reduces the cost of downstream processing.
Proteins destined for secretion contain an N-terminal signal peptide that is cleaved by
secretion machinery in the plasma membrane. The resulting protein is released in an
active mature form. In this study, Bacillus subtilis chitosanase was used as a model
protein to compare the effect of two signal peptides on the secretion of heterologous
recombinant protein. The results showed that the E. coli secretion machinery could
recognize both native bacillus and E. coli signal peptides. However, only the native
bacillus signal peptide could generate the same N-terminal sequence as in the wild type
bacteria. When the recombinant Csn constructs contained the E. coli OmpA signal
peptide, the secreted enzymes were heterogeneous, comprising a mixed population of
secreted enzymes with different N-terminal sequences. Nevertheless, the E. coli OmpA
signal peptide was found to be more efficient for high expression and secretion of
bacillus Csn. These findings may be used to help engineer other recombinant proteins
for secretory production in E. coli.

Keywords: Secretion, Recombinant, E. coli, Expression, Signal peptide, OmpA,

Bacillus, Chitosanase
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3.2 Introduction

The production of secreted recombinant proteins from E. coli is pivotal to the
biotechnological industry because it reduces the cost of downstream processing
associated with non-secreted proteins (Mergulh&o et al. 2005). Secreted proteins are
usually properly folded and more stable than cytosolic protein because of lower
protease levels in the periplasm or culture medium. Proteins destined for secretion
carry an N-terminal signal peptide that is cleaved in the plasma membrane by different
mechanisms. The resulting protein is released in an active mature form (Mergulhdo et
al. 2005). E. coli is the most commonly used cell factory for the expression and
secretion of recombinant enzymes and other biologically active proteins (Mergulhdo
et al. 2005). Since secreted recombinant proteins are fused with an E. coli signal
peptide, the cleavage site is often unknown and hard to predict because it does not have
to be the same as for the natural protein. This trivial issue can have a significant effect
on biological activity and protein expression. Despite the importance of this aspect of
protein engineering for secretion, there have been only a few reports on the effect of
signal peptides on protein expression and subsequent processing in E. coli. The aim of
this study was to investigate the effect of two different signal peptides on recombinant
protein expression and N-terminal processing using chitosanase (Csn) from Bacillus
subtilis as a model protein. This enzyme is biotechnologically important because it
converts chitosan, a recalcitrant waste product from the seafood industry, into value-
added chito-oligosaccharides, which have been shown to have excellent health and
agricultural benefits (Pechsrichuang et al. 2013, Zhou et al. 2015). It is a relatively
small, 28-kDa extracellular enzyme that is secreted from Bacillus subtilis, a Gram

positive bacteria (Pechsrichuang et al. 2013). To analyze the effect of different signal
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peptides, a gene encoding mature Csn together with its native signal peptide and a gene
encoding recombinant Csn with its native signal peptide replaced with OmpA, a signal
peptide from the Gram-negative bacteria E. coli, were cloned into a Ptac based
expression vector and over-expressed in E. coli TOP10 cells (Figure 3.1). Protein
expression levels and enzymatic activity at different time points, in various
compartments, and the sequence of the N-terminus of the secreted proteins were
determined. In this article, we show that the type of signal peptide can affect both the
structure of the N-terminus and the expression level of recombinant proteins that are

secreted from an E. coli expression system.

3.3 Materials and Methods

3.3.1 Bacterial strains and plasmids

Bacillus subtilis strain 168 (ATCC23857) was obtained from the
American Type Culture Collection. The bacteria were grown on NA agar at 30 °C. E.
coli DH5a (Life Technologies, USA) and TOP10 (Invitrogen, USA) were used as a
cloning and expression host, respectively. The plasmid pMY202, which was used for
cloning and expression of the B. subtilis chitosanase gene, was modified from pFLAG-
CTS (Sigma, USA) by replacing the multiple cloning sites (MCS) between Hindlll and
Sall of the pFLAG-CTS in a way that the Sall was destroyed after ligation (Yamabhai
et al. 2011).

3.3.2  Substrate
Low molecular weight chitosan [product number 448869 (75-85 %
DDA)] was purchased from Sigma-Aldrich and soluble chitosan (10 mg/mL) was
prepared by dissolving 10 g of chitosan in 400 mL of distilled water and 90 mL of 1

M acetic acid. The chitosan solution was adjusted to pH 5.5 with 1 M sodium acetate
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to a final volume of 1 L with distilled water.

3.3.3 Molecular cloning

The genes encoding Csn from B. subtilis 168 containing the native signal
peptide (Nat-Csn) or the mature enzyme fused with the E. coli OmpA signal peptide
(OmpA-Csn) were cloned by PCR-based methods into the pMY202 vector, according
to a previously published protocol (Songsiriritthigul et al. 2010). The primers were
designed from the published database of the DNA sequence of the Csn gene of B.
subtilis 168 (NCBI accession number: NC 000964 REGION: complement
(2747984..2748817). The primers, B.subCsnNdelFw: 5" CTG TGC CAT ATG AAA
ATC AGT ATG CAA AAAGCAGAT TTT TGG 3'and B.subCsnBamHIRv: 5’ GCA
CAG GGA TCC TTT GAT TAC AAA ATT ACC GTA CTC GTT TGA AC 3’ were
used for PCR amplification of the B. subtilis Csn gene containing the native signal
peptide (Nat-Csn). The PCR products were cut with Ndel and Bglll and cloned into
Ndel and Bglll sites on the pMY 202 plasmid. For the construction of the recombinant
chitosanase gene, of which the native signal peptide was replaced with the E. coli
OmpA signal peptide (OmpA-Csn), primers B.subCsnOmpAHindIlIFw: 5’
CTGTGCAAG CTT CGG CGG GAC TGA ATA AAG ATC AAA AGC3 and
B.subCsnBamHIRv: 5 GCA CAG GGA TCC TTT GAT TAC AAA ATT ACC GTA
CTC GTT TGA AC 3" were used in the PCR reaction. The PCR products were cut with
Hindlll and BamHI and ligated into a pMY202 vector that had been digested with the
same enzymes. The recombinant constructs of B. subtilis Csn containing either the
native or the OmpA signal peptide were designated Nat-Csn/pMY202 and OmpA
Csn/pMY202, respectively. The integrity of the constructs was confirmed by

automated DNA sequencing (Macrogen, Korea).



37

3.3.4 Expression and preparation of recombinant chitosanases from

various compartments

Four colonies of freshly transformed E. coli TOP10 harboring appropriate
constructs were transferred into 20 mL Luria—Bertani (LB) broth containing 100
ug/mL ampicillin (LB-Amp) and grown overnight at 37 °C. Then, 2 % of the overnight
cultures were added into 200 mL LB-Amp broth and grown at 37 °C with shaking until
an optical density at 600 nm (OD600) of 0.6-0.7 was reached. Isopropyl-p-d-
thiogalactopyranoside (IPTG) was added into the culture broth to a final concentration
of 0.1 mM (for purification as shown in Figure 3.3) or 0.5 mM (for determination of
enzyme activities in various compartments as reported in Table 3.1), and the incubation
was continued at ambient temperature (27-28 °C) with shaking. Fifty mL of culture
was collected after induction for 4 and 20 h and centrifuged at 4000xg for 30 min at 4
°C. Preparation of periplasmic extract and cell lysate (cytosolic fraction) was done as
previously described (Yamabhai et al. 2008).

3.35 SDS-PAGE

Denaturing sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed according to the method of Laemmli (Laemmli 1970).
Protein bands were stained by Coomassie brilliant blue R-250. Protein ladder (10-200
kDa) was purchased from Fermentas (St.Leon, Germany) and Bio-Rad. The protein
samples were briefly heated (3 min) in loading buffer (Laemmli buffer) with reducing
agent (100 mM B-mercaptoethanol) at 100 °C, using a heat block before loading onto

the gel. Enzyme activity assay on agar plates.



38

3.3.6 Chitosanase activity assay on chitosan agar plate
The activity of recombinant chitosanase was assayed on LB agar plates
containing 100 pug/mL ampicillin and 0.1 % (w/v) of low MW chitosan. Various
concentrations of IPTG (0, 0.1, 0.5 mM) were spread onto the plate before freshly
transformed cells were spotted onto the plates and incubated at 37 °C. Hydrolytic clear
zones were observed and the diameters of the clear zones were measured at various
time points. The experiments were done in triplicate. The average diameters with SD
values were reported.
3.3.7 Chitosanase activity assay
Standard Csn activity was determined using the 3,5-dinitrosalicylic acid
(DNS) method (Miller 1959). The reaction mixture consisted of 40 uL of enzyme (0.4
ng) and 160 pL of 0.5 % (w/v) of soluble chitosan in 200 mM sodium acetate buffer,
pH5.5. The reaction was incubated in a Thermomixer Comfort (Eppendorf AG,
Hamburg, Germany) at 50 °C for 5 min, with mixing at 900 rpm. The reaction was
stopped by adding 200 puL of DNS solution and centrifuged at 12,000xg for 5 min to
precipitate the remaining chitosan. Then, the color was developed by heating at 100 °C
for 20 min and cooled on ice. The concentration of reducing sugar in the supernatant
was determined by measuring the OD at 540 nm, using d-glucosamine (1-5 pmol/mL)
as a standard. One unit of Csn activity was defined as the amount of enzyme that
released 1 pmol of D-glucosamine per minute under standard assay conditions. The
experiments were performed in duplicate.
3.3.8 Purification of recombinant chitosanase
Recombinant 10x His-tagged Csn proteins were purified from culture

supernatant and cell lysate by immobilized metal affinity chromatography (IMAC),
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using Ni-NTA agarose (Qiagen, Germany) as previously described (Juajun et al.
2011). The enzyme was eluted with 250 mM imidazole. The eluted enzyme was passed
through Vivaspiné columns (M, cut-off 10 kDa; GE Healthcare, Sweden) to remove
imidazole and concentrate the protein. The purified enzyme was stored at 4 °C until
further use. Protein concentrations were determined by the method of Bradford
(Bradford 1976) using a Bio-Rad protein assay kit and bovine serum albumin (BSA)
as the standard. The standard calibration curve was constructed from 0.05 to 0.5
mg/mL BSA.
3.3.9 N-terminal sequencing

1.25 ug samples of purified OmpA-Csn and Nat-Csn were separated by
SDS-PAGE on 15 % gels and electroblotted onto polyvinylidenedifluoride (PVDF)
membrane (Bio-Rad, USA) in 50 mM borate buffer containing 10 % (v/v) methanol,
pH 9. After blotting, the membrane was stained with Coomassie blue for 3 min,
followed by destaining of the membrane with destaining solution (40 % (v/v) methanol
and 10 % (v/v) acetic acid). N-terminal sequences were commercially analyzed using
Edman degradation on an Applied Biosystems Procise 492 protein sequencer (Protein
Micro-Analysis Facility, Medical University of Innsbruck, Austria).

3.3.10 MALDI-TOF MS

Protein samples were loaded into Zeba™ Spin Desalting Columns
(Thermo Scientific Inc., USA) pre-equilibrated with water. The columns were
centrifuged at 1500 rpm for 2 min and the desalted fraction was precipitated overnight

with 2 volumes of cold acetone at -20 °C. After centrifugation at 12,000 rpm for 15

min, the protein pellet was resuspended in 0.1 %TFA/50 %ACN to a final

concentration of 10 pg/uL. The protein was mixed with MALDI matrix solution (10
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mg sinapinic acid in 1 mL of 50 % acetonitrile containing 0.1 % trifluoroacetic acid),
directly spotted onto the MALDI target (MTP 384 ground steel, Bruker Daltonik,
GmbH), and allowed to dry at room temperature. MALDI-TOF MS spectra were
collected using Ultraflex 111 TOF/TOF (Bruker Daltonik, GmbH) in linear positive
mode with a mass range of 5,000-100,000 Da. Five hundred shots were accumulated
with a 200-Hz laser for each sample. MS spectra were analyzed by FlexAnalysis
software (Bruker Daltonik, GmbH). Bovine insulin, equine cytochrome C and equine

apomyoglobin were used as external protein calibrations.

3.4 Results

3.4.1 Cloning and secretion of recombinant Csn containing two different
signal peptides on agar plates

The tac promoter was used to control the expression of the two
recombinant Csn forms, and protein over-expression was induced with IPTG. The
recombinant enzymes were fused with 10x histidine tags at the C-termini to facilitate
one-step affinity purification using IMAC, which allowed for accurate determination
of production yield and the sequence of N-terminal amino acids. For the Nat-Csn
construct, the native Bacillus signal peptide (35 amino acids) was retained by cloning
the entire B. subtilis Csn gene into the pMY202 vector, which had been previously
digested with Ndel and Bglll. The PCR products (~831 bp) were digested with Ndel
and Bglll and cloned into corresponding restriction sites on the pMY202 plasmid
(Figure 3.1, left panel). For the OmpA-Csn construct, the native signal peptide of B.
subtilis Csn was replaced with that of the E. coli OmpA signal peptide. The PCR

products (~726 bp) were digested with Hindl1l and BamHI and cloned into
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corresponding restriction sites on the pMY202 plasmid, which contained the OmpA
gene. This resulted in the fusion of the E. coli OmpA signal peptide with the mature
enzyme (Figure 3.1, right panel). The DNA sequences of the two constructs were
confirmed by automated DNA sequencing (Macrogen, Korea). The theoretical
molecular mass of the Nat-Csn and OmpA-Csn constructs were 33.23 and 31.26 kDa,
respectively. To compare the effect of the signal peptide on Csn secretion on agar
plates, a single colony of E. coli TOP10 harboring pMY 202 containing either OmpA-
Csn or Nat-Csn was grown on LB-Amp agar containing 0.1 % low MW chitosan, and
0, 0.1 or 0.5 mM IPTG, and incubated at 37 °C. Clearing zones from different
conditions were measured at different time points and plotted as shown in Figure 3.2,
left panel. Representative clearing zones are shown on the right panel. While no
clearing zones were observed in E. coli expressing empty vector, the size of clearing
zones of E. coli expressing OmpA-Csn were significantly larger than those from Nat-
Csn-expressing E. coli after 48 h. These results suggest that homologous OmpA is
more efficient than the native signal peptide at directing the secretion of heterologous
enzyme in E. coli. Moreover, these results indicated that over-expression of ptac
promoter could be induced by increasing concentration of IPTG. The observation of

clear zones in the absence of IPTG was an indication that the promoter was leaky.
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Figure 3.1 Map of constructs used in this study. Nat-Csn (construct on left) was use for
secretory expression of Csn via its native bacillus signal peptide, while
OmpA-Csn (construct on right), comprised of the mature enzyme fused with

the E. coli OmpA signal peptide that is a component of the pMY 202 vector.
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Figure 3.2 Secretion of recombinant Csn. Mean clear zones diameters (from three
colonies of E. coli expressing recombinant Nat-Csn and OmpA-Csn) at
0, 4, 12, 24 and 48 h are shown in the panel a along with standard error.
Representative clear zones from different conditions at 4, 12, 24, 48, and
10 days are shown in the panel b. No clear zone was detected around

colonies of E. coli expressing empty vector (bottom row).

3.4.2 Effect of signal peptides on vyield and secretion efficiency of
recombinant Csn containing two different signal peptides in an E.
coli expression system
To further evaluate the effect of the signal peptides on the expression and

secretion of Csn from E. coli, the recombinant proteins were collected from three
different compartments (cytoplasm, periplasmic space, and culture broth) and their
enzyme activities were analyzed at different time points. The total enzyme activity in
the compartments and the secretion efficiency at different time points are reported in
Table 3.1. These results indicate that the yield of the construct containing the E. coli

signal peptide was approximately two folds to ten folds higher than the yield of



44

constructs with the native signal peptide, but was dependent on induction time and
compartment. At 20 h after induction, both total yield and secretion efficiency of
constructs with the OmpA signal peptide were approximately two fold higher than
those with the native signal peptide. Moreover, the enzyme activities in the periplasm
and culture broth were both approximately five fold higher when OmpA was used as
the signal peptide. At 4 h after induction, when periplasmic leakage should be
insignificant (Rinas and Hoffmann 2004, Albiniak et al. 2013) the use of the OmpA
signal peptide resulted in as much as a ten fold higher Csn activity in the periplasm.
The differences in yield and secretion efficiency were not observed at time 0, when the
gene expression was not induced by IPTG.

Table 3.1 Enzyme activity and secretion efficiency.

Enzymatic activity (Total

1feca
. i Hnit; Fold change®
time (h) Native Sp OmpA Sp
Broth 0 85.5+2.00 98.0+2.92 1.15
4 115+1.5 244+5.1 2.12
20 265+2.00 1,386+2.6 5.23
Periplasm 0 0.93+0.02 0.99+0.01 1.06
4 2.03+0.01 22.2+0.20 10.9
20 4.90+0.09 27.6+0.69 5.63
Cytosal 0 21.3+0.02 20.5+0.35 0.96
4 338+2.6 561+12.8 1.45
20 528+45.1 564+0 1.07
Total 0 108+2.0 119+3.3 1.1
4 505+1.2 828+7.5 1.64
20 798+3.0 1,978+3.2 2.48
Secretion 0 79.3+0.39 82.0+0.21 1.03
Efficiency (%)° 4 22.7+0.34 29.5+0.88 1.3
20 33.2+0.38 70.1+0.01 2.11

Expression and secretion of B. subtilis Csn into different compartments of the E. coli
host harboring Nat-Csn/pMY202 or OmpA-Csn/pMY202, which contain native

(Native Sp) or OmpA (OmpA Sp) signal peptides.
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®Total enzyme activity from 50-mL culture. The experiments were done in duplicate
and the average values with standard deviations are reported.

bFold change indicates the relative values of the yields or secretion efficiencies of
constructs with different signal peptides from different compartments (OmpA Sp
divided by native Sp).

“Secretion efficiency was calculated from the percentage of the enzyme activity from
culture broth plus periplasmic space divided by the total enzyme activities from all
three compartments.

However, leaky expression from the tac promoter could be observed as
shown in an assay on agar plates. Under these conditions, the secretion efficiency of
constructs containing either the E. coli or the native signal peptide was equally high.
To accurately determine the yield and activity of recombinant Csn, secreted enzymes
were purified from culture broth to homogeneity (Figure 3.3a, b). The expected size of
secreted recombinant Csn was approximately 32 kDa. The SDS-PAGE analysis of
crude secreted enzymes from culture broth or cell lysate (periplasm plus cytosol) are
illustrated in Figure 3.3c. Routinely, approximately 18.5 and 0.4 mg/L of purified
OmpA-Csn and Nat-Csn could be purified from culture supernatant of shake-flask
cultivation, respectively (Table 3.2). Both purified recombinant Csn proteins had
specific activities of approximately 300-400 U/mg. These results are consistent with
previous results on agar plates that the OmpA signal peptide is not only more efficient
at directing recombinant Bacillus Csn secretion via the Sec dependent pathway in an
E. coli expression system, but it also allows for increased protein expression upon

induction with IPTG.
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Table 3.2 Purification of Nat-Csn/pMY202 and OmpA-Csn/pMY202 from culture

broth or cell lysate

Total

Sample Protein protein Activity Total activity ~ Specific act. Purity %Yield?
mg/mLY mg/L? (U/mL) U/L (U/mg) (fold)®

Csn-OmpA

Crude broth 0.22 216 48.7 48700 225 1.00 100
Purify broth 2.64 18.5 1370 9600 519 2.31 19.7
Crude Lysate 1.20 60.2 140 7020 117 1.00 100
Purify Lysate 0.56 2.9 253 1301 456 3.92 18.5
Csn-Native

Crude broth 0.09 89.4 6.1 6095 68 1.00 100
Purify broth 0.14 0.38 37.9 106 280 4.10 1.74
Crude Lysate 3.68 184 704 35200 191 1.00 100
Purify Lysate 1.49 5.97 530 2120 355 1.86 6.02

Y Protein concentration (mg/ml) was determined by Bradford method as described in
material and method. ?Total of protein in 1L from culture volume 100 mL. ®Purity
refers to the increase in the specific activity, that calculated by specific activity of pure
enzyme divided by specificity of crude enzyme. ¥ Yield refers to the recovery of the
enzymatic activity after each purification step. The yield (%) was calculated from the
total activity (U/L) at purified enzyme divided by the total activity (U/L) in crude

enzyme, multiplied by 100.

3.4.3 N-terminal sequencing of secreted recombinant Csn

When proteins are secreted via the E. coli secretory pathway, the signal
peptide is cleaved by membrane bound signal peptidases before the mature enzyme is
released into the extracellular environment (Choi and Lee 2004). Since most
recombinant proteins are foreign to E. coli, the cleavage sites can be predicted
(Bendtsen et al. 2004, Zhang and Henzel 2004)  but may differ from the actual
cleavage sites that are often unknown. The secreted recombinant Csn were subjected
to N-terminal sequencing to investigate whether changes in the structure of signal

peptide could lead to alterations in amino acid sequence at the N-terminus. To do this,
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secreted enzymes were purified from culture broth, transferred onto PVDF (Figure

3.3d) and submitted for N-terminal sequencing.

Figure 3.3 Expression and purification of secreted Nat-Csn and OmpA-Csn from
culture supernatant and cell lysate. SDS-PAGE analysis of constructs
containing native (a) or OmpA (b) signal peptides from culture
supernatant (left panel) and cell lysate (right panel) at various purification
steps are shown. Equal volumes (15 pL/lane) of samples were loaded into
lanes, except for crude lysate, of which 5 pL/lane was loaded. ¢ The
comparison of crude enzymes obtained from culture broth after 20 h of
induction with 0.1 mM IPTG. Equal volumes of culture broth (15
ul/lane) were loaded into each lane. Purified proteins from culture broth
were separated by SDS-PAGE on 15 % gels and transferred onto PVVDF

membrane for N-terminal amino acid sequencing (d).
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Interestingly, our results indicated that the native signal peptide was
cleaved homogenously at the expected site, as indicated by an arrow in Figure 3.4, top
panel. However, when the OmpA signal peptide was used, the secreted enzyme was
found to be in a heterogeneous population, whereby the signal peptide was cleaved at
three different sites. One of these sites was the predicted site for the OmpA signal
peptide; however, none of these sites yielded the correct mature, native Bacillus

enzyme (which should start at AGLN).

Nat-Csn
MKISMQKADFWKKAAISLLVFTMFFTLMMSETVFAAGLNKDOKRRAEQLTSIFENGT
TEIQYGYVERLDDGRGY TCGRAGFTTATGDALEVVEVY TKAVPNNKLKKYLPELRRL
AKEESDDTSNLKGFASAWKS LANDKEFRAAQDKVNDHLYYQPAMKRSDNAGLKTALA
RAVMYDTVIQHGDGDDPDSFYALIKRTNKKAGGSPKDGIDEKKWLNKFLDVRYDDLM
NPANHDTRDEWRESVARVDVLRSIAKENNYNLNGPIHVRSNEYGNFVIKGSVDHHHH
HHHHHHLDYKDDDDK

[2]3]

fe—

ANAGFATVAQASAGLNKDOKRRAEQLTS IFENGTTEIQYGYVERLDD
GRGYTCGRAGFTTATGDALEVVEVYTKAVPNNKLEKKYLPELRRLAKEESDDTSNLKG
FASAWKSLANDEKEFRAAQDKVNDHLY YOPAMKRSDNAGLEKTALARAVMYDTVIOQHGD
GDDPDSFYALIKRTNKKAGGSPEKDGIDEKKWLNKFLDVRYDDLMNPANHDTRDEWRE
SVARVDVLRSIAKENNYNLNGPIHVRSNEYGNFVIKGSVDHHHHHHHHHHLDYKDDD
DK

Figure 3.4  Signal peptide cleavage sites. N-terminal sequencing of Nat-Csn and
OmpA-Csn was performed by Edman degradation on an Applied
Biosystems Procise 492 protein sequencer. Arrows indicate cleavage sites.
Native and OmpA signal peptides are underlined. The first amino acid after
the underline is the predicted cleavage site. The amino acid sequences
obtained from the N-terminal analysis are highlight in yellow. For Nat-Csn
the sequence was AGLNK; while the three sequences from OmpA-Csn
were SAGLN (site 2), GLNKD (site 3), and AGFAT (site 1). Two short

bars are the overlapped between site 2 and 3.
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3.44 MALDI-TOF mass spectrometry of secreted recombinant Csn

To confirm and further analyze the heterogeneous population of Csn
secreted via the OmpA signal peptide, purified secreted Csn-OmpA protein was
subjected to MALDI-TOF-MS for determination of intact molecular mass. Two
intense mass signals corresponding to 30,339.71 and 31,150.36 Da were detected
(Figure 3.5). The m/z ratio of these two signals corresponded well with amino acids
13-287 (cleavage site 1) and 22—-287 (cleavage site 2), which encode proteins that are
275 and 266 amino acids, respectively. These mass determinations for purified Csn-
OmpA were consistent and reproducible following several separate experiments. Since
the sensitivity of MALDI TOF-MS is in the femtogram range, therefore, we could only
confirm the presence of two heterogeneous products of secreted bacillus Csn using the
OmpA signal peptide. Taken together these results indicated that even though the
OmpA signal peptide could efficiently direct the secretion of the recombinant protein,
the site of signal peptide cleavage might not have been accurate, resulting in a
heterogeneous population of secreted proteins. In addition, our data indicated that the
secretory machinery and the N-terminal signal peptidases of Gram-negative E. coli and
Gram-positive Bacillus are highly similar, even if the structure of their cell walls are
significantly different, because the E. coli translocation machinery could efficiently

process and transport native Bacillus enzyme with native signal peptide.
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Figure 3.5 MALDI-TOF MS analysis of the recombinant OmpA-Csn. Two mass
signals with molecular mass (m/z) of 30,339.71 and 31,150.36 Da as
measured in a linear positive mode were indicated. Bovine insulin, equine
cytochrome C, and equine apomyoglobin were used as external calibrated

standard.

3.5 Discussion

Despite a substantial amount of information about secretion mechanisms, types
of signal peptides and the effect of signal peptides on the secretion of different enzymes
in various expression systems (Nakamura et al. 1989, Mathiesen et al. 2008, Degering
et al. 2010), little information on the structure of the N-termini of the secreted
recombinant proteins in E. coli has been reported. Even though many online databases

and software programs can be used to predict signal peptides and cleavage sites, these
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algorithms are not always accurate (Zhang and Henzel 2004), as demonstrated in this
study. It has been previously shown that in addition to the signal peptide, the protein
domain adjacent to the signal sequence, called the export initiation domain, is critical
for protein translocation across the inner membrane of E. coli (Andersson and Heijne
1991). Bacillus Csn was selected as a model in this study because it is an extracellular
enzyme and therefore contains an export initiation domain that favors secretion. As
such, Bacillus Csn was well suited for the purpose of this study, where mainly the
effect of the signal peptide was compared. While native Bacillus signal peptide can be
recognized by E. coli secretion machinery, the secretion efficiency was not as high as
when the OmpA signal peptide was used. In the presence of the Bacillus signal peptide,
the secretion efficiency was 33.8 % at 20 h after induction, indicating that two-thirds
of the recombinant proteins were retained in the cell. However, the N-terminal signal
peptide had identical cleavage sites as in native Bacillus strains, indicating that N-
terminal signal peptide processing is very accurate. This result indicates that both E.
coli OmpA and native Bacillus Csn signal peptides direct the export of proteins via
similar Sec-dependent secretion machinery. In addition, our data suggests that Bacillus
and E. coli signal peptidases are functionally similar, even though their cell wall
structures are very different. These data support the previous observation that the major
components of the Sec machinery, which are required for protein secretion in both
Bacillus and E. coli, are quite similar (Yuan et al. 2010). Both gram-positive and gram-
negative employ a similar type | signal peptidase (SPase), a membrane-bound exported
pre-enzymes during the late stages of the transport process (Roosmalen et al. 2004,
Paetzel 2014). The consensus SPase recognition sequence is Ala-X-Ala at positions-1

and -3 relative to the cleavage site in preproteins (Paetzel 2014). B. subtilis proteomics
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analysis revealed that 71 % of the corresponding signal peptides contain the consensus
Ala-X-Ala recognition sequence; while 18 % of the identified extracellular proteins
contain a Val-X-Ala recognition sequence (Roosmalen et al. 2004). Therefore, native
Bacillus SP could be cleaved precisely after VFA sequence, generating precise N-
terminus as indicated in Figure 3.4. As for construct containing OmpA signal peptide,
there were two Ala-XAla sequences, which was artificially created by genetic
engineering, consequently we detected two cleavage sites after the two Ala-X-Ala
sequences (cleavage site 2 and 3). The cleavage site 1 was unusual as it was situated
in the middle of hydrophobic region of signal peptide, before a helix-breaking glycine
residue. This cleavage might have occurred via a different secretory pathway due to
the incompatibility between the export initiation domain of Bacillus Csn and Gram-
negative OmpA signal peptide. This result suggested that, one should avoid creating
more than one Ala-X-Ala sequence at the junction between signal peptide and mature
protein, when engineering a recombinant protein for secretory production. The two
signal peptides had significantly different effects on the secretory production of
recombinant proteins in E. coli. As shown in Table 3.1, the OmpA signal peptide led
to significantly higher yields of recombinant enzyme, compared with the native signal
peptide. Codon optimization analysis, using OPTIMIZER, an online application for
improving expression levels, indicated that the codon adaptation index (CAI) based on
codon usage of predicted highly expressed genes of the N-terminus of the native
Bacillus signal peptide, was only 0.537 (1.0 is the highest) (Puigbo et al. 2007).
Therefore one explanation for the higher expression yield could be because the codon
of the homologous OmpA sequence located at the 5’end of the gene is more compatible
with the E. coli translation machinery, especially at the initiation of translation step.

Further study by codon optimization of native Csn signal peptide to mimic the codon
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usage of E. coli will be necessary to test if this could help improve expression levels
without compromising the fidelity of signal peptide cleavage. If successful, this may
have broader commercial applications in the future.

It is interesting to note that the ptac promoter was leaky (Boer et al. 1983),
resulting in low protein expression in the absence of induction with IPTG. At this low
expression level, both signal peptides had 80 % secretion efficiency. It is possible that
the secretion machinery was not fully occupied and still able to process the secretion
of both signal peptides (Driessen et al. 2001). However, when IPTG was used to induce
protein over-expression, secretion mediated by the native Bacillus signal peptide,
which was less compatible with the E. coli translocase complex, became the rate-
limiting step for secretory production much earlier than when OmpA was used (Keyzer
et al. 2003). Another possibility is that the signal peptides used different secretion
pathways (Muller et al. 2001). Recently, it was shown that a short peptide could serve
as a signal peptide and guide heterologous cellulose proteins across both the inner and
outer membranes of E. coli (Gao et al. 2015). Taken together these results suggest that
when the N-terminal sequence of a protein is not critical, the OmpA signal peptide is

preferred for the secretion of recombinant proteins in E. coli-based systems.

3.6 Conclusion

Our results indicated that in an E. coli expression system, the E. coli OmpA signal
peptide was more efficient than the native bacillus signal peptide, for both expression
and secretion of Bacillus Csn; however, cleavage of the signal peptide was not precise.
Moreover, our results also indicated that the secretion machinery of Gram-negative E.

coli could be used to correctly process the signal sequence and efficiently direct the
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secretion of extracellular hydrolytic enzymes from Gram-positive bacteria, despite
significant differences between the cell walls of Gram-positive and Gram-negative
bacteria. These results can be used for the engineering of other recombinant proteins

for secretory production in E. coli.
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CHAPTER IV
IN-DEPTH CHARACTERIZATION OF FAMILY 46

CHITOSANASE FROM BACILLUS SUBTILIS (BSCSN46A)

4.1 Abstract

BsCsn46A, a GH family 46 chitosanase from Bacillus subtilis had been previously
shown to have potential for bioconversion of chitosan to chito-oligosaccharides.
However, so far, in-depth analysis of both the mode of action of this enzyme and the
composition of its products were lacking. In this study, we have employed size
exclusion chromatography, *H- NMR, and mass spectrometry to reveal that BsCsn46A
can rapidly cleave chitosans with a wide-variety of acetylation degrees, using a non-
processive endo-mode of action. The composition of the product mixtures can be
tailored by varying the degree of acetylation of the chitosan and the reaction time.
Detailed analysis of product profiles revealed differences compared to other
chitosanases. Importantly, BsCsn46A seems to be one of the fastest chitosanases
described so far. The detailed analysis of preferred endo-binding modes using H2*80
showed that a hexameric substrate has three productive binding modes occurring with
similar frequencies.

Keywords : GHA46; chitosanase; bioconversion; chitosan; chito-oligosaccharides;

Bacillus
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4.2 Introduction

Chito-oligosaccharides can be produced by enzymatically or chemically from
chitosans, linear heteropolymers of B(1—4) linked N-acetyl-D-glucosamine (GIcNAc
or A) and D-glucosamine (GIcN or D) (Aam et al. 2010). Such chitosans are produced
from chitin, one of Nature’s primary structural polysaccharides, found in the outer
exoskeleton of arthropods (of which crabs, lobster and shrimps are of importance for
industrial production of chitosan) and in fungal cell walls. Chitin is an abundant
bioresource that needs proper bioremediation, and its value-creating conversion to
chitosan and CHOS is thus of major interest (Khoushab and Yamabhai 2010). Chitosans
differ in terms of their chain length (degree of polymerization, DP), fraction of
acetylation (Fa), and pattern of acetylation (Pa). The Fa needs to be below 0.7 for the
chitosan to be soluble. Chitosans that are generated by de-N-acetylation of chitin under
homogeneous conditions have a random distribution of A- and D- subunits (Varum et
al. 1991).

Chitosanases, or chitosan N-acetylglucosaminohydrolases (EC 3.2.1.132),
catalyzes the hydrolysis of glycosidic bonds in chitosan, and limited hydrolysis will lead
to the production of CHOS (Fukamizo et al. 1994). CHOS have various potential
applications in the food, agricultural and pharmaceutical industries and there is increasing
interest in the conversion of chitin, via chitosan into bioactive CHOS (Aam et al. 2010,
Xia et al. 2011). Enzymatic conversion of chitosan is attractive since this leads to clean
processes and because there is a wide variety of depolymerizing enzymes with varying
cleavage specificities. Thus, by varying the enzyme, different product mixtures can be
obtained. Enzymes with chitosanase activity have been found in various glycosyl

hydrolase (GH) families according to the CAZy database, and there are three families
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that only have chitosanases: GH46, GH75, and GH80. Notably, chitosan contains four
types of glycosidic bonds: D-D, A-A, D-A and A-D. Chitosanases will differ in their
preferences for these pairs of monomers, and these preferences may also be affected by
adjacent sugars. Enzymes with a preference for A-A would be classified as chitinases
(families GH18 and GH19), but these enzymes also act on chitosan (Itoh et al. 2002,
Sgrbotten et al. 2005, Horn et al. 2006, Stefanidi and VVorgias 2008, Purushotham et al.
2012).

In a previous study, we expressed a family 46 chitosanase (Takasuka et al. 2014,
Viens et al. 2015) from Bacillus subtilis strain 168 (BsCsn46A; UniProt:
CHIS_BACSU; locus name BSU26890). Basic characterization of the enzyme revealed
industrially relevant properties such as high thermostability and pH-stability, high-level
secretory expression in Escherichia coli, and the ability to convert chitosan
(Pechsrichuang et al. 2013). This enzyme belongs to group B of the GH46 chitosanases,
according to a phylogenetic analysis carried out by Viens et al. (2015), for which there
is not yet a representative that has been characterized in-depth. Because of this and
because of promising initial results, we have now carried out an in-depth analysis of the
mode of action of this enzyme. Furthermore, we have analyzed its ability to convert
chitosan in detail, including an analysis of the composition and sequence of its
hydrolytic products. These analyses were carried out using state-of-the-art size
exclusion chromatography (SEC), *H- NMR and mass spectrometry (MS) methods. We
have carried out conversion reactions with various types of chitosans, leading to a

variety of product mixtures.
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4.3 Material and Methods

4.3.1 Chitosans

Kitoflokk™ chitosan with Fa 0.15 and an average DP (DP.) of
approximately 206 (corresponding to an average molecular weight (MW,) of 37 kDa)
was provided by Teta Vannrensing (Klgfta, Norway). Chitosan with Fa 0.3 and DP; >
1000, (MW, = 200-400 kDa) was purchased from Heppe Medical chitosan GmbH
(Halle, Germany). Highly acetylated chitosan with Fa 0.6 was prepared by homogenous
de-N-acetylation of chitin from shrimp shells (Chitonor, Senjahopen, Norway),
according to a previously described method (Sannan et al. 1975, Varum et al. 1991).
Briefly, 4 g of chitin flakes was mixed with 100 g of 40% (w/w) NaOH and incubated
at 4 °C overnight. Then, 300 g of ice was added and the solution was stirred until
homogeneous. Undissolved chitin was removed by centrifugation (10,000xg at 4 "C).
After sparging with nitrogen gas for 10 minutes to remove oxygen, the solution was
incubated at 25 "C (water bath) for 42 h to deacetylate chitosan. The deacetylation
reaction was stopped by adding 280 g of ice. The solution was stirred until it was
homogeneous, followed by addition of HCI until the pH reached 4.5. The chitosan
sample was dialyzed against water using a dialysis membrane with 12-14 kDa cut-off
(SpectrumLabs, Texas, USA) to remove salt. The water was changed several times until

the conductivity reached 3 uS. The resulting chitosan solution was then filtered

(Whatman filters, first 1.2 uM, then 0.8 uM; Millipore) and lyophilized.
4.3.2 Expression of recombinant BsCsn46A gene in E. coli

A gene fragment encoding BsCsn46A was engineered for secretory
production in E. coli, as previously described (Pechsrichuang et al. 2013, Pechsrichuang

et al. 2016). To produce the enzyme, a single colony of freshly transformed E. coli
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TOP10 harboring the OmpA-Csn/pMY202 (Pechsrichuang et al. 2016) was grown in
Luria Bertani (LB) broth containing 100 pg/ml ampicillin (LB-Amp) overnight, at 37 °C,
with shaking at 180 rpm. Five ml of the overnight cultures was used to inoculate 0.5 L of
ampicillin containing TB medium, and bacteria grown in airlift fermenter (Harbinger
Biotechnology and Engineering, Ontario, Canada) at 37 C until the ODgoo reached 1.0.
At that point, isopropyl-p-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.1 mM, and the incubation was continued at 28 C for 20 h. The culture
broth was collected by centrifugation at 4000xg for 30 min at 4 'C and concentrated
using a VivaFlow 200 system equipped with a filter with a molecular weight cut-off
(MWCO) of 10,000 Da. The recombinant chitosanase, containing C-terminal Hisio tag,
was purified by immobilized metal affinity chromatography (IMAC), using Ni-NTA

agarose, according to the manufacturer’s instruction (Qiagen, Hilden, Germany).

4.3.3 Enzymatic degradation of chitosan

Chitosans with different fractions of acetylation (Fa 0.15, 0.3 and 0.6)
were dissolved in 40 mM sodium acetate buffer, pH 5.5, containing 100 mM NaCl and
0.1 mg BSA/mI of chitosan . Chitosan solutions Fa 0.15 and 0.3 (final concentration of
10 mg/ml) were pre-incubated in an incubator shaker at 37 °C, and the degradation
reactions were started by adding 0.05 ug of BsCsn46A per mg of chitosan. Samples
were taken from the reactions at various time points from 10 min to 2880 min. The
reaction was stopped by adding 150 pl of 1 M HCI followed by heating at 100 "C for 3
mins. Then, the samples were concentrated and dried by using a vacuum concentrator.
Before H-NMR, the samples were dissolved in D-O and the pD was adjusted to 4.5.
Alternatively, the samples were dissolved in 0.15 M ammonium acetate, pH 4.5, for

SEC. To increase the degrees of scission (o) of chitosans, additional BsCsn46A was
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added at 0.05 nug per mg of chitosan after incubation for 1440 min, and the degradation
reaction was continued for 1,440 min.

For highly acetylated chitosan (Fa 0.6), the degradation reactions were
started by adding 4 ug of the enzyme per mg of chitosan and incubated at 50 ‘C for
1,440 min. To increase the a-values of chitosan, more enzyme (4 g per mg of chitosan)
was added and further incubated for 1,440 min.

4.3.4 Size-exclusion chromatography

SEC was used for baseline separation of CHOS as previously described
(Serbotten et al. 2005). Three XK 26 columns were connected in series and packed with
Superdex™ 30 (Pharmacia Biotech, Uppsala, Sweden), with an overall dimension of
2.60 x 180 cm. The mobile phase, (0.15 M ammonium acetate, pH 4.5) was pumped
through the system using an LC-10ADvp pump (Shimadzu GmbH, Duisburg, Germany)
at a flow rate of 0.8 ml/min. Products were detected using a refractive index (RI)
detector (Shodex RI-101, Shodex Denko GmbH, Dusseldorf, Germany) coupled to a
CR 510 Basic Data logger (Campbell Scientific Inc., Logan, UT). Fractions of 4 ml
were collected using a fraction collector for CHOS sequence analysis.

4.3.5 NMR spectroscopy

Samples for H-NMR analysis were dissolved in D20, and then DCI or
NaOD were used to adjust the pD to 4.3 - 4.6. *H-NMR spectra were obtained at 400
MHz at a temperature of 85 °C, as previously described (Varum et al. 1991). The degree
of scission (o), which equals the fraction of cleaved glycosidic linkages, was calculated
as the inverse value of DP, (average degree of polymerization). The DP;, was calculated
as previously described (Sgrbotten et al. 2005), using the formula DP, = (Ao+ AB+ Da,

+ DB + A +D) / (Ao+ AP + Da + D). Aa, AB, Da and D equal the integrals of the
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reducing end signals of a and g anomers of GIcNAc and GIcN, respectively, and A and
D equal the integrals of the peaks representing sugars in internal positions and at the
non-reducing end. The signals for the 3-anomers of reducing end sugars are difficult to
quantify because they overlap with the internal signals (for D) or because, in the case
of A, they appear as two doublets at 4.705 ppm (—AA) and 4.742 ppm (-DA). Therefore,
the B-anomer signals were calculated from the a-anomers signals based on the known
a/f anomer ratio of 60:40 (Tsukada and Inoue 1981, Koga et al. 1998, Horn et al. 2006).
The internal signals for D were then corrected.

4.3.6 Analysis of CHOS by mass spectrometry (MS)

Identification of isolated CHOS was performed with Matrix-Assisted
Laser Desorption lonization mass spectrometry (MALDI TOF/TOF MS). MS spectra
were acquired using an UltraflexTM TOF/TOF mass spectrometer (Bruker Daltonik
GmbH, Bremen, Germany) with gridless ion optics under the control of Flexcontrol.
For sample preparation, 1 pl of sample was mixed with 1 pl of 10 % (w/v)
2,5dihydroxybenzoic acid (DHB) in 30% acetonitrile and spotted onto a MALDI target
plate (Bahrke et al. 2002). The MS experiments were conducted using an accelerating
potential of 20 kV in reflectron mode.

4.3.7 CHOS sequencing

Approximately 20 mg of CHOS obtained from degradation of Fa 0.3
chitosan to a degree of scission of 0.14 or 0.26 were dried using a vacuum concentrator
and separated by SEC as described above. The individual fractions of CHOS obtained
from the SEC experiment were lyophilized using a freeze dryer. Then, the CHOS (from
DP2 to DP6) were labeled with 2-aminoacridone (Bahrke et al. 2002) and purified using

a C-18 column (Starata C18E, Phenomenex, CA, USA) (Morelle et al. 2006), as follows.
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The CHOS, typically 0.5 mg, were dissolved in 10 pl of 0.1 M of AMAC and 10 uL of
1 M natriumcyanoborhydride (NCBH). The samples were heated at 90 °C for 30 min
(in the dark), cooled to -20 °C, and dried using a vacuum concentrator. The dried
samples were dissolved in 100 pl of 70% methanol and centrifuged at 10,000xg for 30
min to remove undissolved CHOS. Then, the samples were dried using the vacuum
concentrator and dissolved in 100 ul deionized water. After centrifugation for 5 minutes
to remove potential insoluble the sample was applied to a C-18 column (Starata C18E,
Phenomenex, CA, USA), which was used for purification of AMAC-labeled CHOS.
The eluted AMAC-labeled CHOS were dried using the vacuum concentrator and stored
at -20 "C until analysis. Before analysis the samples were dissolved in 50 pl of 50 %
methanol. Analysis was performed using an LTQ-Velos Pro ion trap mass spectrometer
(Thermo Scientific, Bremen, Germany) connected to an Ultimate 3000 RS HPLC
(Dionex, CA, USA), using a setup for direct injection without a column. The pump
delivered 200 pl/min of 0.03 puM formic acid in 70 % acetonitrile and the data was
acquired for 24 seconds after injection. The capillary voltage was set to 3.5 kV and the
scan range was m/z 150-2000 using two micro scans for the MS. The automatic gain
control was set to 10,000 charges and a maximum injection time of 20 milliseconds. For
fragmentation of desired precursor masses by MS2, the normalized collision energy was
set to 37 and three micro scans were used. The data were recorded with Xcalibur version

2.2.
4.3.8 Hydrolysis of (GlcN)s and (GlcN)es in H2!80 for subsite mapping

To determine preferred binding modes for the substrate, hydrolysis of
(GIcN)s and (GIcN)s was carried out in Hp'®O (Larodan Fine Chemicals, Malms,

Sweden), as previously described (Hekmat et al. 2010, Eide et al. 2013). In accordance
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with the previously published protocols, reactions were set up to reach approximately
20 % substrate conversion in short reaction times (up to two minutes). Short reaction
times are needed to avoid non-enzymatic incorporation of 80, as described by Eide et
al. (2013). The enzyme concentration was adjusted to ensure that 20% substrate
conversion happened within the first two minutes. The enzyme stock solutions were
highly concentrated to keep the volume of added enzyme and, thus, unlabeled H20,
below 2 % of the total reaction volume (Hekmat et al. 2010). The hydrolysis was
performed at 37 'C and 600 rpm in H2*0 containing 50 mM sodium acetate buffer (pH
5.5) and 5 mM (GIcN)s or (GIcN)s. Reactions were started by adding enzyme to a final
concentration of 1.8 uM and 1.4 puM for the reactions with (GIcN)s and (GIcN),
respectively. Samples of 1 ul were taken at several time points within the first 120 s of
the reaction. The reactions were immediately quenched by mixing with a DHB solution
(15 mg/ml DHB in 30% ethanol), spotted directly on the MALDI target and dried. The
hydrolysis products were then analyzed by MALDI-TOF-MS as previously described
(Eide et al. 2013). Data were analyzed for the time point where approximately 20 % of
the substrate had been converted. The minor errors caused by the presence of unlabeled

water and non-enzymatic incorporation of 0 were neglected.

4.4 Results and discussion

4.4.1 Hydrolysis of chitosan

'H-NMR spectroscopy was used to analyze the time course of the
degradation of chitosan with Fa 0.15 or Fa 0.3. NMR spectra of the product mixtures
were recorded at several time points during the degradation reaction and were assigned

as described in Sgrbotten et al. (2005) (see also (Ishiguro et al. 1992) and the Materials
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and Methods section for further details). The spectra, depicted in Figure 4.1, show that
the new reducing ends generated early in the reaction were almost exclusively
deacetylated (D). At early time points, the spectra show signals at 5.43 ppm and 4.92
ppm, representing the o, and f anomers of a reducing end D, respectively, while signals
representing acetylated reducing ends (A; 5.19 ppm and 4.742 ppm) only appeared after
more extensive degradation (a-values above 0.1). Thus, BsCsn46A has an expected
preference for D-units in the -1 subsite, although the enzyme can also hydrolyze
glycosidic linkages following an A-unit. Reducing end A units give multiple signals:
the a-anomer resonates at 5.19 ppm, whereas the B-anomer of a reducing end A
resonates at 4.705 or 4.742 ppm, depending on whether the preceding unit is an A or a
D, respectively (Sgrbotten et al. 2005). The fact that only the 4.742 ppm signal was
observed indicates that cleavage after an A only occurs if the preceding unit is

deacetylated.
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Product formation over time during degradation of chitosans with Fa

0.15 (left) or Fa 0.3 (right) with BsCsn46A, analyzed by H-NMR.

The figure shows *H-NMR spectra of the anomer region of chitosans

with Fa 0.15 or Fa 0.3 at various time points during degradation with

BsCsn46A. The a-values (degree of scission) and the DP, (average

chain length in the product mixture) at each time point are indicated.

A reducing end D-unit resonates at 5.43 ppm (a-anomer) and 4.92

ppm (B-anomer). The a-anomer of a reducing end A-unit resonates

at 5.19, while the B-anomer appears as two doublets at 4.705 ppm

(-AA) and 4.742 ppm (-DA), depending on whether the preceding

sugar unit is an A or a D, respectively. Internal D-units resonate at
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4.8-4.95 ppm, whereas internal A-units resonate at 4.55-4.68. See

Sgrbotten et al. (2005) and the Materials and Methods section for

more details concerning the interpretation and quantification of these

spectra.

Progress curves for the degradation of the chitosans, i.e. curves showing

the increase in o over time (Figure 4.2), showed a rapid linear phase until the a-values

reached 0.15-0.20, followed by a slower second phase at higher a-values. Reactions set-

up to yield maximum degradation of the chitosans gave maximum a-values of 0.30 and

0.31 for Fa 0.15 and Fa 0.3, respectively, which means that about 1 in 3 of the glycosidic

bonds had been cleaved. Interestingly, the maximum a-value obtained with the FA 0.3

chitosan is considerably lower than the maximum a-value of 0.44 obtained when

degrading a Fa 0.32 chitosan with ScCsn46A, a family 46 chitosanase from

Streptomyces coelicolor A3(2) (Heggset et al. 2010).
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Figure 4.2 Time-course for the increase in o during degradation of chitosans with Fa

0.15 (left) or Fa 0.3 with BsCsn46A. The graph shows the degree of scission

(o) determined by *H-NMR in reactions containing 10 mg/ml chitosan, 0.05

ug of BsCsn46A per mg of chitosan in 40 mM sodium acetate buffer, pH
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5.5, containing 100 mM NaCl and 0.1 mg BSA/ml. In an attempt to reach
maximum conversion of the chitosans, additional BsCsn46A was added at
0.05 ug per mg of chitosan after incubation for 1440 min (red arrow), and

the degradation reaction was continued for another 1440 min.

Using five data points recorded during the first hour of the reaction (Figure
4.3), the initial specific activity was then calculated as previously described (Heggset et
al. 2009). The initial specific activity of BsCsn46A was 5.5 x 10%and 8.4 x 10° min™ for
Fa 0.15 and Fa 0.3, respectively. The initial rates displayed by BsCsn46A are
remarkably high. Previous studies have shown that degradation of a chitosan with Fa
0.32 by ScCsn46A (Heggset et al. 2010) or of a chitosan with Fa 0.31 by SaCsn75A
from Streptomyces avermitilis (Heggset et al. 2012) have initial rates of 325 min™* and
6.5 min, respectively. This result confirms indications from previous studies which
concluded that BsCsn46A has high potential for biotechnological applications
(Pechsrichuang et al. 2013, Pechsrichuang et al. 2016). It is remarkable that the initial
specific activity of BsCsn46A against Fa 0.3 chitosan was approximately 1.5 times
higher compared to the Fa 0.15 chitosan. Likewise, it was unexpected that the enzyme
reaches almost identical a-values for the two substrates, despite the difference in
acetylation. This could be due to binding preferences of the enzyme for certain
sequences containing acetylated sugars, but could also reflect a difference in the
substrates. The substrates may differ in terms of the randomness of the distribution of
acetylated units and this can affect hydrolysis yields. Notably, when increasing the Fa
to 0.6, hydrolysis yields in terms of maximum o decreased to approximately 0.18 as
indicated by SEC experiment in the next section (Figure 4.4c), in line with the notion

that BsCsn46A is a chitosanase and not a chitinase.
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Figure 4.3 Time-course analysis of the initial phase of degradation. The initial phase
of degradations of chitosans with Fa 0.15 or 0.3 by BsCsn46A at 37 °C at
various time points are illustrated. The graph shows the degree of scission
determined by *H-NMR in reactions containing 10 mg/ml chitosan, 0.05 xg
of BsCsn46A per mg of chitosan in 40 mM sodium acetate buffer, pH 5.5,
100 mM NaCl and 0.1 mg BSA/ml. These time courses were used to
estimate the initial rates of the degradation reaction, as indicated.

4.4.2 Size distribution of CHOS obtained after degradation of chitosans with

varying degrees of acetylation

CHOS mixtures were separated by size exclusion chromatography (SEC)
as shown in Figure 4.4. The chromatograms indicated size distributions of oligomers
obtained after degradation of chitosans with Fa 0.15, 0.3 or 0.6 at two a-values, one
intermediate value and one at approximately maximum a. The DP of the peaks was
assigned using MALDI-TOF MS. The chromatograms showed rapid disappearance of
the polymer peak (not shown) and production of a continuum of odd- and even-
numbered oligomers, indicating that BsCsn46A is a non-processive endo-acting

enzyme, similar to ScCsn46A and SaCsn75A (Heggset et al. 2010, Heggset et al. 2012).



72

(@) F, 0.15 (b) F, 0.3 (¢) F, 0.6
a=0.10 0=0.10 a=0.10

4 3
6
9
12 7 2 3
76 5 4 2
10
a=0.30 a=0.18

ﬂg{V\W\/j\\

: : : : : : ‘ ‘ ‘ : ; . ‘ , . T ‘
500 600 700 800 900 1,000 500  GOO 700 800 900 1,000 | 500 600 700 800 900 1,000

Elution time (min) Elution time (min) Elution time (min)

Figure 4.4 Product analysis by size exclusion chromatography (SEC). Size distribution

of CHOS after degradation of three different chitosans at 37 °C for Fa0.15
and Fa 0.3 chitosans and 50 °C for Fa 0.6 chitosan using BsCsn46A. For
each chitosan an intermediate product mixture (o= 0.10) and a final
product mixture (varying o) is shown. The peaks are labeled with the DP

values.

In the initial phase of the reactions with chitosans with Fa 0.15 and Fa 0.3
the dominating products were oligomers in the DP3 - DP6 range, whereas DP2 and
longer oligomers up to a DP of approximately 15 were also produced. After extensive
degradation, the amount of the short oligomers increased and the main products were
dimers and trimers. No monomers were observed, confirming previous TLC analyses
(Pechsrichuang et al. 2013). Interestingly, the chromatograms showed that, at the end

of the reaction, the amount of DP6 was higher than the amount of DP5. This product



73

profile is unique to BsCsn46A and further illustrates the difference with ScCsn46A
(Heggset et al. 2010), which produces more pentamer than hexamer, is slower and
reaches higher a-values.

Hydrolysis of the Fa 0.6 chitosan yielded a continuum of products
reaching from DP3 to DP > 10 (Figure 4.4c). Clearly, BsCsn46A generates many longer
non-cleavable oligomeric products. In this case, as expected (Heggset et al. 2010), the
dimer top was clearly split into two, reflecting the presence of considerable amounts of
acetylated dimers.

4.4.3 Chemical composition of CHOS fractions obtained after degradation

of chitosans with varying Fa

The chemical compositions of individual CHOS fractions obtained after
degradation of chitosans with Fa values of 0.15, 0.3, or 0.6 were analyzed by MALDI-
TOF-MS and the results are summarized in Table 4.1. For the chitosans with Fa 0.15
and Fa 0.3, fully deacetylated oligomers were the dominating products in the early phase
of the reaction, whereas A-containing products became more dominant after extensive
degradation, while D5, D6 and D7 disappeared (Table 4.1). The dimer peaks contained
a mixture of primarily D2 and DA and a small amount of A2, both in the initial rapid
phase and at the end of the reaction. The trimer fraction contained approximately equal
amounts of D3 and D2A1 and a small amount of D1A2 both in the initial phase and at
the end of the reactions, indicating that BsCsn46A cannot cleave these oligomers. The
product compositions obtained upon degradation of the Fa 0.15 and Fa 0.3 chitosans
were slightly different, with several A-rich products only being detected in product

mixtures generated from the Fa 0.3 chitosan. It is interesting to note that the product
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mixtures seem to contain pentamers and hexamers that contain only one A. So, in some
cases, one internal A unit apparently hampers hydrolysis by BsCsn46A, which is yet
another difference of this enzyme compared to ScCsn46A.

Table 4.1 Chemical composition of CHOS fractions ™

F, 0.15 F,03 F, 0.6
DP
a=012 a=0.30 a=0.11 a=031 a=0.18
2 D2,DA, A2 D2,DA, A2 D2,DA A2 D2, DA, A2 DA,A2 D2
3 D3, D241, D1A2 D3, D241, DIA2 D3,D241 DIA2 D3, D241, DI1A2 D241, D1A2, D3, A3
4 D4, D3A1, D242, D143 D4,D341, D242 D4, D3A1, D242, D1A3 D341, D4, D2A2D1A3 D242, D143, D341
5 D5, D4A1, D3A2, D243 D441, D342, D2A3 D5, D4A1,D3A2 D243, D1A4 D4Al, D3A2, D243 D243, D3A2, D144, D4AS
6 D6,D5A1, D4A2, D3A3, D2A4  DSA1, D4A2 D3A3  D6,D5A1, D4A2, D3A3 DSA1, D442, D3A3, D244 D3A3, D2A4, D4A2, DIAS
7 D7, D6AL, D5A2 NA. D7,D6A1, D5A2, D4A3, D3A4 NA. D344, D4A3, D5A2, D1A6

“Chemical composition of CHOS fractions obtained after size exclusion
chromatography of product mixtures generated by BsCsn46A from chitosans with
varying Fa. The bold letters represent seemingly dominant products, defined by using

the signal intensities of MS (height of the peak). NA, not analyzed.

As expected, products obtained after extensive degradation of the highly
acetylated Fa 0.6 chitosan, contained relatively many acetylated sugars and were longer.
Fully deacetylated products longer than D3 were not observed.

444 CHOS sequences

To determine the sequences of hydrolytic products, CHOS were produced
by degrading Fa 0.3 chitosan to a-values of 0.14 and 0.26, using the same condition as
described in section 4.3.3, followed by SEC (Figure 4.5). The CHOS were derivatized
by reductive amination of the reducing end with 2-aminoacridone, and the resulting

compounds were analyzed by MS/MS, giving insights into CHOS sequences. MS1 and
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MS2 spectra of CHOS after degradation of the chitosan to o = 0.14 are shown in Figure
4.6 and 4.7, while Figure 4.8 and 4.9 show MS1 and MS2 spectra for the a = 0.26

sample; the results are summarized in Table 4.2.

a=10.14

T T T T T T T
400 500 600 700 800 900 1,000

Elution time (min)

Figure 4.5 Size distribution of CHOS for sequence analysis. Chromatograms of CHOS
products after degradation of chitosan Fa 0.3 with BsCsn46A to a-values
0.14 and 0.26 at 37 °C are illustrated. These CHOS fractions were isolated
for oligomer sequencing. The peaks are labeled with the DP values.

For DP3, DP4 and DP5, the MS1 spectra (Figure 4.6, 4.8) showed a
dominance of fully and highly deacetylated products at o= 0.14 (Figure 4.6), and a shift
towards products with a higher degree of acetylation at a = 0.26 (Figure 4.8). MS1
spectra for the hexamer were similar at o = 0.14 and o = 0.26, with a dominance of
products carrying two or three acetylations. This is probably due to the fact that

intermediate products of this length (hexameric) and with a higher fraction of D are
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good substrates and thus rapidly cleaved. Somewhat unexpectedly, the dominating
dimer at a = 0.14 was DA (dominating sequence DA), whereas at a = 0.26 the
dominating dimer was DD, as expected. A plausible explanation is that BsCsn46A is
endo-acting, i.e. has multiple subsites (see section 4.4.5) and may thus not be very active
on shorter intermediate substrates, which is needed to generate dimeric products.
Additionally, one would have to assume that when the substrates become short the
enzyme prefers an A to be bound in its -1 subsite (on polymeric substrates, the enzyme
cleaves preferably after D, as clearly shown by *H-NMR in Figure 4.1).

MS?2 spectra (Figure 4.7, 4.9) showed that for DP3 and DP4, the reducing
ends of mono-acetylated accumulating products primarily contained an A, although
small amounts of CHOS with D on the reducing end were also observed (Table 4.2).
Similarly, di-acetylated CHOS (D1A2, D2A2) also primarily showed a dominance of
acetylated reducing ends (Table 4.2). Apparently, the -1 subsite of this chitosanase can
harbor an A quite well, as also shown by the *H-NMR data for samples with o > 0.1
(Figure 4.1). MS2 analysis of DP5 and DP6 CHOS was not performed due to the

complexity of these samples.
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Figure 4.6 MS1 spectra of AMAC labeled products. Chitosan Fa 0.3 was degraded to

a = 0.14 before the CHOS was separated by SEC. Peaks corresponding to
different DP was isolated, labeled at the reducing end with AMAC and
analyzed with MS. All masses represent the mass of the CHOS plus
hydrogen and AMAC. A * indicates loss of water, while a # indicates a

sodium adduct.



78

A
416.20
50 DP2
40
30
07
10 374.1‘&5*
398.18 | 44025 52426 o2 65859 69251 761.84 85387
D2A1
5% 73757 DP3
« 40 A
_?é 41621
c 30
2
g!D
£ D1A1
2104 D 577.31
37416 56937
ol [, [ 44024 48222 37 | 613.45 685.30 72040 | 74835 81461 881.42
A
5o 41617 DP4
40
D
o0 37413 D1A1
20 577.26
0 D2A1
398,14 53524 y3837 gea41 D3A1
0 44021 48218 60625 ©42.35 696.38 786.47 82845 . 899.63
400 450 500 550 600 700 750 800 850 900

m/z

Figure 4.7 MS2 spectra of AMAC labeled mono-acetylated products. Chitosan Fa 0.3

was degraded to a = 0.14 before SEC. Peaks corresponding to different DP

separated the CHOS was isolated, labeled at the reducing end with AMAC

and analyzed with MS. Parent ions for mono-acetylated CHOS was isolated

and fractionated to decide the sequence. MS2 spectra represented by CHOS

with DP2 (parent ion 577.3, D1A1), DP3 (parent ion 738.4, D2A1), and

DP4 (parent ion 899.5, D3A1). All masses represent the mass of the CHOS

plus hydrogen and AMAC. An asterisk (*) indicates loss of water.



79

D2
10 535.30
50 D1A1 DP2
- : 577.31
0 T ] T T IAARANARM T T T w"\- T LAAAA) RAARE & AR RAARIRAERI M
500 520 540 560 580 600 620
D2A1
100 738.40
D3 DP3
5 696.39 D2A1* D1A2
720.39 780.41
0 AAAAJ LA LAAA ALY |!-I| T ‘ T [retrre T "| T T LA MR
680 700 720 740 760 780 800 820
3
% D3A1
T 100, 899.49
3 D4 D2A2
a ]
< so] 747 paart | D2A2* 941.48 . DP4
o - 881.47 1 923.48 D1A3" D1A3
= I . 965.52 983.51
b~ 0 [ . 11 P aodly il .
m T T ‘ T T T | | T T ‘ T T I T 1
E 840 860 880 900 920 940 960 980 1000 1020
D3A2
100 .. 1 10‘2.59
50 1060.56 D3A2* 1144 60 D2As"
] | 1124.57 [ k166,61
0 N R At I l‘“] ] il \M e f“l Lt i‘P‘fUrL'“: F e A e T e e ey
1010 1050 1100 1150 1200
D4A2
100 1263.67 \/4
D5A1
5 1221.65 pgaz* D3A31‘30‘5-?2 D2A4 DP6
1245.63 1287.65 | 1347.64
e i Ay --J«rﬁ!rdbrrr-«‘ﬁﬂé e \—rT«*lu—L kaazat x-?llv{Hf-\;G‘IL‘H'rl‘IFLHrV .ul-l-rn‘wﬁnluwn byl e el
1170 1200 1250 1300 1350 1400 1450
m/z

Figure 4.8 MSL1 spectra of AMAC labeled products. Chitosan Fa 0.3 was degraded to
a = 0.26 before the CHOS was separated by SEC. Peaks corresponding to
different DP was isolated, labeled at the reducing end with AMAC and
analyzed with MS. All masses represent the mass of the CHOS plus
hydrogen and AMAC. A * indicate loss of water, while a # indicates a

sodium adduct.
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Figure 4.9 MS2 spectra of AMAC labeled mono-acetylated products. Chitosan Fa 0.3
was degraded to a = 0.26 before SEC. Peaks corresponding to different DP
separated the CHOS was isolated, labeled at the reducing end with AMAC
and analyzed with MS. Parent ions for mono-acetylated CHOS was isolated
and fractionated to decide the sequence. MS2 spectra represented by CHOS
with DP2 (parent ion 577.3, D1A1), DP3 (parent ion 738.4, D2A1), and
DP4 (parent ion 899.5, D3A1). All masses represent the mass of the CHOS
plus hydrogen and AMAC. An asterisk (*) indicates loss of water.

The sequencing data do not allow firm statements concerning residue
preferences in the +1 subsite (i.e. the subsite where the non-reducing end of a to-be

formed intermediate product binds). Still, the fact that partially acetylated products
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accumulating early in the reaction tend to have an A at their reducing end and a D at

their non-reducing end suggests that the +1 subsite has a stronger preference for D than

the -1 subsite.

Table 4.2 Sequences of isolated CHOS”

Degree of polymerization

Degree of DP2 DP3 DP4 DP5 DP6
scission (&)
MS1 peak Sequi;l\gezfrom MS1 peak Sequmgezfrom MS1 peak SequeMngezfrom MS1peak  MS1 peak
DA DDA D4 DDDD D5 D4A2
D1A1
AD D2A1 DAD DDDA D4A1l D3A3
D2 DD ADD DDAD D3A2 D5A1
D3A1
A2 AA D3 DDD ADDD D2A3 D6
ADA DADD D1A4
D1A2 DAA DADA
0.14
AAD DDAA
ADDA
D2A2
AADD
ADAD
DAAD
D1A3 NA.
D2 DD DDA DDDA D3A2 D4A2
DA D2A1 ADD DDAD D4A1 D5A1
D1A1 D3A1
AD DAD DADD D2A3 D3A3
D3 DDD ADDD D2A4
ADA AADA
D1A2 DAA D1A3 ADAA
0.26 AAD AAAD
ADDA
DDAA
D2A2 DADA
ADAD
DAAD
D4 DDDD

*Analysis of CHOS sequences obtained after size exclusion chromatography of Fa 0.3

chitosan hydrolyzed with BsCsn46A to a-value 0.14 and 0.26. The isolated

CHOS (DP2 to DP6) were labeled with AMAC. The oligomer sequences were

determined using MS. Sequences in bold are the dominating sequences based on the
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relative intensity of MS2 signals. MS2 sequence analysis of DP5 and DP6 CHOS was
not performed due to the complexity of these samples.

4.4.5 Substrate positioning in the active site of BsCsn46A

The preferred productive binding modes of BsCsn46A were studied by
degradation of (GIcN)s and (GIcN)s in H2'®0O followed by product detection using
MALDI-TOF-MS (Figure 4.10). Product analysis was carried out when approximately
20% of the substrate was converted, and reactions were set up such as to minimize
reaction and sample handling times to prevent anomeric equilibrium being reached.
During the hydrolysis reaction, an *¥Q atom is incorporated into the anomeric center
(C1) of the newly formed reducing end, i.e. the sugar bound in subsite -1. Short reaction
and sample handling times are needed because, due to the anomeric equilibrium,
eventually all reducing ends will carry 80 (Hekmat et al. 2010). Comparison of the
ratios of otherwise identical *0- and °0O-containing products in the MALDI-TOF MS
analysis will therefore provide insight into how the substrate was bound while being
cleaved. The trimer generated from (GIcN)s was almost exclusively (GIcN)s 180 (Figure
4.10, right panel) indicating that the productive binding mode is mainly from subsite -3
to +2 (Figure 4.11, upper panel). For (GIcN)e, the mass spectrometry data indicated
three productive binding modes, from subsite -4 to +2, -3 to +3 and -2 to +4. It must be
noted that, while we use “subsite -4” and “subsite +4” for convenience, such subsites,
extending beyond subsites -3 to +3, have not been described for GH46 chitosanases and
are thus hypothetical; these “subsites” may in fact be regions of weak affinity for the
substrate rather than true subsite-like binding pockets for a sugar unit. Comparison of
the signals for (GIcN)s-80 and (GIcN)s-'°O indicates that productive binding in

subsites -4 to +2 is more common than productive binding in subsites -2 to +4, with an
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approximate 60:40 ratio (Figure 4.11, lower panel). Thus, there seems to be some
difference in substrate binding affinity between these hypothetical -4 and +4 subsites.
Equal amounts of (GIcN)3-1%0 and (GIcN)s-180 indicate productive binding of (GIcN)s
to subsites -3 to +3. While it is not possible to make a direct quantitative comparison of
the three binding modes (since the MS is not fully quantitative), the data shown in Figure
4.10 suggest that the three binding modes, involving subsites -4 to +2, -3 to +3 or -2 to
+4, have quite similar frequencies. To our knowledge the present study is the first

example of subsite mapping in a chitosanase using *20-labelled water.
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Figure 4.10 MALDI-TOF-MS analysis of (GIcN)s and (GlcN)s degradation. Products
generated from (GIcN)s (panel a) and (GIcN)s (panel b) in H2'%0 are
illustrated. The left panel shows the substrate, while key hydrolysis
products with 0 and 80 are shown in the right panel. GIcN is abbreviated
as D. All labeled peaks are sodium adducts. Dimeric products were not

shown.
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Figure 4.11 Productive binding modes of BsCsn46A. Cleavages of (GIcN)s and
(GIcN)s as derived from experiments with H>0 are depicted. The
proposed binding modes and their frequencies were derived from signal
intensities (height of the peak) in MALDI-TOF-MS. Grey, red and white

circles represent non-reducing end, reducing end and internal GIcN units.

4.5 Conclusions

BsCsn46A can efficiently convert chitosans with different degrees of acetylation
into mixtures of CHOS with varying chain lengths and compositions, depending on the
substrate and the reaction conditions. There are clear functional differences between
BsCsn46A and other chitosanases, including the well-characterized and closely related
ScCsn46A and a clearly different enzyme from the GH75 family, SaCsn75A. Several
of these differences are discussed above and Table 4.3 provides a summary of key

properties of the three enzymes, which all act in a non-processive endo fashion.
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Importantly, BsCsn46A is easy to produce (Pechsrichuang et al. 2016) and displays high
specific activity. Thus, as suggested before, this enzyme seems a useful tool for
industrial conversion of chitosans to different CHOS composition, which may have a
variety of biological activities (Aam et al. 2010, Muanprasat and Chatsudthipong 2017)
and may find several applications.

Table 4.3 Properties of three well-characterized chitosanases

Initial
Subsite specificity? dominating Degradation of chitosan F 0.31-0.329
o tetramer?
y DP of
Enzyme BEErEnee family Initial rate Maximum S ° <
s ) ] dominating
(min—) a-value 9§
=5) -1 +1 end products?
BsCsn46A This study 46 D/ia Dia D/A DDDD 8.4x10° 0.31 2-3
Heggset et al.,
ScCsnd6a | g 46  D/a Da D/a DDDD 325 0.44 13
H t et al.,
sacsn7sa - 75 Da ApD D DDDA 6.5 027 2-4

Y In the cases where both A- and D-units productively bind to a subsite, the preferred
sugar is printed in a larger font. Note that the enzymes show subtle variations in subsite
specificity that are not visible in this Table; more details can be found in the references.
2) BsCsnd6A, Fa = 0.30 chitosan, a = 0.11; ScCsn46A, Fa = 0.32 chitosan, o = 0.10;
SaCsn75A, Fa = 0.31 chitosan, a = 0.07. ¥ The chitosans used had slightly varying Fa,
as indicated in footnote 2. 2 The range shown comprises the highest peak in the SEC
chromatogram and its two neighbouring peaks. In the case of BsCsn46A, no monomer

was detected whereas the tetramer peak was very low; hence a range of 2-3.
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CHAPTER V
BIOLOGICAL ACTIVITY OF

CHITO-OLIGOSACCHARIDE

5.1 Abstract

Chito-oligosaccharides (CHOS) are oligomers of D-glucosamine and N-acetyl-
glucosamine, derived from chitosan or chitosan degradation. The primary aim of this
study is to investigate the modulatory effects of various degrees of acetylation of CHOS
on neuroprotection and autophagy modulation in human neuroblastoma SH-SY5Y cells,
which has not been previously reported. CHOS with various fractions of acetylation, Fa
(0.15, 0.3 and 0.6) were prepared by enzymatic hydrolysis using recombinant Bacillus
subtilis chitosanase (BsCsn46A) or improved mutant of Bacillus licheniformis chitinase
(ChiA3). The CHOS products were characterized by 'H-NMR, size exclusion
chromatography, and mass spectrometry. In vitro analysis on a model cell line for
neuronal function and differentiation, SH-SY5Y indicated that CHOS at concentrations
ranging from 100-1,000 pg/ml showed no cytotoxicity to the cells. The influence of
CHOS on oxidative stress and apoptosis was also examined. SH-SY5Y cells were
pretreated with CHOS for 24 hours prior to challenging with 0.7 mM paraquat
(neurotoxic agent) for another 12 hours. The pretreatment of CHOS resulted in the
reduction of apoptotic cells and intracellular reactive oxidation species. In addition, the
MRNA expression level of anti-apoptotic gene BCL2 was increased when compared

with paraquat. Besides, the expression of antioxidant gene, superoxide dismutase (SOD)
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was also upregulated after pretreatment with CHOS for 6 hours. Investigation of the
effect of CHOS on autophagy indicated that the expression of autophagy-associated
genes were altered upon the CHOS treatment for 6 h. SH-SY5Y treated with Fa 0.3
CHOS showed an increase in the mRNA expression of ATG5 and LC3 I/Il. Moreover,
the structural protein of autophagosomal membrane (LC3I/Il) was detected by
immunofluorescence staining. Detection of the structural protein of autophagosomal
membrane (LC3I/1l) by immunofluorescent staining indicated that CHOS treatment led
to high fluorescence intensity when compared with the untreated. Moreover,
autophagosome accumulation was also detected by using monodansylcadaverine
(MDC) staining and the results indicated that autophagosome was accumulated after
incubated with various acetylated CHOS at a concentration of 100 and 1,000 pg/ml.
Analysis of autophagic flux by immunoblotting of LC3 1/l and P62 demonstrated that
CHOS with Fa 0.6 shows the highest effect. In conclusion, this study suggested that
CHOS could upregulate autophagy and effectively protect human neuroblastoma SH-
SY5Y cells from a neurotoxic agent and CHOS with different degree of acetylation
could have different effects. This highlights the potential use of CHOS as a
neuroprotective agent in the future.

Keywords: Chitooligosaccharides, Neuroblastoma, Autophagy, Antioxidant,

Apoptosis
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5.2 Introduction

Chitooligosaccharides or chitosan oligomers can be produced enzymatically or
chemically from chitosans. Chitosans are linear heteropolymers of B (1—4) linked N-
acetyl-D-glucosamine and its deacetylated counterpart D-glucosamine (GIcN).
Enzymatic methods for the hydrolysis of chitosan involve the use chitosanases and
chitinase. This method is performed in gentle conditions and the MW distribution of the
CHOS mixtures could be controlled.

Chitosanases and chitinases are chitosan- and chitin-degrading enzymes.
Chitosanase or chitosan N-acetylglucosaminohydrolase (EC 3.2.1.132) catalyzes the
hydrolysis of glycosidic bond of chitosan into chitooligosaccharide. Chitinase
(EC3.2.1.14) is the enzymes responsible for chitin degradation. Both of the enzyme
can hydrolyze D-A and A-D linkages. However, chitinases have the ability to
hydrolyzed A-A linkage, but not D-D linkage and this property distinguishes these
enzymes from chitosanases (Heggset et al. 2009, Aam et al. 2010, Heggset et al. 2010,
Pechsrichuang et al. 2018). These hydrolytic enzymes vary with regard to their specific
cleavage sites, which are determined by sequences in heteropolymers of A and D units.
Thus, different patterns of chitosans and hydrolytic enzymes will produce CHOS
mixtures with different both length and sequence. In this study, we prepared CHOS
with various fractions of acetylation, Fa (0.15, 0.3 and 0.6) by enzymatic hydrolysis
using recombinant Bacillus subtlis chitosanase (BsCsn46A) (Pechsrichuang et al. 2018)
or mutated Bacillus licheniformis chitinase (ChiA3), which has been improved by DNA
shuffling technique (Songsiriritthigul et al. 2009).

CHOS have received growing attention because these oligosaccharides have low

viscosity, biocompatible, water soluble at the neutral pH and possess numerous potential
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interesting biological properties (Muanprasat and Chatsudthipong 2017) . However,
most of the molecular mechanisms behind these bioactivities are still unknown. It has
been suggested that the properties of CHOS such as degree of deacetylation (DDA),
degree of polymerization (DP), charge distribution, and nature of chemical modification
are important factors influencing the biological activities of CHOS (Aam et al., 2010).

Autophagy is an intracellular self-degradation process conserved from yeast to
mammals (Levine and Klionsky 2004). Autophagy occurs as a cellular response
including nutrient or growth factor deprivation, hypoxia, reactive oxygen species, DNA
damage, protein aggregates, damaged organelles or intracellular pathogens (Kroemer et
al. 2010). It can be classified into different types such as macroautophagy,
microautophagy and chaperone-mediated autophagy (Mizushima and Komatsu 2011).
A predominant form of autophagy is macroautophagy (henceforth called autophagy)
that degrades cytoplasmic components including proteins, organelles, and even some
invasive bacteria (Horie et al. 2017). Autophagy can be morphologically characterized
by formation of double-membrane formation autophagosomes, cup-shaped
autophagosome (Menzies et al. 2017). During autophagy activation, the autophagosome
encloses cytoplasmic materials and fuses with lysosome and then degrade enclosed
cytoplasmic materials, allowing cells to eliminate damaged or harmful components
through catabolism and recycling to maintain nutrient and energy homeostasis (Li et al.
2013). Therefore, autophagy is necessary to maintain the normal function of the central
nervous system, preventing the accumulation of misfolded and aggregated proteins.
Impairment of autophagy in neurons can result in accumulation of misfolded and
aggregated proteins, which stimulate the inclusion bodies or extracellular plaques.

Cellular aggregations of misfolded proteins are cause of many neurodegenerative



94

diseases, including Alzheimer’s disease , Parkinson’s disease and Huntington’s disease
(Ciechanover and Kwon 2015).The neuroprotective effect of CHOS has been tested in
neuron cells (Zhou et al. 2008, Dai et al. 2013, Huang et al. 2015). In this study, we
investigated the neuroprotective effect of various degrees of acetylation of CHOS from
paraquat induced neurotoxicity and its mechanism of autophagy modulation in SH-

SY5Y cells.

5.3 Material and Method
5.3.1 Chitosans
Chitosan Fa 0.15, molecular weight (MWn) of approximately 37 kDa, was
provided by Tera Vennrensing (Klgfta, Norway). Chitosan Fa 0.3, MWn approximately
200-400 kDa., was purchased from Heppe Medical chitosan GmbH (Germany). Highly
acetylated chiosan Fa 0.6 was prepared by homogenous de-N-acetylation of chitin from
shrimp shells (Chitonor, Senjahopen, Norway) according to previously described
method (Sannan, Kurita et al. 1975, Varum, Antohonsen et al. 1991).
5.3.2 Chitooligosaccharide production and analysis
CHOS with various fractions of acetylation, Fa (0.15, 0.3 and 0.6) were
prepared by enzymatic hydrolysis using recombinant Bacillus subtlis chitosanase
(BsCsn46A) (Pechsrichuang et al. 2013) or recombinant mutated Bacillus licheniformis
chitinase (ChiA3) (Songsiriritthigul et al. 2009). Production of CHOS was modified
from our previous work (Pechsrichuang et al. 2018). Briefly, one grams of chitosans
with different degree of acetylation (Fa 0.15, 0.3 and 0.6) were dissolved in 1% HCI
containing 0.1 mg BSA/mL substrate. Then, pH was adjusted to 5.5 using 1M NaOH.

Chitosan solutions (final concentration of 10 mg/mL) were pre-incubated in incubator
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shaker at 37 °C. The degradation reactions Fa 0.15 and Fa 0.3 chitosan of were started

by adding 0.5 xg of chitosanase from Bacillus subtilis (BsCsn46A) per mg of chitosan.
To obtain the maximum degradation of chitosans and degrade all of polymer, same
amount of enzyme was added more at 6 and 24 h and further incubated for 24 h. For
high acetylated Fa 0.6 chitosan, the degradation reactions were started by adding 0.1 ug
of mutated chitinase from Bacillus licheniformis ChiA3 per mg of chitosan. To obtain
the maximum degradation of chitosans, more enzyme (0.1 xg of ChiA3 per mg chitisan)
was added at 6 h and further incubated for 18 h.

Samples were taken from the reactions at various time points from 10 min
to 2,880 min. The reaction was stopped by adding 1M HCI and heated at 100°C for 3
mins. Then, the samples were concentrated and dried by using speed vacuum. Next, the
samples were dissolved in D.O (Deuterium oxide or heavy water) or 0.15 M ammonium
acetate, pH 4.5 for further *H-NMR or size exclusion chromatography (SEC) analysis,
respectively. To obtain the maximum degradation of chitosans, 0.5 ug of BsCsn46A was
added per mg of chitosan and the degradation reaction was incubated at 37°C 1,440 min.
The extent of chitosan degradation is given as degree of scission, o (= 1/average degree
of polymerization, DPy), which represents the fraction of glycoside bonds that has been
cleaved (Sgrbotten et al. 2005).

5.3.3  Size exclusion chromatography (SEC)

CHOS were separated on three XK 26 columns connected in series and
packed with (Pharmacia Biotech, Uppsala, Sweden), with an overall dimension of 2.60
x 180 cm. The elution buffer used was 0.15 M ammonium acetate, pH 4.5. The elution
buffer was pumped through the system using an LC-10ADvp pump (Shimadzu GmbH,

Duisburg, Germany), delivering the elution buffer at a flow rate of 0.8 mL/min. The
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relative amounts of oligomers were monitored with a refractive index (RI) detector
(Shodex RI-101, Shodex Denko GmbH, Dusseldorf, Germany) coupled to a CR 510
Basic Data logger (Campbell Scientific Inc., Logan, UT). To characterize the isolated
CHOS, fractions of 4 mL were collected using a fraction collector. For quantitative
studies of degradation, typically 10 mg of degraded chitosan was injected.
5.3.4 NMR spectroscopy

Samples for *H-NMR analysis were dissolved in D,0, and then 1/10 and
1/100 dilution of concentrated DCI or NaOD was used to adjust the pD to 4.3 - 4.6,
respectively. H-NMR spectra was obtained at 400 MHz at a temperature of 85 °C, as
previously described (Varum et al. 1991). The degree of scission (o) and the DP, was
calculated as previously described (Sgrbotten et al. 2005).

5.3.5 Analysis of CHOS by Mass spectrometry

Identification of isolated CHOS was performed with Matrix-Assisted
Laser Desorption lonization mass spectrometry (MALDI TOF/TOF MS). MS spectra
were acquired using an UltraflexTM TOF/TOF mass spectrometer (Bruker Daltonik
GmbH, Bremen, Germany) with gridless ion optics under the control of Flexcontrol.
For sample preparation, 1 uL of the reaction products was mixed with 1 pL of 10% 2,5
dihydroxybenzoic acid (DHB) in 30% acetonitrile and spotted onto a MALDI target
plate (Bahrke et al. 2002). The MS experiments were conducted using an accelerating
potential of 20 kV in the reflectron mode.

5.3.6 Cell culture
Human neuroblastoma SH-SY5Y cells were maintained in DMEM

(HyClone, Logan, UT) supplemented with 10% (V/V) heat-inactivated fetal bovine
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serum (FBS) (HyClone, Logan, UT), 1% (V/V) L-glutamine (Gibco, CA, USA), 1%
(V/V) nonessential amino acid (Gibco, CA, USA) and 100 U/ml penicillin/streptomycin
(Gibco, CA, USA) in humidified incubator with 37 °C and 5% CO,.

5.3.7 Measurement of cell viability by (MTT) assay

The effect of CHOS on cell viability was measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Invitrogen). SH-
SY5Y cells were seeded at 4 x 10° cells in 96 well plate and incubated at 37 °C and 5%
COz overnight. The cells were treated with 100, 200, 500 and 1,000 pg/ml of CHOS

(Fa 0.15, 0.3 and 0.6) for 24 h. After incubation, culture media was removed and 100
ul of 0.5 mg/mL MTT solution in PBS was added and the cells were further incubated
for 3 h. Then, the MTT solution was discarded and purple formazan crystal was
dissolved in 100 pl of DMSO. The absorbance was measured at 570 nm, using a
microplate reader (BMG Labtech, Ortenberg, Germany). The absorbance of untreated
cells was taken as 100% viability. All experiments were performed in triplicate.

5.3.8 Apoptosis detection using AnnexinV and 7-AAd staining

SH-SY5Y cells were seeded at 4 x 10° cells in 6 well plate and incubated
at 37 °C with 5% CO; for overnight. The cells were pre-treated with 1,000 pg/ml of
CHOS (Fa0.15, 0.3 and 0.6), 20 uM Curcumin and DMEM with 5% FBS (untreated)
for 24 h. Curcumin was used as positive control for neuroprotection (Jaroonwitchawan
et al. 2017). Then, the culture media was discarded and the cells were challenged with
0.7 mM paraquat (neurotoxic agent) for 12 h. The cells were harvested and washed once
with PBS. Then, cells were stained with Annexin V conjugated to fluorescein-

isothiocyanate (FITC) and 7-amino-actinomysin (7-AAD) (Muse Annexin V and


https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl

98

DeadCell Kit, Merck KGaA, Germany) for 20 minutes at room temperature in the dark.
Dead cells, live cells, early and late apoptotic cells were analyzed by flow cytometry
(Muse cell analyzer, Merck, Billerica, MA, USA).

5.3.9 Real-time quantitative reverse transcription PCR (qPCR)

SH-SY5Y cells were plated at 4 x 10° cells in 6 well plate and incubated
at 37 °C and 5% CO; for overnight. To analyze autophagy and antioxidant gene
expression, the cells were treated with DMEM with 5% FBS (untreated), DMEM
without FBS (starvation), 20 uM curcumin, and 1,000 pg/ml of various degrees of
acetylated CHOS (Fa 0.15, 0.3 and 0.6). Starvation condition and curcumin were used
as positive control for autophagy activation (Jaroonwitchawan et al. 2017). For
apoptosis gene expression, the cells were treated using the same condition as described
in section 5.3.8. Total RNA was extracted from the treated cells using NucleoSpin RNA
kit (Macherey-Nagel, Dueren Germany). According to the manufacturer’s protocol, 500
ng of RNA was reverse transcribed to cDNA using RT-PCR quick master mix (Toyobo,
Japan). For gene expression analysis, 100 ng of cDNA were used as template for gPCR.
The gPCR was performed using the QuantStudio5 Real-Time PCR system (Thermo
Fisher Scientific, USA). The relative expression levels of mMRNAs were quantified by
normalization with the internal control GAPDH gene. Primers used in this experiment

show in Table 5.1.
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Table 5.1 gPCR primers of autophagy, antioxidant and apoptosis gene.

Gene
ATGS

BECLIN

LC3 11

P62

GPX

CAT

SOD

CASPASE 3

CASPASE 8

BAX

BCL2

P53

Direction

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Forward
Reverse
Forward
Reverse

Primer sequence (5'to 3')
actgtccatctgcagccac
tgcagaagaaaatggatttcg
ctcetgggtctctectggtt
tggacacgagtttcaagatcc
tatcaccgggattttggttg
gagaagaccttcaagcagcg
tactctggctcccaaagcaa
tcaaggtccagagaaggtgg
ttcccgtgcaaccagtttg
ttcacctcgeacttctcgaa
tttcccaggaagatcctgac
accttggtgagatcgaatgg
gtgcaggtcctcactttaat
ctttgtcagcagtcacattg
agaactggactgtggcattgag
gcttgtcggceatactgtttcag
ctccecaaacttgcetttatg
aagaccccagagcattgtta
ccttttctactttgccagcaaac
gaggccgtcccaaccac

tccgcatcaggaaggctaga
aggaccaggcctccaagct
tcaacaagatgttttgccaactg
atgtgctgtgactgcttgtagatg

5.3.10 Measurement of intracellular reactive oxidation species (ROS) by

DCF assay

The intracellular ROS was detected using DCFH-DA which is cell-

permeable and is hydrolyzed intracellularly to the DCFH carboxylate anion that is

retained in the cell. The production of intracellular ROS was assessed by DCFH-DA

oxidation. DCFH-DA is cleaved intracellularly by nonspecific esterases and turns into



100

highly fluorescent 2°,7’-dichlorofluorescin (DCF) upon oxidation (Kalyanaraman et al.
2012).

The cells were treated using the same condition as described in section
5.3.8. Then, the cells were harvested and incubated with 10 uM DCFH-DA in DMEM
at 37 "C for 15 minutes. After incubation the culture media was discarded. The
fluorescence intensity of DCFH-DA was measured by a fluorescence microplate-reader
(Thermo Scientific, USA) at an excitation wavelength of 485 nm and an emission
wavelength emission wavelength of 530 nm. Results were expressed as percentage of
controls. All experiments were performed in triplicate.

5.3.11 Detection of microtubule-associated protein 1A/1B-light chain 3

(LC3 I/11) by immunofluorescence staining

SH-SY5Y cells were seeded at 4 x 10* cells in 24-well plate with 12 mm
glass cover slip for and cultured at 37°C and 5% CO- for 1 day. The cells were treated
with DMEM with 5% FBS (untreated), DMEM without FBS (starvation), 20 uM
curcumin, 50 uM chloroquine (CQ, autophagy inhibitor) (Redmann et al. 2017) and
1,000 ug/ml of various degrees of acetylated CHOS (Fa 0.15, 0.3 and 0.6). Starvation
condition and curcumin were used as positive control for autophagy activation
(Jaroonwitchawan et al. 2017) while CQ were use as autophagy inhibitor that block
autophagic degradation in lysosomes (Redmann et al. 2017). All of treatments were
dissolved in DMEM with 5% FBS. The treated cells were incubated at 37 ‘C with 5%
COz for 6 h, except CQ treated cell were incubated for 3 h. Following the respective
treatments, cells were fixed with 4% paraformaldehyde/PBS for 15 min at room
temperature and washed 3 times with PBS. The cells were permeabilized and blocked

with 0.1% Triton X-100 and 10% FBS in PBS for 1 h at room temperature. The
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coverslips were then incubated with 1:1000 diluted anti-LC3I/l1l-rabbit primary
antibody (Merck, Germany) diluted in blocking solution for overnight at 4 °C, followed
by washing with PBS 3 times for 5 min each. Then, the cells were stained with anti-
rabbit Alexa Flour 488 secondary antibody diluted 1:1000 in PBS and incubated at room
temperature for 2 h in the dark. The nuclei were counterstained with DAPI (Vector
Laboratories) and the stained cells were observed under a laser scanning confocal
microscope (Nikon Al). Images were analyzed using the ImageJ program (NIH).
5.3.12 Detection of autophagosome using monodansylcadaverine (MDC)

staining

SH-SY5Y cells were seeded at 1 x 10* cells in 24-well plate with 12 mm
glass cover slip and cultured at 37 °C with 5% CO for 1 day. The cells were treated and
fixed using the same condition as described in section 5.3.11. To monitor
autophagosome, the cells were stained by MDC. MDC preferentially accumulates in
autophagosome due to a combination of ion trapping and specific interactions with
membrane lipids (Munaf6 and Colombo 2001). Briefly, the cells were stained with 50
MM MDA and incubated at room temperature for 20 minutes. The stained cells were
washed with PBS for 3 times. The stained cells were mounted on a glass slide with a
drop of antifade reagent observed under fluorescence microscope (Axioscope, Zeiss,
Germany).

5.3.13 Western blot analysis
SH-SY5Y cells were seeded at 5 x 10° cells in 6-well plate and cultured at

37 °C and 5% CO; for 1 day. The cells were incubated with DMEM with 5% FBS
(untreated), DMEM without FBS (Starvation), 20 uM curcumin, 50 uM chloroquine

and 1,000 pg/ml of various degrees of acetylated CHOS (Fa0.15, 0.3 and 0.6) for 6 and
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24 h. The cells were harvested by adding 100 ul of 0.25% Trypsin/EDTA and 400 pl
PBS and incubated at 37 °C, 5% CO- for 3 minutes. Then, the cells were washed twice

by adding 1ml of cold PBS and collected by centrifugation at 3,000 rpm for 5 min. The
cell lysate was extracted by adding 300 pul NP40 cell lysis buffer (FNNO0021, Invitrogen,
USA) containing 1ImM PMSF and 1x protease inhibitor cocktail (P-2714, Sigma, USA)
and incubated for 30 min on ice with vortexing at 10 minutes interval. The crude lysate
was collected by centrifugation at 13,000 g for 10 minutes at 4 °C. The protein
concentrations were determined by BCA protein assay kit (Pierce) using BSA standards.
Then, 20 pg of total protein per sample was separated by 12.5% SDS-PAGE, followed
by wet electroblotting (Biorad) to a PVDF membrane at voltage 100 V for 2h and
western blotting. Anti-LC3-1/11 Antibody (ACB293, Merck), P62/SQSTM1 Antibody
(MAB8028, R & D systems) and Anti-GAPDH (ABS16, Merck) were used as primary
antibodies. Goat Anti-rabbit IgG, HRP-conjugate (12-348, Upstate biotechnology) and
Goat anti mouse HRP conjugated (Promega) antibodies were used as secondary
antibody. The western blots were developed using selected chemiluminescence (ECL)

detection kit (Amersham, Bucks., U.K.).

5.4 Results

5.4.1 Production and characterization of CHOS
'H-NMR spectroscopy was used to determined average degree of
polymerization (DPy) and the degree of scission (a), that is the fraction of glycosidic
linkages in the chitosan that has been cleaved by the enzymes (Sgrbotten et al. 2005).
The time course of hydrolysis of various degrees of acetylated chitosan show in figure

5.2. Chitosans with Fa 0.15 and 0.3 were hydrolyzed with chitosanase BsCsn46A to a=
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0.37 and 0.30, respectively (Figure 5.1A). In addition, the Fa0.6 chitosan was

hydrolyzed by ChiA3 from Bacillus licheniformis to a = 0.45 (Figure 5.1B).
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Figure 5.1 Time-course for the increase in o during degradation of chitosans with Fa
0.15 or Fa 0.3 with BsCsn46A (A) and Fa 0.6 with ChiA3 (B). The graphs
show the degree of scission (a) determined by *H-NMR.

In addition, information about the identity of the new reducing ends (A- or

D- units), which reveals information about the productive binding preference in the -1

subsite of the enzyme was identified proton NMR. The *H-NMR spectra of the anomer

region of chitosans with Fa 0.15, Fa 0.3 and Fa 0.6 degraded by BsCsn46A or ChiA3
show in figure 5.2. The spectra show the large majority of the new reducing end of
chitosan with Fa 0.15 and 0.3 hydrolyzed by BsCsn46A are D-unit at -1 subsite, while

Fa 0.6 cleaved by ChiA3 are A-units.

After enzymatic hydrolysis, CHOS mixtures were separated by size
exclusion chromatography (SEC) as show in Figure 5.3. The chromatograms indicated

the size distribution of oligomers obtained after degradation of various degrees of
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acetylated chitosans at two a-values. From the SEC chromatograms of Fa0.15 and 0.3
at 1,440 min, the void peak (DP>50) still appears (Figure 5.3, upper panel). To degrade
all of polymer, more enzyme was added and further incubated for 24 h. Consequently,
the polymer peak disappears as the reaction proceeds. As expected, the major products
of FA0.15 and 0.3 CHOS were DP2-6 (Figure 5.3A, lower panel) and 2-12 (Figure 5.3B,
lower panel), respectively. While, the majority of Fa 0.6 CHOS produced from ChiA3
was DP2-6 (Figure 5.3C, lower panel).
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Figure 5.2 H-NMR analysis of CHOS preparation. *H-NMR spectra of the anomer

region of chitosans with Fa 0.15, Fa 0.3 and Fa 0.6 hydrolyzed by
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BsCsn46A or ChiA3. The a-values (degree of scission) are indicated. A
reducing end D-unit resonates at 5.43 ppm (a-anomer) and 4.92 ppm (B-
anomer). The a-anomer of a reducing end A-unit resonates at 5.19, while
the B-anomer appears as two doublets at 4.705 ppm (—-AA) and 4.742 ppm
(-DA), depending on whether the preceding sugar unit is an A or a D,
respectively. Internal D-units resonate at 4.8-4.95 ppm, whereas internal

A-units resonate at 4.55-4.68 (Sgrbotten et al. 2005).
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Figure 5.3 Product analysis by size exclusion chromatography (SEC). Size distribution of
CHOS after degradation of three different chitosans at 37 °C using BsCsn46A
for Fa 0.15 and 0.3, and ChiA3 for Fa 0.6. The peaks are labeled by numbers
indicating the DP.

The chemical compositions of individual CHOS fractions obtained after
degradation of chitosans with Fa values of 0.15, 0.3, or 0.6 were analyzed by MALDI-

TOF-MS and the results are summarized in Table 5.2. Confirming our previous

reported, the hydrolytic products obtained from of Fa 0.15 and 0.3 chitosan hydrolyzed
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by BsCsn46A contained fully deacetylated oligomer as the main products and Fa 0.3
chitosan were more A-unit products (Pechsrichuang et al. 2018). For the products
obtained from highly acetylated Fa 0.6 chitosan hydrolyzed by ChiA3, contained
slightly more A-rich products. However, the difference between BsCsn46A and ChiA3
hydrolytic products is the majority of reducing end sugar residues in the oligomeric
fractions which are D- and A-unit, respectively.

Table 5.2 Chemical composition of CHOS fractions®.

Fa 0.15 Fa 0.3 ChiA3 FA 0.6
DP

a=0.37 a=0.30 a =0.45
2 D2, DA, A2 D2, DA, A2 D2, DA, A2
3 D3, D2Al1, D1A2 D2A1,D3, D1A2 D1A2, D2A1, D3, A3
4 D3A1, D2A2, D4, D1A3 D3A1, D2A2, D1A3 D2A2, D3A1, D1A3

D4Al, D3A2, D2A3 D3A2, D2A3, D1A4 D3A2, D2A3, D4Al, D1A4

6 D4A2, D3A3, D2A4 D3A3, D2A4, D4A2, D1A5 D4A2, D3A3, D5A1, D2A4
7 D5A2, D4A3, D3A4 D4A3, D3A4 ND

4Chemical composition of CHOS fractions obtained after size exclusion
chromatography of product mixtures generated by BsCsn46A or ChiA3 from chitosans
with varying Fa. The bold letters represent seemingly dominant products, defined by
using the signal intensities of MS (height of the peak). NA, not analyzed.
5.4.2 Cytotoxicity of CHOS

Cytotoxicity of CHOS (Fa 0.15, 0.3 and 0.6) were determined using MTT
assay. The cells were treated with different concentration of CHOS (100-1,000 pg/ml)
for 24 h. MTT result shows that the cells remained their viability similar to untreated
cells (Figure 5.4A). Therefore, those concentrations of CHOS were used for all

experiments.



107

5.4.3 CHOS reduced paraquat-induced intracellular ROS and apoptosis

in SH-SY5Y cells

To examine the pretreatment of CHOS affected on the generation of
intracellular ROS induced by paraquat, the intracellular ROS level was assessed by
using DCFH-DA. SH-SY5Y cells were pretreated with 1,000 ug/ml CHOS for 24 hours
prior to challenging with 0.7 mM paraquat for another 12 hours. The pretreatment of
CHOS resulted in a significant reducing the intracellular ROS induced by paraquat when
compared with paraquat alone (Figure 5.4B). Moreover, the apoptotic cells death also
reduced, from 9.5% of paraquat alone to 3.42%, 3.74% and 5.82% after pretreated the

cells with Fa 0.15, 0.3 and 0.6 CHOS, respectively (Figure 5.4C).
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Figure 5.4 Protective effect of CHOS on paraquat-induced neuronal cell death in SH-
SY5Y cell. (A) Cells were treated with 100-1,000 pug/ml CHOS (Fa 0.15,
0.3 and 0.6) for 24 h. Cell viability was detected by MTT assay. (B) Cell

were pretreated with 1,000 pg/ml CHOS and exposed to 0.7 mM paraquat.
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The intracellular reactive species was measured by DCF assay and the
percentage of apoptotic cell was measured by using AnnexinV and 7-AAd
staining. The data were represented as mean £SD (n=3). *p<0.05 versus
untreated. (C) Apoptosis detection using AnnexinV and 7-AAd staining.
5.4.4 Effect of CHOS on apoptosis related gene expression exposed to
paraguat and antioxidant gene expression in SH-SY5Y

SH-SY5Y cells were pretreated with 1,000 ug/ml CHOS (Fa 0.15, 0.3 and
0.6) for 24 h prior to challenging with 0.7 mM paraquat for another 12 h. After the cells
were treated, the relative expression of apoptosis genes, P53, BAX, CASPASES,
CASPASE3 and BCL2 were determined by gPCR. The gene expression level of
apoptosis related genes including P53, BAX, CASPASE8, CASPASE3 and BCL2 were
increased in all treatments when compared with control (Figure 5.5A-E). However, the
ratio of BAX (a pro-apoptotic) gene and BCL2 (anti-apoptotic gene) was significantly
decreased (Figure 5.5F) when pretreated with various degrees of acetylated CHOS,
indicating that the apoptosis was inhibited.

The expression of the key antioxidant genes including, SOD (superoxide
dismutase), CAT (catalase) and GPX (glutathione peroxidase) also determined. The
result shows that SOD upregulated after the cells were treated with various acetylated
CHOS with concentrations 100 or 1,000 pg/ml for 6 hours (Figure 5.6 A). While, CAT
increased when treated with 1,000 ug/ml Fa 0.15 CHOS and GPX expression was not
difference from the control (Figure 5.6 B,C). These results indicated that CHOS could

be reduced apoptotic cell death of SH-SY5Y cells from paraquat through apoptosis

inhibition and its functioned as antioxidant.
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Figure 5.5 Protective effect of CHOS on paraquat-induced neuronal cell death in SH-

SY5Y cell.SH-SY5Y cell were pretreated with DMEM with 5% FBS

(untreated), 1,000 pg/ml of CHOS (Fa 0.15, 0.3 and 0.6) and 20 pM

curcumin for 24 h and challenged with 0.7 mM paraquat for 12 h. The

relative expression of apoptosis genes, P53, BAX, CASPASES8, CASPASE3

and BCL2 were calculated by using GAPDH as a reference gene. The data

were represented as mean £SD (n=3). #p<0.05, ##p<0.01 versus untreated.

*p<0.05, **p<0.01 versus the group exposed to paraquat alone.



110

(A) (B) CAT
SOD 2.0

3.0

2.54

2.04 -

1.5

1.0
o.s-.
0.0

. : ' . F & N
R R R o 8 & s y
Fa) © & o
& Fp 015 Fa03 Fa06 & N Fa 0.15 Fa03 Fa06

Relative expression
1
._|
.l
Relative expression
ot ol =
< i o
-
—]:
|
z
“
-1
1t

(©) GPX

Relative expression
e e - =
o o = w
T 3 I g
Gdf
.l
i
—
Ly

Figure 5.6 Analysis of antioxidant gene expression by qPCR. SH-SY5Y cells were
treated with DMEM with 5% FBS (untreated), 100 and 1,000 pg/ml of
CHOS (Fa0.15, 0.3 and 0.6) and 20 uM curcumin for 6 h. The relative

expression of SOD, CAT and GPX were calculated by using GAPDH as a
reference gene. The data were represented as mean £SD (n=3). *p<0.05,
**p<0.01 versus untreated.
545 CHOS induced autophagy in SH-SY5Y cells
Autophagy (or self-eating) was first described by Christian de Duve in
1963 as a lysosome-mediated degradation process for non-essential or damaged cellular
constituents (De Duve 1963). Autophagy breaks down macromolecules and recycles
their components not only to preserve cellular energy but also to clear damaged proteins
and mitochondria (Dodson et al. 2013). Impairment of autophagy is cause many

pathologies, including neurodegenerative diseases (Schapira and Gegg 2011). To
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examine the effect of CHOS on autophagy, SH-SY5Y cells were incubated with 1,000
ug/ml of various degrees of acetylated CHOS (Fa0.15, 0.3 and 0.6).

The autophagy related genes including ATG5, BECLIN, LC3 I/1l and P62
were monitored by using gPCR. We observed that the cells treated with Fa 0.3 CHOS
significantly increased the mRNA expression of ATG5 and LC3 I/1l. While, Fa 0.3 and

0.6 CHOS was not different from the untreated cell (Figure 5.7).
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Figure 5.7 Analysis of autophagy gene expression by gPCR. SH-SY5Y cells were
treated with DMEM with 5% FBS (untreated), 100 and 1,000 pg/ml of
CHOS (Fa0.15, 0.3 and 0.6), DMEM without FBS (starvation) and 20 uM
Curcumin for 6 h. The relative expression of ATG5, BECLIN, LC3 I/Il and
P62 were calculated by using GAPDH as a reference gene. The data were

represented as mean £SD (n=3). *p<0.05 versus untreated.
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However, the structural protein of autophagosomal membrane (LC3I/II)
was detected by immunofluorescence staining (Figure 5.8A). The result shows that all
CHOS treated SH-SY5Y cells presented high fluorescence intensity when compared
with the untreated cells (Figure 5.8B). The cells treated with CQ showed an enhanced
LC3I/ll protein accumulation, indicating a defective autophagy. While, CHOS,
curcumin and DMEM without serum (starvation) treated SH-SY5Y cells exhibited an

enhancement and well organization of LC3I/11 protein.
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Figure 5.8 Effect of CHOS on LC3I/II protein expression. The cells were pre-treated
with DMEM with 5% FBS (untreated), DMEM without FBS (Starvation),
20 uM Curcumin, 50 uM CQ and 1,000 pg/ml of various degrees of
acetylated CHOS (Fa 0.15, 0.3 and 0.6). The treated cells were incubated

at 37 "C with 5% CO2 for 6 h, except CQ treated cell were incubated for 3
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h. Following this incubation period, the cells were stained with MDC at 50
uM. Cells were analyzed by confocal microscopy as described in materials
and methods. (A) Confocal images of LC31/II protein stained with Alexa
488 dye by immunofluorescence assay. (B) The fluorescence intensity of
LC3 I/l normalized with DAPI. The data were represented as mean +SD
(n=3). *p<0.05, **p<0.01 versus untreated.
To monitor autophagosome, the cells were stained by MDC that
preferentially accumulates in autophagosome due to a combination of ion trapping and
specific interactions with membrane lipids (Munafé and Colombo 2001). The result

shows that all of the samples increased the accumulation of autophagosome (Figure 5.9).

Untreated Starvation Curcumin CQ

~
> -
-
—_— < —y —is gy

F,0.3 100 pg/ml F,0.3 1,000 pg/ml

F,0.15 100 pg/ml F,0.15 1,000 pg/ml

F,0.6 100 pg/ml F,0.6 1,000 ug/ml

Figure 5.9 MDC-labeled autophagosome. The cells were pre-treated with DMEM
with 5% FBS (untreated), DMEM without FBS (Starvation), 20 uM

Curcumin, 50 uM CQ and 1,000 pg/ml of various degrees of acetylated
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CHOS (Fa 0.15, 0.3 and 0.6). The treated cells were incubated at 37 'C

with 5% CO- for 6 h, except CQ treated cell were incubated for 3 h.

Following this incubation period, the cells were stained with MDC at 50

uM. Cells were analyzed by fluorescence microscopy. The arrow

indicated the accumulation of autophagosome.

The immunoblot analysis of LC3 I/l and P62 or SQSTM1 were used as
marker for autophagic flux analysis (Jiang and Mizushima 2015). LC3-I is cytosolic
protein, and LC3-11I is conjugated with phosphatidylethanolamine (PE) and is presented
in autophagosome membrane (Kabeya et al. 2004). The P62 or sequestosome 1
(SQSTM1) is also important since it is a substrate for LC3 which facilitates selective
degradation during autophagy. The P62 protein is itself degraded by autophagy and
serves as a marker to study autophagic flux. When autophagy is inhibited, P62
accumulates, while when the autophagy is induced, P62 quantities decrease (Komatsu
etal. 2007). In this study, the autophagic flux was monitored by immunoblotting of LC3
I/11 and P62, CHOS with Fa 0.6 shows the best effect for autophagy induction (Figure
5.10). The result shows that LC3 | upregulated and P62 downregulated after incubation
with 1,000 pg/ml FA0.6 CHOS for 6 h. While, Fa 0.15 and 0.3 CHOS upregulated only
LC3 I (Figure 5.10B). For prolonged incubation at 24 h, the expression level of LC3 I/11
protein increased in Fa0.3, 0.15 CHOS, DMEM serum free (starvation), and 20 uM
Curcumin (Figure 5.10E). Whereas, the relative expression of P62 increased when
compared with untreated (Figure 5.10F). However, the expression level of P62 protein

at 24 h was decreased when compared to 6 h (Figure 5.10A,B).
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Figure 5.10 Expression level of LC3 I/l and P62 determined by western blotting.
GAPDH was used as the internal control. The cells were incubated with
DMEM with 5% FBS (untreated), DMEM without FBS (starvation), 20
uM curcumin, 1,000 ug/ml of various degrees of acetylated CHOS (Fa
0.15, 0.3 and 0.6) for 6 and 24 h. Western blots of LC3 /Il (B,E) and P62

(C,F) were quantified by densitometry using Quantity one program.

5.5 Discussion and conclusion

CHOS was previously reported to possess many biological activities such as
antibacterial, antioxidant, anti-diabetic, anti-inflammatory, and neuroprotective
activities (Aam et al. 2010, Muanprasat and Chatsudthipong 2017). There have been
many researches of CHOS on the neuroprotection and antioxidant. Huang et al, 2015
reported that CHOS attenuate Cu?* induced cellular oxidative damage and cell apoptosis
involving Nrf2 activation in SH-SY5Y cell (Huang et al. 2015). The protective effect

of CHOS on primary culture of hippocampal neurons against glutamate-induced
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neurotoxicity also reported (Zhou et al. 2008). Moreover, the neuroprotective effect of
CHOS from B-amyloid peptide induced neurotoxicity, involving the suppression of ROS
production and apoptosis in primary hippocampal neurons was also reported (Dai et al.
2013). However, most of the research on molecular mechanism of CHOS has been done
with CHOS mixtures with various Fa, Mw, and DP. Consequently, when using complex
mixtures of CHOS in biological activity assays, it is difficult to know which
molecule/molecules are causing the effects.

In this study, we investigated the effect of well-defined CHOS with various
degrees of acetylation (Fa 0.15, 0.3 and 0.6) on neurotoxicity, oxidative stress and
apoptosis related gene changes induced by paraquat and autophagy modulation. The
paraguat is a quaternary nitrogen herbicide capable of generating oxidative stress and
producing brain damage after chronic exposure (Czerniczyniec et al. 2013).

We examine the protective effect of CHOS against paraquat. Our results show that
CHOS pretreatment on SH-SY5Y attenuated the paraquat induced cellular oxidative
damage and cell apoptosis. We also investigated the effect of CHOS on activation of
apoptosis related gene. We observed that significant increase in ratio of the pro-
apoptotic member and the anti-apoptotic (BAX/BCL2) gene appeared after challenge the
SH-SY5Y to paraquat alone, and all CHOS pretreatment significantly decreased the
BAX/BCL2. Interestingly, CHOS Fa 0.6 shows the best effect to decrease the expression
of BAX and upregulate BCL2 expression.

Moreover, we also examined the modulatory effect of CHOS on the autophagy
that has not been reported yet. The autophagy is major intracellular machinery for
degrading aggregated proteins and damaged organelles. It has been reported that the

autophagy involved in the occurrence of pathological changes in many
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neurodegenerative diseases (Fang et al. 2018). Induction of autophagy by drugs is one
of the promising therapeutic approaches for treatment of neurodegenerative diseases
such as Alzheimer’s disease (Steele et al. 2013), Parkinson’s disease (Moors et al.
2017), and Huntington’s diseases (Williams et al. 2008). These diseases all involve the
accumulation of aggregated proteins and damaged organelles in the cytosol of neural
cells (Sarkar et al. 2007). The other natural oligosaccharides such as glucosamine and
trehalose were reported to be able to induces the autophagy (Shintani et al. 2010, Kriiger
et al. 2012).

Interestingly, we found that CHOS activated the autophagy by induce the gene
and protein expression of LC3 I/Il in human neuroblastoma cell. These results were
confirmed by using MDC which is specific autophagosome marker to analyze at the
molecular level the machinery involved in the autophagic process. SH-SY5Y treated
with CHOS showed an increase in a number of autophagosomes. Additionally, the
autophagic flux was monitored by immunoblotting of LC3 I/11 and P62. CHOS with Fa
0.6 shows the best effect by upregulated LC3 and downregulated P62.

In summary, this study suggested that CHOS could effectively protect the human
neuroblastoma cell against neurotoxic agent by regulating apoptosis and autophagy
pathways. CHOS might be used as a potential neuroprotective agent in

neurodegenerative disorder in the future.
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Critical Note

After completing the experiments, while this manuscript was being prepared, we
decided to test for mycoplasma contamination of the SH-SY5Y cells that we have been
used in the experiments. Unfortunately, we found that these cells were contaminated by
mycoplasma as shown by PCR detection in Fig 5.11. Therefore, we couldn’t publish the
results. However, we think that the results did suggest that CHOS can have protective
effect on human neuroblastoma SH-SY5Y cells and other cells. In addition, CHOS with
different degree of acetylation could have different effects. Therefore, we will repeat
our experiments on SH-SY5Y and other cell lines such as human dermal fibroblast and
THP-1 macrophage and publish our work on biological activities of CHOS on different

cell lines in the future.

Figure 5.11 Mycoplasma detection by PCR-based technique.



CHAPTER VI
CONCLUSIONS

1. BsCsn46A containing OmpA signal peptide was more efficient than those containing
the native Bacillus signal peptide, for both expression and secretion, but cleavage of the
signal peptide was not precise.

2. BsCsn46A can efficiently convert chitosans with different degrees of acetylation into
mixtures of CHOS with varying chain lengths and compositions, depending on the

substrate and the reaction conditions.

3. The initial specific activities of chitosan degradation were 5.5x10° and 8.4x10° min™
for chitosans with Fa 0.15 and Fa 0.3, respectively. Thus, BsCSn46A seems to be one

of the fastest chitosanases reported so far.

4. CHOS obtained from degradation of chitosan with various Fa (0.15, 0.3 and 0.6) was
successfully characterized by size exclusion chromatography (SEC), *H NMR, and

mass spectrometry (MS) methods.

5. Well-defined CHOSs produced from BsCsn46A or ChiA3 may protect the human
neuroblastoma cell against neurotoxic agent by regulating apoptosis and autophagy
pathways. Thus, CHOS might be used as a potential neuroprotective agent or anti-

cellular damaging compounds in the future.
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