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CHAPTER 1

GENERAL INTRODUCTION

1.1. Background

Inorganic-organic hybrid materials are used as an excellent candidate for the
development of functional and advanced materials in electronics, energy generation,
water treatment and biomedical applications[1-3]. Various studies are being focused
on the enhancement of properties of those hybrid materials. Among them, the
incorporation of biomolecules such as live cells, drugs, and enzymes to produce smart
and sophisticated materials is an attractive idea[4-6]. However, conventional methods
used for synthesizing and coating inorganic polymers, such as silica, require harsh
conditions such as high temperatures, extreme pH conditions, vacuum conditions, and
caustic chemicals that are incompatible with biomolecules[7]. With those aspects, it
becomes difficult to fabricate biomolecules entrapped inorganic-organic hybrid
materials using conventional methods. Therefore, biomimetic approaches have been

studied for synthesizing of inorganic polymers[8, 9].

Silica is used as an inorganic matrix in hybrid materials due to its chemical and
physical stability, biocompatibility, and nontoxicity[10]. As a biological route to
fabricate silica, different types of enzymes and peptides that can catalyze silica
polymerization have been studied. Silicatein is an enzyme found in sponges that can
catalyze silica polymerization under physiological conditions[11]. However, silicateins
show aggregation properties in aqueous media which makes them difficult to handle in

applications. This aggregation property could be solved by fusing a soluble protein tag.

To form silica on an organic matrix, silicatein should be immobilized on the organic
matrix. In some studies, silicatein has been immobilized on materials by doing surface

1



modifications such as applying chemicals on solid surfaces[12]. However, the silica
polymerizing activity of silicatein was significantly lost upon contact with the solid
surface[13]. Simpler and milder alternative methods to immobilize silicatein without
direct surface contact are important to preserve the silica polymerization activity of
silicatein. Solid binding proteins are such smart tools found from the studies related to
degradation enzymes. Enzyme fused with solid binding proteins can selectively bind
on a target material. The same strategy can be used to immobilize silicatein on a target

material by fusing silicatein with a solid binding protein.

In this study, the fabrication of silica-based biohybrid materials in physiological
conditions using novel interfacial catalysts composed of silicatein, soluble proteins, and
solid-binding proteins has been studied. Using the developed novel interfacial catalyst,
a model enzyme has been successfully immobilized in the inorganic-organic hybrid

material while protecting its activity.



1.2. Literature review

1.2.1. Inorganic-organic hybrid materials

Scientists are paying attention to inorganic-organic hybrid materials due to their
predominant properties such as physical, optical, mechanical, biological, and chemical
properties. Before man-made hybrid materials are made, nature has already created
remarkable inorganic-organic hybrid materials with sophisticated properties million
years ago[1, 14]. Such a high level of naturally available examples are hydroxyapatite
(Ca10(P0O4)s(OH)) in bones and teeth of mammals[15], calcium carbonate (CaCQ3) in
molluscan shells[16], amorphous silica (SiO2) in diatoms[17] and marine sponges[18],

and magnetite (FesO4) in chiton teeth[19].

Depending upon the interaction between organic and inorganic materials,
inorganic-organic hybrid materials are classified into two categories: Class | and Class
I1. In Class I, the interaction between organic and inorganic materials is only physical
interaction such as hydrogen bonding, and n-m interaction (aromatic interaction).
Specific functional groups in materials involve forming physical interactions between
the two materials[20-22]. In contrast, in Class Il, chemical bonding occurs between

two different phases[23-28].

Inorganic-organic hybrid materials are applied in various applications due to their
enhanced properties. Some of the main applications have been summarized in Figure

1-1[29-41].
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Figure 1- 1: Main applications areas of inorganic-organic materials.

Scientists are developing novel inorganic-organic hybrid materials that can
immobilize live cells and biomolecules such as enzymes. However, conventional
methods used for the synthesis of inorganic polymers, and coating of materials by
inorganic polymers, require high temperatures, extreme pH conditions, vacuum
conditions, and caustic chemicals that are incompatible with biomolecules[7].
Therefore, biomimetic approaches to synthesize inorganic polymers and coating of

materials with inorganic polymers have been studying for the past few years[8, 9].

1.2.2. Silica and silicatein

Silica is known as the most abundant mineral in the Earth’s crust and is a highly
biocompatible material[4]. Since conventional methods used for synthesizing and
coating with silica, involve high temperatures, extreme pH conditions, vacuum
conditions, and caustic chemicals, immobilization of biomolecules is difficult[7].
Therefore, scientists had a keen interest to find biological routes to synthesize silica
under mild conditions for the immobilization of biomolecules in the silica matrix to

fabricate novel materials.



Silica has been found in many eukaryotes, including protists, diatoms, sponges,
mollusks, and higher plants. The size of biologically produced silica structures such as
shells of diatoms and the skeletons of sponges ranges from nano-scale to microscale. It
has been reported that these biosilica contain small amounts of organic substances[17,
18, 42-44] that facilitate the formation of structures while synthesizing of biosilica

under mild conditions[17, 45].

The skeletons of demosponges compose silica in the most common needle-shaped
structures called spicules[46]. A marine demosponge’s (Tethya aurantia) skeleton
contains needle-shaped clear spicules[18]. Generally, it is about 75% of the dry weight
of the organism. That afforded to isolate the protein from axial filaments found in each
spicule, to discover the biosilicification mechanism in these animals[18, 47]. From the
axial filaments of spicules, three similar protein subunits, named silicatein o (29 kDa),
p (28 kDa), and y (27 kDa) have been identified in a particular ratio (a:f:y = 12:6:1) as

repeating units[18].

Through analyzing the sequences of silicateins, it was found that they are highly
homologous to cathepsins L, a family of cysteine proteases[48] including the position
of three internal disulfide bridges and the three-dimensional structures. The amino acid
sequences of mature silicatein «, £, and human cathepsin L has been shown in Figure
1-2. Cysteine, histidine, and asparagine are the active sites of most cysteine proteases

while serine, histidine, and asparagine are the catalytic triad in silicateins.



A4
gllicatein o ARYPETVDWRTEGAVIGIKSQGDCGASTAF SAMGALEG INALATGRLT YLSEQNIIDCSVE 60
gilicatein fi YPESLDWRT KGAVT SVENQGDCGASYAFSATGSLEGALSLAQGRLTYLEEQNV IDCSVA 59
h_cathepsin L APRSVDWREKGYVTFVENOGOCCSCWAFSAT GALEGOMFREKTGRLISLSEQNLVDCSGE 59

Y h 4
gilicatein o YCNHGCEGEHMMYVAFLYVVANEGVDDGCSYPFRGKOSSCTYOEQYRCASMSGEVOINSGSE 120
gilicatein B YENHGCOGEMMYNTYLY ILENDGIDTSDCYPFECGECTECTYDRECRCGTSISGSIAITSCE 119
h cathepsin L QGNEGCHNGGELMDYAFQYVODHNGGLDSEESYPYEATEESCKYNPRYSVANDTGFVDIFE.G 118

o X _¥ Vv
silicatein o  ESDLEARVANVGPVAVAIDGESHAFRFYYSGVYDSSRCSSSSLMHAMVITGYSI....SN 176
silicatein [  ESDLOAAVASAGPVAVAVDGSSRAFRFYDYGLYNLPGCSSYQLSHALLITGYGS....FN 175
h_cathepsin L EKALMEAVATVGPISVAIDAGHESFLFYREGIYFEPDCSSEDMDHGVLVVGYGFESTESD 178

v v
gilicatein o  NQEYWLAKNSWGENWGELGYVEMARNEYNQCGIASDASYPTL 218
silicatein [ CHNQYWLVENSHETNWEMSEY IMMTRNNYNQCGIATDARYPTL 217
h_cathepsin L NNKYWLVENSWGEEWGMGGYVKMAKDRENHCGIASARSYPTV 220

Figure 1- 2: Amino acid sequences of mature silicatein «, £, and human cathepsin L.
Identical amino acids are highlighted. Filled and opened arrows show cysteine
involved in disulfide bonds in cathepsin L and catalytic triad, respectively. The image
was obtained from chapter fourteen in methods in enzymology written by Shimizu, K.

and Morse, D. E.[49].

It has been found that silicateins isolated from axial filaments, and recombinant
silicatein o expressed in bacteria can catalyze the silica polymerization using silicon
alkoxides such as tetraethyl orthosilicate (TEOS) in vitro at neutral pH and room
temperature[50]. To get a deep understanding of silicatein, recombinant silicatein was
used. Analyzing the activities of recombinant silicateins, the mechanism of catalysis
was revealed[11, 51-53]. According to that the silicon alkoxide precursor is hydrolyzed
by the serine-histidine catalytic pair, homologous cysteine-histidine pair in the
cysteine proteases, and the related serine—histidine pair in the serine proteases (Figure

1-3) [49, 50].



A
N
His
o]
H\s
j TS
)J\ c|;H \\\ R NH
R OH NaL 2 NH |
Tys R'
H,NR!
H,0
| t
His
0. H,C—Cys = N\
S/ \ N%/
R
N
B His™
H\s
e
: Si(OEt
(Et0);SiOH ~___CH; \\NH i(OEt)4
Ter
HOEt
H,O
\His/ ’
Ha
c
Si—OEt N
Et0” £ H
OEt

Figure 1- 3: Reaction mechanism of silicatein catalysis. (A) Cysteine protease-
mediated cleavage of a peptide bond. (B) Silicatein-mediated hydrolysis of alkoxide
TEQOS. The image was regenerated using Brutchey R.L. and Morse D.E. (2008)[54]

and chapter fourteen in methods in enzymology written by Shimizu, K. and Morse, D.

E.[49].

Silicatein can not only catalyze the formation of silica under mild conditions but
also many industrially important materials including polysilsesquioxanes (silicones)
such  as  polyphenylsilsesquioxane  (from phenyltriethoxysilane)  and
polymethylsilsesquioxane (from methyltriethoxysilane), and a large number of metal
oxides including the TiO2 (from the water-stable and -soluble precursor, titanium
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bis(ammonium lactato) dihydroxide)[8], Ga,0s from Ga(NOz3)3[52], zirconia (ZrO.)
and the orthorhombic perovskite-like BaTiOF4 from BaTiFe[49, 55]. As shown in
Figure 1-4, silicatein can catalyze the hydrolysis of TEOS into silicic acid followed by

polycondensation of silicic acid into silica[50].
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| /SI\O/SI S|\O/S|\
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TEOS Silicic acid Silica

Figure 1- 4: The hydrolysis of TEOS into silicic acid followed by polycondensation

of silicic acid into silica by silicatein.

Silicatein is expressed in sponges with a propeptide sequence at the N-terminus[56].
Silicatein with propeptide is inactive and does not show a self-assemble property.
Hydrophobic patches, located on the surface of the silicatein molecules have been
identified as the driving force for its aggregation. The hydrophobic patches in the
mature silicatein molecule are known to be localized between aal35-150, close to the
N-terminus of the protein, and this hydrophobic segment is covered by the
propeptide[57]. After cleavage of the propeptide sequence, the resulting mature
silicatein shows catalytic activity and the self-assemble property due to the exposure of
the hydrophobic region[56]. The hydrophobic region that is responsible for the

aggregation of silicatein in aqueous solutions is shown in Figure 1-5.
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Figure 1- 5: Hydrophobic region of mature silicatein responsible for the aggregation.
(A) Amino acid sequence of mature silicatein (aa115-330) composes the hydrophobic

region (Bold, aal35-150), (B) Aggregation of silicatein.

1.2.3. Recombinant protein

Proteins are plying a critical role in biological systems facilitating many biological
processes in a cell, including gene expression, cell growth, proliferation, nutrient
uptake, intercellular communication, and apoptosis[58]. The information of the protein
has stored in DNA. During the protein synthesis, DNA is first transcribed into RNA,
then RNA is translated into protein[59]. For the studying of health and disease and the
development of biomimetic processes related to enzymes, it was needed to get express

the target proteins through cost-effective, simple, speedy processes with an adequate



yield[59]. Using recombinant DNA technology, DNA of different species can be
introduced into other species to express the foreign proteins in the host species[60].
Further, by combining the DNA of different proteins, two or more proteins can be
combined to express as one protein[59]. Those combined proteins are known as fusion

proteins or chimeric proteins.

Recombinant proteins are proteins encoded by recombinant DNA that has been
cloned in an expression vector to express the target protein in a host cell such as
Escherichia coli, or yeast[61]. Proteins in other species can be expressed in those host
cells after optimizing the gene sequence of the particular protein for the host
species[62]. Apart from the direct expression, protein is expressed as a fusion
protein[13, 63]. Fusion proteins consist of the protein of interest combined with other
proteins or protein tags fused in either the N- or C-terminus of the interest. Fusion of
other proteins or protein tags to the interest protein could help for purification[63],

detection[64, 65], or enhancement of its activity[66].

1.2.4. Solid binding proteins

When studying the mechanism of degradation enzymes, it was found that some
degradation enzymes have a noncatalytic solid binding domain and a catalytic
domain[67]. The solid binding domain helps the enzyme to bind with the target material
allowing the catalytic domain to degrade the material efficiently as illustrated in
Figure 1-6. Among them, cellulase, an enzyme that acts on cellulosic material, and

chitinase, an enzyme that works on chitin material, have been extensively studied.

The binding domains in cellulase enzymes are known as a carbohydrate-binding
module (CBM)[68]. CBMs were previously classified as cellulose-binding domains

since their affinity on cellulose was discovered initially[69, 70]. However, it was found

10



that CBMs can bind carbohydrates other than cellulose[68]. More than 300 putative
sequences of CBMs in different species have been identified[71]. They have been
classified into around 50 different families based on amino acid sequence, binding

specificity, and structure[71].

Binding Catalytic

module fdomain

Degradation
enzyme

==

Target materials

'

e

Bind on target materials Degrade target materials

Figure 1- 6: Simple illustration of the action of degradation enzyme with a solid

binding domain and a catalytic domain.

The binding domain found in chitinase enzymes is known as a chitin-binding
domain (ChBD)[72]. ChBD has been used in many applications such as for
immobilization of live cells on chitin material by surface displaying of ChBD[73], for
protein purification[74], and metal ion recovery by immobilizing of metal-binding
fusion proteins on chitin material[75]. With this proven binding ability, this could be

the best binding tag for the adsorption of fusion proteins on chitin.
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1.3. Scope of the thesis

The scope of this thesis is designing novel interfacial catalysts compose of silicatein,
soluble tag, and solid binding domain to catalyze the silica formation on organic
matrixes under mild conditions and to immobilize a model enzyme in the hybrid
material while protecting its enzymatic activity. This thesis consists of five sections as

illustrated in Figure 1-9.

Introduction
r h
Biological route to fabricate Biological route to fabricate Biological route to fabricate
silica on cellulose uging fusion silica on chitin using fusion chitosan gel-silica hybrid
silicatein silicatein immobilized enzymes

Conclusions and future prospects

Figure 1- 7: Scope of the thesis.
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1.4. Originality and the usefulness of the study

In this thesis, novel interfacial catalysts composed silicatein, soluble proteins, and
soil-binding domains have been designed to fabricate hybrid materials containing silica
under mild conditions. Soluble tags were used to avoid the aggregation of silicatein in
aqueous media that cause it difficult to handle in applications. Binding modules were
used to immobilize silicatein of the target materials. As cellulose, chitin and chitosan
gel were used as target materials, CBM for the cellulose and ChBD for chitin and

chitosan gel were employed.

Using the created interfacial catalysts, silica-cellulose, silica-chitin and silica-
chitosan gel hybrid material were fabricated under mild conditions. Further, a model
enzyme was immobilized in the silica-chitosan gel hybrid material while protecting its
activity. Therefore, these findings can be used to create novel inorganic-organic hybrid

materials immobilized live cells and biomolecules such as enzymes.
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CHAPTER 2

BIOLOGICAL ROUTE TO FABRICATE SILICA ON CELLULOSE USING

FUSION SILICATEIN

2.1 Introduction

Silicatein catalyzes silica polymerization under room temperature, neutral pH, and
low pressure[10]. Using that incredible property, scientists have been developed
biosilica formed by silicatein to immobilize live cells and biomolecules such as
enzymes[11,12]. However, the low solubility of silicatein due to its aggregation
property brings some problems when handling it in applications. Therefore, the
solubility of silicatein in aqueous media should be improved for future applications of
making hybrid materials using silicatein. It has been reported that the fusion of a soluble
tag is the best approach to enhance the solubility of low soluble proteins[76]. Therefore,
in this study, a soluble protein tag, ProS2 that has been previously studied to improve
the solubility of silicatein by our research group while protecting its enzymatic activity,
was used. ProS2 is a tandem repeat of the N-terminus domain of Protein S from
Myxocuccus xanthus, and it has been previously studied for its ability to enhance the
solubility of human proteins in E. coli[77]. Additionally, Nakashima et al. found that
after silicatein was fused with ProS2, resulted in ProS2-Sil showed good solubility in

aqueous media.

Cellulose has been used as an organic material to fabricate hybrid materials. It is
the most abundant polysaccharide on the earth and is used in many applications,
including cosmetics, pharmaceuticals, drug delivery systems, analytical devices, and
tissue engineering[68, 78, 79]. Biological route for the fabrication of silica-coated

cellulose hybrid materials with biocompatibility is a novel tool that can use in
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biomedical applications such as control drug release, tissue engineering, bone

regeneration, and biosensors[80-84].

For the immobilization of silicatein on cellulose to form a silica-cellulose hybrid
material, CBM was employed in this study. CBM is a non-catalytic domain in the
cellulase enzyme. It anchors carbohydrates such as cellulose, allowing the catalytic
domain to degrade cellulose effectively and efficiently[71]. Figure 2-1 shows a

schematic diagram to show the degradation of cellulose using cellulase enzyme.
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Figure 2- 1: The structure of cellulose and schematic diagram to show the

degradation of cellulose using cellulase enzyme.

In this study, to fabricate silica-cellulose hybrid materials, an interfacial catalyst
that is soluble and can bind on cellulose was studied. Silicatein (Sil) was fused with
CBM to get Sil-CBM, and the solubility of Sil-CBM was observed. Even though Sil-
CBM could get expressed successfully, it was difficult to obtain due to its lack of
solubility. Therefore, it was necessary to improve the solubility of Sil-CBM. To
improve the solubility, ProS2 tag was fused with Sil-CBM. Together, ProS2-Sil-CBM
could be soluble and can be immobilized on cellulose to act as an interfacial catalyst to

form silica on cellulose as shown in Figure 2-2. This catalyst could be used to fabricate
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a silica layer on the cellulose material in mild conditions. These findings will contribute
to the fabrication of inorganic-organic biohybrid materials to immobilize biomolecules

in order to create novel hybrid materials, which can be applied in many technological

and biomedical applications.

Fusion silicatein

(Pro$2-Sil-CBM) —
‘ ProS2 (Solubilization)

. Sil (Catalysis)

ProS2-Sil-CBM Silica formation
«» CBM (Binding) immobilized on cellulose on cellulose

P1 - Immobilization of fusion silicatein on cellulose surface, P2 - Silica formation

Figure 2- 2: Conceptual diagram to show silica formation on cellulose through the

ProS2-Sil-CBM.

2.2 Objective
The objective of this study was to fabricate silica-cellulose hybrid materials under
mild conditions by using an interfacial catalyst compose silicatein with improved

solubility and binding property on cellulose by fusing with a soluble tag, ProS2 and

CBM.
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2.3 Materials and methods

2.2.1. Construction of the fusion genes and vectors

Silicatein @ cDNA from Suberites domuncula (accession number CAI46305),
which encodes the mature enzyme (aal15-330), and CBM3 cDNA from Clostridium
thermocellum (accession number Q06851) were synthesized by Eurofins Genomics
with optimization for expression in E. coli. As illustrated below, gene and vector
construction were performed to express ProS2-Sil, Sil-CBM and ProS2-Sil-CBM.
Among them, ProS2-Sil is a soluble fusion silicatein that has been studied previously
in our laboratory. Therefore, ProS2-Sil was used as a control to check the solubility and
enzymatic activity. The nucleotide sequence of primers used in this work and PCR

conditions are shown in Table 2-1 and Table 2-2, respectively.

Table 2- 1: Nucleotide sequence of primers used in this study.

Primer Nucleotide sequence
F1 CGAAGGTAGGCATATGGACTATCCGGAAGCAGTG
F2 CATCATCATCATATGGACTATCCGGAAGCAGTG
F3 TCGAAGGTAGGCATATGGACTATCCGGAAGCAGTG
F4 TCTTATCCAACCCTGACACCGACCAAGGGAGCA
R1 ATTCGGATCCCTCGAGCAGGGTTGGATAAGAGGC
R2 TCCCTTGGTCGGTGTCAGGGTTGGATAAGAGGC
R3 ATTCGGATCCCTCGAG GCCACCGGGTTCTTTACC
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Table 2- 2: PCR conditions for gene amplification and overlap PCR

PCR for cloning gene Overlap PCR
Stage Temperature ] Temperature ] Cycles
Time Time
(°C) (°C)

Pre denaturation 98.0 30s 98.0 30s -
Denaturation 98.0 10s 98.0 10s
Annealing 55.0 15s 56.7 5s 35
Extension 72.0 5s 72.0 5s
Final extension 72.0 1 min 72.0 1 min -

ProS2-Sil: The gene encoded silicatein was amplified using F1 and R1 primers.
The amplified gene was subcloned into pCold ProS2 expression vector at Ndel and
Xhol restriction enzyme sites using In-Fusion (Takara Bio Inc., Japan) to express the

protein named ProS2-Sil.

A B Protease
F1 cleavage
~ His Pros2  site
5 g tag  tag Sil
3 sil N
R1
PCR

Sil
(for pCold ProS2 vector)

pCold
ProS2
vector

Figure 2- 3: Gene and vector construction to express ProS2-Sil. (A) Gene

construction through PCR. (B) The gene order of ProS2-Sil.
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Sil-CBM: The gene encoded silicatein amplified with F2 and R2 primers, and
CBM3 gene amplified with F4 and R3 were combined using overlap PCR. The
amplified gene was inserted into pCold 11 expression vector at Ndel and Xhol restriction

enzyme sites to express the protein named Sil-CBM.

A B
F2 F4
=~ i — His
5 g g — 3 tag Sil CBM
3 4 3 . 5
sil (654bp) CBM (600 bp) o=l ] )
R2 R3 L
PCR PCR . -
, 5 3
o — e 3 f
3 — —5, 3 5
Overlap
F2 PCR
— — A—
R3 pCold Il
, vector
5 3
3 5

Sil-CBM (1254 bp)

Figure 2- 4: Gene and vector construction to express Sil-CBM. (A) Gene construction

through PCR. (B) The gene order of Sil-CBM.

ProS2-Sil-CBM: At the same time, the gene encoded silicatein amplified with
F3 and R2 primers, and CBM3 gene amplified with F4 and R3 were combined using
overlap PCR. The amplified gene was inserted into pCold ProS2 expression vector at

Ndel and Xhol restriction enzyme sites to express the protein named ProS2-Sil-CBM.
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Figure 2- 5: Gene and vector construction to express ProS2-Sil-CBM. (A) Gene

construction through PCR. (B) The gene order of ProS2-Sil-CBM.

Here, pCold 11 and pCold ProS2 were used as expression vectors. The vector maps
of these expression vectors are shown in Figure S8 (Appendix Il). These vectors are
known as cold shock expression vectors. They can induce the expression of the target
protein resulting in highly pure proteins while suppressing the growth of E. coli. In
addition, since these vectors have His-tag sequences, Ni-NTA column purification

using the His-tag is possible after protein expression.

Finally, to check the correctness of the constructed vectors after multiplication in

E. coli DH5a, DNA sequencing was conducted.

2.2.2. Expression of the recombinant proteins

The transformed E. coli with the respective vectors to express ProS2-Sil, Sil-CBM
and ProS2-Sil-CBM were precultured separately at 37 °C while shaking at 160 rpm for
16 h in Luria broth (LB) medium supplemented with 100 pg/mL ampicillin. Then,
aliquots of cultures were added into freshly prepared LB-Amp medium and incubated

at 37 °C while shaking at 160 rpm. When the ODeoo = 0.5, the cultures were cooled
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down to 15 °C and left for 30 min. Protein expression was induced with 1.0 mM
isopropyl f-D-1-thiogalactopyranoside (IPTG) and was grown for an additional 24 h at
15 °C while shaking at 160 rpm. Bacterial cells were harvested by centrifugation (4000
x g, 20 min, 4 °C). Resultant pellets were resuspended in sonication buffer (20 mM
Tris/HCI, pH 8.0, 1 mM EDTA, 0.5 M NaCl) and cells were disrupted by using an
ultrasound disintegrator (VCX-130, Sonic & Materials Inc., USA). Then the samples
were centrifuged (25, 000 x g, 20 min, 4 °C). The precipitated fractions were washed
twice with lysis buffer containing a surfactant (20 mM Tris/HCI, pH 8.0, 1 mM EDTA,
0.5 M NaCl, 4% TritonX-100) and washed twice with ultra-pure water to remove
membrane proteins. Resulted inclusion bodies were used for the purification of target

proteins.

2.2.3. Purification of recombinant proteins

After washing the inclusion bodies (insoluble faction) containing the target fusion
proteins, 300 mg of the inclusion bodies were added into 5 mL of denaturation buffer
containing urea (50 mM Tris/HCI, pH 8.0, 8 M urea, 10 mM DTT), and the mixture
was shaken at 160 rpm for 2 to 3 h until the solution gets clear. Then the mixture was
centrifuged (25, 000 x g, 20 min, 4 °C) for the removal of insoluble impurities. Next,
the denatured target proteins in the supernatant were purified by immobilized metal ion
affinity chromatography on a 5 mL Ni-NTA column as previously reported[57]. The
content of the buffers and the procedure followed during the Ni-NTA column
purification have been mentioned in Table 2-3 and Table 2-4, respectively. The
denaturation buffer and the buffers used in the Ni-NTA column purification can be
stored at -20 °C for one week. Before using those, they should be brought to room
temperature. When passing the buffers and the denatured target proteins through the

Ni-NTA column using a syringe, a syringe filter (Hawach Scientific, nylon membrane,
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0.22 um pore size) was used to prevent damages could occur by entering foreign
particles into the Ni-NTA column. The proteins purified using the Ni-NTA column
were still in the denatured condition. Therefore, they should be subjected to refolding

to obtain the active proteins.

Table 2- 3: Content of the buffers used for Ni-NTA column purification.

Ingredients
Solution
Urea  NaCl  Phosphoricacid Imidazole DTT
Washbufferl 8M 300 mM 50 mM 5mM 10 mM
Wash buffer2 8M 300 mM 50 mM 25 mM 10 mM
Elution buffer 8 M 300 mM 50 mM 500 mM 10 mM

Table 2- 4: Procedure followed during the Ni-NTA column purification.

Solution Volume Rate Role
Distilled water 2CV 10 mL/min Washing
Wash buffer 1 5CV 10 mL/min Equilibration
Loading buffer containing 1CV 5 mL/min Loading the protein

the target protein

Wash buffer 1 6 CV 5 mL/min Washing

Wash buffer 2 6 CV 10 mL/min Washing

Elution buffer 5CV 10 mL/min Eluting the target
protein
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2.2.4. Refolding and ultrafiltration of purified proteins

For the refolding of proteins, the urea used as denaturant should be removed from
the solution. For that, a dialysis method was used for each protein. The dialysis
membrane (Thermo Fisher Scientific, 6000-8000 nominal molecular weight cut-off
(NMWCOQ)), was placed in a beaker containing distilled water and washed while
stirring with a magnetic stir bar. The dialysis membrane was opened, and the inside of
the dialysis membrane was washed. The end of the dialysis membrane was bound with
a clip, and the protein solution recovered by the Ni-NTA column purification was filled
followed by the clipping the other end without trapping air bubbles. Then the dialysis
membrane containing the protein was submerged in the refolding buffer (50 mM
tris/HCI, pH 8.5, 0.5 M L-Arginine, 9 mM red/glutathione, 1 mM ox/glutathione, 0.3
M NaCl, 1 mM KCI) (purified protein volume filled into dialysis membrane: refolding
buffer volume, 1:20). Dialysis was performed at 4 °C for 36 hours while stirring the
buffer solution with a magnetic stir bar[85, 86]. The refolding buffer was exchanged
twice during the dialysis. After 36 h hours, the protein solution in the dialysis membrane
was transferred to a centrifuge tube and centrifuged at 4 °C, 15, 000 x g for 15 min to
confirm that precipitation could not be performed. The refolding buffer of the target
proteins was then replaced with 50 mM Tris/HCI buffer (pH 9.0, 8 mM NaCl) by
ultrafiltration (Amicon® Ultra-15 centrifuge filters, 10000 NMWCO). Finally, the
concentrations of refolded proteins were calculated using the Bradford assay (Bradford

Protein Assay Kit, Takara Bio Inc., Japan)[87].

2.2.5. The solubility of recombinant proteins
The purified recombinant proteins were assayed for their aggregation property.
ProS2-Sil and ProS2-Sil-CBM were added separately into 50 mM Tris/HCI buffer (pH

7.4, 150 mM NacCl) to obtain final concentration of 10 uM each. The solutions were
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incubated at 25 °C for 24 h. During the incubation period, samples were monitored to

see whether the solutions become turbid or not.

2.2.6. Cleavage of ProS2 tag

ProS2-Sil-CBM was subjected to ProS2 tag removal test by site-specific protease
which can cleave the peptide sequence between ProS2 and Sil. ProS2-Sil-CBM (10
MM) in Tris/HCI buffer was treated with HRV 3C Protease (10 U/mL, Takara Bio Inc.,
Japan) at 25 °C for 1 h. During the incubation period, the sample mixture was observed

to check turbidity caused by protein aggregation.

2.2.7. Determination of enzymatic activity

The enzymatic activities of fusion silicateins were determined as previously
described[7]. ProS2-Sil or ProS2-Sil-CBM (1.66 puM each) and 100 mM TEOS as the
substrate for the enzymes were incubated in Tris/HCI buffer at 25 °C while shaking at
185 rpm for 24 h[9]. As a control, silica polymerization activity was determined in the
absence of proteins with the same conditions. The formed biosilica was recovered by
centrifugation (13000 rpm, 10 min, 4 °C) and washed three times with ethanol and three
times with ultra-pure water, followed by freeze-drying. Freeze-dried biosilica samples
were hydrolyzed to silicic acid by 1 M NaOH for 30 min at 90 °C and neutralized with
HCI. The concentration of silicic acid (hydrolyzed silica) was then determined by the
molybdenum blue colorimetric method[18]. The absorbance values were determined at
810 nm to calculate absolute amounts of silicic acid based on the calibration curve using

a silicon standard solution (1000 ppm, Wako Pure Chemical Industries Ltd., Japan).

2.2.8. Adsorption of fusion silicateins on cellulose and silica formation
To check the adsorption of fusion proteins on cellulose, a piece of cellulose filter

paper (1.0 x 0.5 cm, Whatman No. 1 filter paper) was added into 50 mM Tris/HCI
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buffer solutions containing 4.25 uM of ProS2-Sil or ProS2-Sil-CBM, and the solutions
were shaken for 1.5 h at 25 °C. During shaking, 20 uL of aliquots of the solution were
periodically taken to analyze the remaining concentration of protein by Bradford assay.
After 1.5 h, the piece of cellulose was recovered and washed twice with 50 mM
Tris/HCI buffer. The cellulose filter paper with ProS2-Sil-CBM was subjected to silica
formation using 100 mM TEQOS as the precursor in the 50 mM Tris/HCI buffer at 25 °C
while shaking at 185 rpm for 24 h[9]. The treated cellulose paper was recovered and
washed three times with ethanol and three times with ultra-pure water, followed by
freeze-drying for 2 days. A similar experiment was conducted for a control without

adding ProS2-Sil-CBM.

2.2.9. Scanning electron microscope analysis

After freeze-drying, formed biosilica on cellulose materials was examined using a
scanning electron microscope (SEM) (Acceleration voltage: 5 kV, JEOL JSM-IT200
InTouchScope™, German) without coating. Elements present on the cellulose surfaces
subjected to silica formation were analyzed by using energy-dispersive X-ray
spectroscopy (EDS) (Without coating, acceleration voltage: 10 kV for point EDX,

JEOL JSM-IT200 InTouchScope™, German).
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2.3. Results and discussion

In the present study, a functional soluble silicatein that can bind to cellulose to form
silica on cellulose was designed. That can act as an interfacial catalyst to fabricate a
cellulose-silica hybrid material under ambient conditions. The specificity of this
method is there is no need to do any surface modifications or chemical treatments. As
the silica matrix is formed on cellulose under physiological conditions, it will allow to

immobilize live cells, biomolecules, and enzymes to create new functional materials.

2.4.1. Expression of fusion proteins

After the construction of vectors to express each protein, the correctness of the
vectors was confirmed by DNA sequencing. Then they were transformed into E. coli
for the protein expression. Amino acid sequences of fusion silicateins expressed in this

study are shown in Figure S1-3 (Appendix I).

ProS2-Sil: Figure 2-6 shows the transformed E. coli to express ProS2-Sil. After

successful transformation, protein expression was performed.

Figure 2- 6: Transformed E. coli to express ProS2-Sil.

The molecular weight of the ProS2-Sil was 46 kDa. Figure 2-7 shows the sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of ProS2-
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Sil. As shown in Figure 2-7A ProS2-Sil has expressed as an insoluble protein called
inclusion bodies. Overexpression of recombinant proteins in
E. coli often results in protein production as inclusion bodies[88]. Those inclusion
bodies are insoluble, inactive, and relatively pure, intact proteins. The protein should
be refolded into its active form through dialysis or dilution[89]. Therefore, after the
denaturation of ProS2-Sil, ProS2-Sil could be purified by using Ni-NTA column
purification followed by refolding and ultrafiltration. Figure 2-7B shows the SDS-

PAGE analysis after Ni-NTA column purification and refolding of purified protein.

Soluble Insoluble
A fraction fraction B
kDa O 62124 0 6 2124 M h kDa

97.2
66.4

97.2

66.4 461D
«46 kDa « a

44.3 44.3

29.0 29.0

Figure 2- 7: SDS-PAGE analysis for ProS2-Sil. (A) SDS-PAGE analysis for
expression. (B) (a) after Ni-NTA column purification, (b) after refolding of purified

protein. M: Molecular weight maker.

Sil-CBM: The constructed vector to express Sil-CBM was transformed into E. coli.
The transformed E. coli to express Sil-CBM and the colony polymerase chain reaction

(PCR) done to check the successfulness of the transformation are shown in Figure 2-8.
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Figure 2- 8: Transformation of E. coli to express Sil-CBM. (A) Transformed E. coli

to express Sil-CBM. (B) Colony PCR.

The molecular weight of the Sil-CBM was 44 kDa. Figure 2-9 shows the SDS-
PAGE analysis of Sil-CBM. As shown in Figure 2-9A Sil-CBM also has expressed as
an insoluble protein. Therefore, after denaturation of Sil-CBM, Sil-CBM was purified
by using Ni-NTA column purification followed by refolding and ultrafiltration. SDS-
PAGE analysis in Figure 2-9B shows Sil-CBM after Ni-NTA column purification and

after refolding.

Soluble Insoluble
A fraction fraction B
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Figure 2- 9: SDS-PAGE analysis for Sil-CBM. (A) SDS-PAGE analysis for
expression. (B) (a) after Ni-NTA column purification, (b) after refolding of purified

protein. M: Molecular weight maker.
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ProS2-Sil-CBM: The constructed vector to express ProS2-Sil-CBM was
transformed into E. coli (Figure 2-10A). The transformation was confirmed by colony

PCR as shown in Figure 2-10B.
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Figure 2- 10: Transformation of E. coli to express ProS2-Sil-CBM. (A) Transformed

E. coli to express ProS2-Sil-CBM. (B) Colony PCR.

Figure 2-11 shows the SDS-PAGE analysis for expression, after Ni-NTA column
purification and after refolding of ProS2-Sil-CBM. According to the SDS-PAGE
analysis shown in Figure 2-11A, ProS2-Sil-CBM was mainly expressed as insoluble
inclusion bodies. These fusion proteins were subjected to refolding. Figure 2-11B
shows the SDS-PAGE analysis before and after the refolding of ProS2-Sil-CBM. This
observation confirmed that the target proteins were refolded successfully. L-Arginine,
a protein stabilizer found in the refolding buffer, was replaced with Tris/HCI buffer
using ultrafiltration because it has been reported that amines like L-arginine catalyze

silicic acid polymerization[90].
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Figure 2- 11: SDS-PAGE analysis for ProS2-Sil-CBM. (A) SDS-PAGE analysis for
expression. (B) (a) after Ni-NTA column purification, (b) after refolding of purified

protein. M: Molecular weight maker.

Before the Ni-NTA column purification, the inclusion bodies were washed with
Triton X-100, a nonionic detergent. Washing with a nonionic detergent such as Triton
X-100 and Tween 20 removes membrane proteins, most of which are proteases. The
presence of those proteases would degrade the refolded target proteins. Since the
inclusion bodies are insoluble, before the Ni-NTA column purification they should be
denatured to make them soluble. Figure 2-12 shows a simplified illustration to
understand the process during the denaturation, purification and refolding of protein.
First, the inclusion bodies containing the target proteins were denatured using urea as
the denaturant (Figure 2-12A). Then the insoluble proteins became soluble but those
were inactive. Since the proteins were in a soluble form, the target protein was purified
using the Ni-NTA column purification. Finally, by removing the denaturant (urea) by
dialysis, active protein in soluble form was obtained. In the dialysis method, the dialysis
membrane allows passing the urea to the refolding buffer as shown in Figure 2-12B.
Removal of the denaturant from the target protein resulted in the active target proteins

by folding them into their active structure[88].
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Figure 2- 12: Denaturation, purification and refolding of proteins. (A) The process of
obtaining purified active soluble protein (the target protein has been shown in brown

colour). (B) Removal of denaturant using dialysis.

2.4.2. The solubility of fusion proteins

Self-assembly of proteins is an interesting property that is integral in the formation
of highly ordered protein architectures. Previous researches examined the self-assembly
of silicateins that leads to structure-guiding property when mixing specified ratios of
silicateins such as silicatein « and silicatein £ to form nanosilica structures and
filaments[91, 92]. Those studies suggested that self-assembled silicatein can also
catalyze silica polymerization. However, the recombinant silicateins show aggregation
property, which results in the formation of randomly arranged aggregates to form

precipitates. To make material fabrication for future applications, silicatein, as a
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catalyst should be kept in a soluble form without aggregation until it is adsorbed on
cellulose to get uniform adsorption on the material. Among the proteins expressed,
ProS2-Sil and ProS2-Sil-CBM were obtained in a soluble form after the refolding while
Sil-CBM became turbid by forming aggregates just after the refolding. This observation
suggested that ProS2-Sil and ProS2-Sil-CBM have improved solubility in aqueous

media. This solubility improvement could be due to the fusion of ProS2 tag.

Therefore, the solubility of ProS2-Sil and ProS2-Sil-CBM was further studied.
Figure 2-13 shows the solubility of ProS2-Sil and ProS2-Sil-CBM without and with the

cleavage of soluble ProS2 tag by site-specific protease.

ProS2-Sil
(with protease)

~

ProS2-Sil

ProS2-Sil-CBM
(with protease)

Figure 2- 13: Solubility of proS2-Sil and ProS2-Sil-CBM without and with cleavage

of ProS2 tag.
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The solutions containing ProS2-Sil and ProS2-Sil-CBM remained clear for 24 h
while the solutions containing ProS2-Sil and ProS2-Sil-CBM treated with the protease
formed a cloudy solution within 1 h. ProS2-Sil-CBM showed good solubility in
aqueous media for 24 h confirming that the fusion of ProS2 tag had greatly improved
the solubility of ProS2-Sil-CBM by inhibiting the aggregation of silicatein. SDS-PAGE
analysis revealed that the protease did not cause an unspecific cleavage of ProS2-Sil-
CBM (Figure 2-14). However, after cleavage, Sil-CBM showed a relatively lower
intensity band. That may be due to the precipitation of Sil-CBM after removal of ProS2
tag. The hydrophobic region reported at the N-terminus of silicatein could be
responsible for the aggregation of silicatein[57, 93]. The fusion of ProS2 tag could

cover the hydrophobic region, resulting in the enhancement of silicatein solubility.

.« 67kDa

<« 45kDa

<« 23kDa
<+ 22 kDa

Figure 2- 14: ProS2-Sil-CBM with and without cleavage of ProS2 tag using protease.
(@) Control: without cleavage of ProS2-Sil-CBM (67 kDa) (b) Reaction solution after
cleavage with HRV 3C protease: include Sil-CBM (44 kDa), ProS2 (23 kDa) and

HRV 3C protease (22 kDa). M: Molecular weight marker.
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Recombinant silicatein is expressed as inclusion bodies that are inactive and
insoluble. Recently a soluble expression of silicatein has been reported by fusing
silicatein with a trigger factor, a ribosome-associated molecular chaperone[94].
However, that approach should be further studied to investigate the possibility of

soluble expression of silicatein fused with different fusion tags.

2.4.3. Silica forming activity in an aqueous solution

After confirming the solubility of fusion silicateins, it is important to consider their
silica forming activities since it is necessary to keep a high silica forming activity of
the fusion silicatein. Silicatein catalyzes the hydrolysis of TEOS into silicic acid and
the polycondensation of silicic acid into silica[50] (Figure 1-6). For the quantification
of silica polymerization activity, silica formed during the incubation period in each
sample was recovered by centrifugation, and washing with ethanol and distilled water.
Washing with ethanol helps to remove unreacted TEOS from the silica particles. Then
the recovered silica was hydrolyzed into silicic acid separately. The silicic acid
concentration was measured using the molybdenum blue colorimetry method, and silica
polymerization activities were expressed as the concentration of silicic acid. Figure 2-
15 shows the silica polymerization activity of ProS2-Sil and ProS2-Sil-CBM.
According to the results, the silica polymerizing activity of ProS2-Sil and ProS2-Sil-
CBM was 13.3 mM and 12.0 mM, respectively. However, the fusion tags could
negatively affect the enzymatic activity of silicatein. Previous work showed that pro-
silicatein, which contains propeptide sequence at the N-terminus of silicatein, inhibits
the enzymatic activity of silicatein[56]. In this study, the fusion of ProS2 at the N-
terminus and CBM at the C-terminus of silicatein did not inhibit the silica forming

activity of silicatein.
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Figure 2- 15: Enzymatic activity of fusion silicateins. In the control experiment, the
activity was determined in the absence of proteins (Control). Experiments were
conducted in triplicate; data represent the average of three experiments with error bars

indicating the standard deviation.

2.4.4. Adsorption on cellulose

CBM is a module of a cellulose-degrading enzyme that can bind to cellulosic
materials[64, 71]. Many studies related to CBM reported that CBM is a promising
binding domain that can use on cellulose[68]. CBMs have been grouped into distinct
families based on amino acid sequence similarities. The CBM used for this study
belongs to Family 3, which shows the affinity for non-crystalline cellulose and
crystalline cellulose[64]. It has been reported that the same CBM fused with metal-

binding proteins and peptides have been successfully immobilized on cellulose material
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in recent studies[95, 96]. To investigate the adsorption of ProS2-Sil-CBM on cellulose,

cellulose was treated with ProS2-Sil-CBM.

Figure 2-16 shows the time course of adsorption of fusion silicateins on cellulose.
ProS2-Sil-CBM showed a 98% adsorption on cellulose within 1.5 h, confirming that it
can rapidly bind to cellulose. These results indicate that the binding ability of CBM was
not affected although the fusion silicatein was fused at the N-terminus of silicatein.
Based on the results, 1.5 h time point was selected as the optimum equilibrium
adsorption time. On the other hand, ProS2-Sil did not show adsorption on cellulose
even after 1.5 h (Figure 2-16), suggesting that the CBM tag was necessary for the
adsorption of fusion silicatein on cellulose. According to the studies related to the
mechanism of CBM, it has been reported that CBM was bound to cellulose through

hydrophobic interaction[71].
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Figure 2- 16: Adsorption studies of fusion silicateins on cellulose.

2.4.5. Silica formation on cellulose
Previous studies have reported the structure-guiding properties of silicatein in forming
characteristic silica structures such as silica filaments, indicating that silicatein indeed

possesses silica forming activity[91, 97]. Therefore, immobilized silicatein could be
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used to form a silica layer on the silicatein-immobilized material. In the present study,
fusion silicatein, ProS2-Sil-CBM was immobilized on cellulose, and the polymerizing
activity of silicatein to form silica on cellulose material was studied. Figure 2-17
represents the SEM images of cellulose fibers of filter papers subjected to silica
formation with or without adsorption of ProS2-Sil-CBM. Figure 2-17A (with
adsorption of ProS2-Sil-CBM) displays a clear deposition of silica on the cellulose

fibers. In contrast, Figure 2-17B (without adsorption of ProS2-Sil-CBM) shows the

clear appearance of cellulose fibers without any silica deposition.

Figure 2- 17: SEM analysis of cellulose after silica formation. (A) with adsorption of

ProS2-Sil-CBM, (B) without adsorption of ProS2-Sil-CBM.

Elemental analysis of the cellulose surface was done by using SEM-EDS to
confirm the silica formation (Figure 2-18). Figure 2-18A shows the elemental analysis
of the surface of cellulose fibers, which were overlaid on the previous SEM images. On
the cellulose surface subjected to silica formation with adsorption of ProS2-Sil-CBM,
the distribution of O and Si was mainly seen (Figure 2-18A left-side panel). In contrast,
O and C were observed on cellulose subjected to silica formation without adsorption of
ProS2-Sil-CBM (Figure 2-18A right-side panel). The presence of Si element on the
cellulose fiber would suggest the formation of silica on the cellulose catalyzed by

ProS2-Sil-CBM. Figure 2-18B shows the point EDS spectra of the same samples. Those
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data also represent the presence of Si on the cellulose surface treated with ProS2-Sil-
CBM whereas there was no such observation in the sample subjected to silica formation
without immobilization of the fusion silicatein. These results suggest that immobilized

fusion silicatein can catalyze the silica formation on a cellulose base material.
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Figure 2- 18: Elemental and EDS analysis of cellulose subjected to silica formation.
Cellulose was subjected to silica formation with or without adsorption of ProS2-Sil-
CBM on cellulose. (A) Elemental analysis. Size bars indicate 10 pm. (B) EDS

analysis.

Since ProS2-Sil did not adsorb on cellulose, silica polymerization was conducted
in the presence of unbound ProS2-Sil (4.25 uM) in a solution as a control. However,
SEM-EDS analysis of the treated cellulose showed a negligible amount of silica on
cellulose in this system (Figure 2-19), which is a similar result as the cellulose treated
without adsorption of ProS2-Sil-CBM (Figure 2-18). These results suggested that

silicatein should be bound on the cellulose material to form silica on a target material.
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Figure 2- 19: SEM-EDS analysis of cellulose subjected to silica formation in the
presence of ProS2-Sil (4.25 uM) in the solution. (A) SEM analysis (B) Elemental

analysis. (C) EDS analysis. Size bars = 10 pm.

In many experiments, pre-hydrolyzed TEOS (silicic acid) has been used as a
precursor. However, it has been reported that concentrations of silicic acid above 1 mM
undergo autopolycondensation[88]. Autopolycondensation would occur in bulk
solutions and may decrease the formation of silica on cellulose material. Therefore,
direct use of TEOS would be an advantage to control autopolycondesation, allowing
for the use of slightly higher concentrations such as 100 mM to increase the silica
formation by the enzymatic reaction. In the previous studies, silicatein has been
immobilized by directly applying chemicals on solid surfaces to form silica on
materials[12]. However, the silica forming activity of silicatein was significantly lost
upon contact with the solid surface[13]. Simpler and milder alternative methods to
immobilize silicatein without direct surface contact are important to preserve the silica
polymerization activity of silicatein. As demonstrated in this study, silicatein was

immobilized on cellulose via CBM, avoiding direct contact of silicatein with cellulose
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material. Therefore, this strategy can be efficiently employed to fabricate biohybrid

material using silicatein.

However, in this study, the thickness of the silica formed on cellulose material
was not studied. The thickness of silica on the cellulose could be changed by changing
the time given for the silica polymerization. As another approach, after silica is formed
on the cellulose material, silicatein fused with a silica binding tag could be immobilized
on the silica. Using this method layer by layer silica disposition can be obtained on the

material with controlled thickness.

2.5. Conclusions

Among expressed fusion silicateins, Sil-CBM was highly aggregated and difficult to
obtain after refolding. ProS2-Sil and ProS2-Sil-CBM could be obtained as soluble
forms. ProS2 soluble tag in ProS2-Sil-CBM maintained the solubility of the fusion
protein in aqueous media for more than 24 h. Cleavage of the ProS2 tag led to the
aggregation of Sil-CBM. ProS2-Sil and ProS2-Sil-CBM show similar silica
polymerization activities. The fusion of ProS2 tag and CBM with silicatein did not
inhibit the silica polymerization activity. ProS2-Sil-CBM showed 98% adsorption on
cellulose at room temperature, and it acted as an interfacial catalyst to form silica on
cellulose at room temperature and neutral pH. Overall, this technique could be used to
design new proteins to form silica coatings on materials by changing the solid binding

module.
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CHAPTER 3

BIOLOGICAL ROUTE TO FABRICATE SILICA ON CHITIN USING

FUSION SILICATEIN

3.1. Introduction

Many studies have reported the availability of inorganic-organic hybrid materials
in nature from elementary to most complex organisms such as coccoliths, shells,
diatom, and magnetotactic bacteria[98]. Those inorganic-organic hybrid materials
compose biopolymers other than cellulose such as chitin, collagen, and proteins with
inorganic compounds such as silica, calcium carbonate, calcium phosphates, calcium
oxalates, and iron oxides[98]. In some studies, it has been reported silica-coated chitin
hybrid materials which play an important role in the biomedicine field[99]. However,
fabrication of silica on chitin in those studies has not been done using biological routes.
Fabrication of silica-chitin hybrid materials under ambient conditions could enhance

the applications allowing the immobilization of live cells and biomolecules.

Chitin is found in the exoskeleton of arthropods and the cell walls of fungi and
yeast[100]. It is the second most abundant polysaccharide next to cellulose. Recent
studies have found the availability of chitin within the biosilica in diatoms cell
walls[101] and the skeletal structures of demosponges[102] as well as glass
sponges[103-105]. Due to its biocompatibility, biodegradability, and non-toxic nature,
chitin is used in agriculture, water and wastewater treatment, packaging materials,
cosmetics, and biomedicine[106-108]. Due to the vast application of chitin, a study on
the fabrication of silica on chitin using a biological route is imperative. To fabricate

silica on chitin, silicatein should be immobilized on the target material[7].
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As CBM is used for the cellulose base materials as the binding module, when
changing the base material, the binding tag should be changed. There may be positive
or negative impacts when fusing the silicatein with a binding domain. The impact could
occur when changing the binding domain or changing the fusing position at either
N-terminus or C-terminus. Therefore, it is imperative to study another fusion silicatein
that is suitable for chitin. Other than CBMs that show affinity on cellulose, many
different solid-binding modules have been studied. Those solid-binding modules show
an affinity for different target materials such as chitin[72, 109], zeolite[110], and
metals[111]. The use of a solid-binding module to immobilize silicatein helps to avoid
direct contact between silicatein and the solid surface. They can also be used to purify
proteins, immobilize proteins to enhance their stability, and bind materials together to

form nanostructures[112-114].

Chitinases are a group of enzymes that can hydrolyze chitin and are found in
organisms such as bacteria, insects, higher plants, and animals[109]. They belong to the
glycoside hydrolase families 18 and 19[115, 116]. Chitinase consists of two domains:
a catalytic domain and a chitin-binding domain (ChBD). Chitinase binds to chitin
material with the help of the ChBD while allowing the catalytic domain to effectively
degrade chitin[109]. The ChBD found in chitinase Al in Bacillus circulans WL-1 is a
low-molecular-weight protein that can selectively bind to chitin[72]. The tertiary
structure of the chitin-binding domain of chitinase Al is shown in Figure 3-1. Similar
to the fusion protein ProS2-Sil-CBM which is explained in Chapter 2, a protein fused
with the ChBD can also be selectively adsorbed onto chitin. In this study, silicatein was
fused with the ChBD, for the immobilization of silicatein on chitin, and a novel soluble

tag, for the enhancement of silicatein’s solubility in an aqueous medium.
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Figure 3- 1: The tertiary structure of the chitin-binding domain of chitinase A1 (PDB

ID - 1ED7).

In the present study, silicatein (Sil) was fused with ChBD to get Sil-ChBD, and the
solubility of Sil-ChBD was observed. Even though Sil-ChBD could get expressed
successfully, it was difficult to obtain in a soluble form due to its lack of solubility.
Therefore, it was necessary to improve the solubility of Sil-ChBD. To improve the
solubility, ProS2 tag was fused to the N-terminus of Sil-ChBD. Together the interfacial
catalyst, ProS2-Sil-ChBD was soluble. However, it showed a relatively low silica
polymerization activity than the ProS2-Sil, a soluble fusion silicatein. Therefore, it was
necessary to change the order of fusion proteins. Since the pCold ProS2 expression
vector is a patented one, changing the ProS2 tag was difficult. Instead of ProS2 it may

need another soluble tag that can handle without restriction.

A solubilizing tag is a short polypeptide chain that can enhance the solubility of a
protein by fusing with a target protein using genetic recombination technology. Recent
studies have shown that the fusion of a hydrophilic protein tag with a less water-soluble
protein could enhance the solubility of the fusion protein in aqueous media[77, 117].
The ice nucleus protein InaK from Pseudomonas syringae consists of three main
domains: InakN at the N-terminus, which binds to the membrane; the ice nucleus site,
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which consists of repeating sequences; and InakC at the C-terminus, which extends to
the cell surface (Figure 3-2). InakC is known to exhibit very high hydrophilicity[65].

Therefore, InakC is a soluble protein tag that can use to replace the ProS2.

InakC

Ice nucleation
domain
Cell J} InakN

membrane

Figure 3- 2: Conceptual drawing of InaK.

Accordingly, to fabricate silica-chitin hybrid materials using a fusion silicatien
containing both InakC and ChBD, was designed. Here the both InakC and ChBD were
fused to the N-terminus of silicatein. Together, InakC-ChBD-Sil could be soluble and
bound to chitin to act as an interfacial catalyst to form silica on chitin under mild
conditions. The conceptual diagram of silica formation on chitin is shown in
Figure 3-3. Since silica formation is carried out under mild conditions, this approach is
a promising technique for the fabrication of inorganic-organic biohybrid materials to
immobilize live cells and biomolecules such as proteins and drugs, in order to design
next-generation materials while enhancing their application in technological and

biomedical fields.
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Figure 3- 3: The conceptual diagram to show silica formation on chitin through the

3.2. Objective

fusion silicatein.

The objective of this study was to fabricate silica-chitin hybrid materials using the

fusion silicatien that is soluble and can bind on chitin to act as an interfacial catalyst to

form silica on chitin under mild conditions.
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3.3. Materials and methods

3.3.1. Construction of the fusion genes

Silicatein @ cDNA from S. domuncula (accession number CAI46305), which
encodes the mature enzyme (aal15-330), the InakC gene from P. syringae (accession
number AAB66891), and the ChBD gene from B. circulans WL-1 (accession number
AAAB1528, aa 655-697) were synthesized by Eurofins Genomics with optimization
for expression in E. coli. As illustrated below the gene and vector construction were
performed to express three fusion silicateins, Sil-ChBD, ProS2-Sil-ChBD and InakC-
ChBD-Sil. The nucleotide sequence of primers and PCR conditions used in this work

are shown in Table 3-1 and Table 3-2, respectively.

Table 3- 1: Nucleotide sequence of primers used in this study.

Primer Nucleotide sequence
F1 CATCATCATCATATGGACTATCCGGAAGCAGTG
F2 TCTTATCCAACCCTGGCCTGGCAAGTCAACACT
F3 TCGAAGGTAGGCATATGGACTATCCGGAAGCAGTG
F4 ATCATCATCATCATATGTTTCGTCTGTGGGATGGC
F5 GGGCCCTCCGCGGGTGCCTGGCAAGTCAACACT
F6 TTGTGGCAGCTGCAGGACTATCCGGAAGCAGTG
R1 GTTGACTTGCCAGGCCAGGGTTGGATAAGAGGC
R2 ATTCGGATCCCTCGAGCTGCAGCTGCCACAACGC
R3 GTTGACTTGCCAGGCACCCGCGGAGGGCCCCTG
R4 TGCTTCCGGATAGTCCTGCAGCTGCCACAACGC
R5 ATTCGGATCCCTCGAGCAGGGTTGGATAAGAGGC
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Table 3- 2: PCR conditions for gene amplification and overlap PCR.

PCR for cloning gene Overlap PCR

Stage Cycles

Temperature (°C) Time Temperature (°C) Time
Pre denaturation 98.0 30s 98.0 30s -
Denaturation 98.0 10s 98.0 10
Annealing 55.0 15s 56.7 5s 35
Extension 72.0 5s 72.0 5s
Final extension 72.0 1 min 72.0 1 min -

Sil-ChBD: As illustrated in Figure 3-4, The gene encodes silicatein amplified
with F1 and R1 primers, and ChBD gene amplified with F2 and R2 were combined
using overlap PCR. The amplified gene was inserted into pCold Il expression vector
(Takara Bio Inc., Japan) cut at Ndel and Xhol restriction enzyme sites using In-Fusion

(Takara Bio Inc., Japan) to express the protein named Sil-ChBD.

A rn F2 B
~ 3 e ¥ His
3 5 3 — 5 .
2 ta
Sil(654bp) ~  ChBD (135 bp) . é Si ChBD
R1 R2 .
PCR PCR
Overlap
PCR
F1
- — — pCold 1l

vector

H -]
N

InakC-ChBD

Figure 3- 4: Gene and vector construction to express Sil-ChBD. (A) Gene

construction through PCR. (B) The gene order of Sil-ChBD.
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ProS2-Sil-ChBD: Figure 3-5 illustrates the gene and vector construction for the
expression of ProS2-Sil-ChBD. The gene Sil-ChBD in pCold Il vector was amplified
with F3 and R2 primers. The amplified gene was inserted into pCold ProS2 expression
vector (Takara Bio Inc., Japan) cut at Ndel and Xhol restriction enzyme sites using In-

Fusion to express the protein named ProS2-Sil-ChBD.

A B Protease
F3 cleavage
?_ —_ His Pros2  site
3 -3 tag  tag Sil ChBD
Lty = T
(from pCold Il vector) N e
R2 . .
PCR

Sil-ChBD
(for pCold ProS2 vector)

ProS2
vector

Figure 3- 5: Gene and vector construction to express ProS2-Sil-ChBD. (A) Gene

construction through PCR. (B) The gene order of ProS2-Sil-ChBD.

InakC-ChBD-Sil: Figure 3-6 illustrates the gene and vector construction to express
InakC-ChBD-Sil. InakC, ChBD, and silicatein genes were amplified using the set of
F4-R3, F5-R4, and F6-R5 primers, respectively. The amplified InakC and ChBD genes
were combined through overlap PCR to obtain the InakC-ChBD gene. Next, the InakC-
ChBD-Sil gene was obtained by combining the InakC-ChBD gene with the amplified
Sil gene using overlap PCR. The InakC-ChBD-Sil gene was subcloned into the
pCold Il expression vector cut at Ndel and Xhol restriction enzyme sites to construct

the pCold_InakC-ChBD-Sil vector.
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Figure 3- 6: Gene and vector construction to express InakC-ChBD-Sil. (A) Gene

construction through PCR. (B) The gene order of InakC-ChBD-Sil.

Finally, the transformation of the constructed vectors into E. coli BL21(DE3) was

performed, and the success of transformation was check using colony PCR.

3.3.2. Expression of recombinant proteins

E. coli BL21(DE3) cells transformed with the constructed vectors to express Sil-
ChBD, ProS2-Sil-ChBD and InakC-ChBD-Sil were grown separately at 15 °C with
shaking at 160 rpm for 24 h in LB by inducing protein expression using 1.0 mM IPTG,
as previously reported[117]. The bacterial cells were harvested by centrifugation at
4000 x g and 4 °C for 20 min. The resultant pellets were resuspended in sonication
buffer (20 mM Tris/HCI, pH 8.0; 1 mM EDTA; and 0.5 M NacCl), and the cells were
disrupted using an ultrasound disintegrator (VCX-130, Sonic & Materials Inc., USA).

The samples were then centrifuged at 25, 000 x g and 4 °C for 20 min. The precipitated
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fractions were washed twice with lysis buffer containing a surfactant (20 mM Tris/HCI,
pH 8.0; 1 mM EDTA,; 0.5 M NaCl; and 4% TritonX-100) and washed twice with
ultrapure water to remove membrane proteins. Resulted inclusion bodies were used for

the purification of target proteins.

3.3.3. Purification of recombinant proteins

After washing the inclusion bodies (insoluble faction) containing the target fusion
proteins, 300 mg of the inclusion bodies were added into 5 mL of denaturation buffer
containing urea (50 mM Tris/HCI, pH 8.0, 8 M urea, 10 mM DTT), and the mixture
was shaken at 160 rpm for 2 to 3 h until the solution gets clear. Then the mixture was
centrifuged (25, 000 x g, 20 min, 4 °C) for the removal of insoluble impurities. Next,
the denatured target proteins in the supernatant were purified by immobilized metal ion
affinity chromatography on a 5 mL Ni-NTA column as previously reported[57]. The
content of the buffers and the procedure followed during the Ni-NTA column
purification were similar to Table 2-3 and Table 2-4 in Chapter 2, respectively. When
passing the buffers and the denatured target proteins through the Ni-NTA column using
a syringe, a syringe filter (Hawach Scientific, nylon membrane, 0.22 um pore size) was
used to prevent damages could occur by entering foreign particles into the Ni-NTA
column. The proteins purified using the Ni-NTA column were still in the denatured

condition. Therefore, they should be subjected to refolding to obtain the active proteins.

3.3.4. Refolding and ultrafiltration of purified proteins

For the refolding of proteins, the urea used as denaturant should be removed from
the solution. For that, a dialysis method was used for each protein. The dialysis
membrane (Thermo Fisher Scientific, 6000-8000 NMWCO), was placed in a beaker

containing distilled water and washed while stirring with a magnetic stir bar. The
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dialysis membrane was opened, and the inside of the dialysis membrane was washed.
The end of the dialysis membrane was bound with a clip, and the protein solution
recovered by the Ni-NTA column purification was filled followed by the clipping the
other end without trapping air bubbles. Then the dialysis membrane containing the
protein was submerged in the refolding buffer (50 mM tris/HCI, pH 8.5, 0.5 M
L-Arginine, 9 mM red/glutathione, 1 mM ox/glutathione, 0.3 M NaCl, 1 mM KCI)
(purified protein volume filled into dialysis membrane: refolding buffer volume, 1:20).
Dialysis was performed at 4 °C for 36 hours while stirring the buffer solution with a
magnetic stir bar[85, 86]. The refolding buffer was exchanged twice during the dialysis.
After 36 h hours, the protein solution in the dialysis membrane was transferred to a
centrifuge tube and centrifuged at 4 °C, 15, 000 x g for 15 min to confirm that
precipitation could not be performed. The refolding buffer of the target proteins was
then replaced with 50 mM Tris/HCI buffer (pH 9.0, 8 mM NaCl) by ultrafiltration
(Amicon® Ultra-15 centrifuge filters, 170000 NMWCO). Finally, the concentrations of
refolded proteins were calculated using the Bradford assay (Bradford Protein Assay

Kit, Takara Bio Inc., Japan)[87].

3.3.5. Assay for solubility of recombinant proteins and cleavage of InakC tag

The purified recombinant proteins were assayed for their self-assembly without and
with cleavage of the ProS2 and InakC tags. ProS2-Sil-ChBD and InakC-ChBD-Sil were
dissolved in 50 mM Tris/HCI buffer (pH 7.4, 150 mM NaCl) separately to obtain a final
concentration of 10 uM each. The solutions were incubated at 25 °C for 24 h. During

the incubation period, the solutions were monitored for turbidity.
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3.3.6. Cleavage of ProS2 or InakC tag

ProS2-Sil-ChBD was subjected to removal of the ProS2 tag using a site-specific
protease that can cleave the peptide sequence between ProS2 and Sil. Similarly, InakC-
ChBD-Sil also was subjected to removal of the InakC tag using a site-specific protease
that can cleave the peptide sequence between InakC and ChBD. ProS2-Sil-ChBD and
InakC-ChBD-Sil (10 uM of each) in Tris/HCI buffer was separately treated with HRV
3C Protease (10 U, Takara Bio Inc., Japan) at 25 °C for 1 h. During the incubation

period, the sample mixtures were observed for turbidity caused by the self-aggregation.

3.3.7. Determination of enzymatic activity

The enzymatic activity of the fusion silicateins was determined as previously
described[7]. InakC-ChBD-Sil (1.66 puM) and 100 mM TEOS as the substrate for the
enzymes were incubated in Tris/HCI buffer at 25 °C with shaking at 185 rpm for
24 h[9]. As a control, silica polymerization activity was determined in the absence of
proteins under the same conditions. The formed biosilica was recovered using
centrifugation at 16, 000 x g and 4 °C for 10 min and washed three times each with
ethanol and ultrapure water, followed by freeze-drying. The freeze-dried biosilica
samples were hydrolyzed to silicic acid by treating with 1 M NaOH for 30 min at 90 °C
and neutralizing with HCI. The concentration of the silicic acid (hydrolyzed silica) was
then determined using the molybdenum blue colorimetric method[18]. The absorbance
values were determined at 810 nm wavelength to calculate the absolute amounts of
silicic acid based on the calibration curve using a silicon standard solution (1000 ppm;
Wako Pure Chemical Industries Ltd., Japan). Using the same method, the silica

polymerization activity of ProS2-Sil, a solubility-enhanced silicatein obtained by fusing
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with the ProS2 tag, which has an activity similar to that of mature silicatein, was

calculated for comparison with that of InakC-ChBD-Sil.

3.3.8. Analysis of protein adsorption on chitin and silica formation

Reagent-grade chitin (Wako Pure Chemical Industries Ltd.) was used for protein
adsorption. The specific surface area was measured by N2 gas adsorption (Autosorb
6AG, Yuasa lonics) and found to be 4.55 m?/g. To analyze the adsorption of InakC-
ChBD-Sil on chitin, 0.01 g of chitin was added to 50 mM Tris/HCI buffer solutions
containing 10 uM of InakC-ChBD-Sil, and the solutions were shaken for 1.5 h at 25 °C.
During shaking, 20 pL of the solutions without chitin were periodically aliquoted to
analyze the remaining concentration of the protein using Bradford assay. After 1.5 h,
the chitin was recovered by centrifuging and washed twice with 50 mM Tris/HCI
buffer. The chitin material that absorbed InakC-ChBD-Sil was subjected to silica
formation using 100 mM TEQOS as the precursor in 50 mM Tris/HCI buffer at 25 °C
with shaking at 185 rpm for 24 h[9]. The treated chitin was recovered and washed three

times each with ethanol and ultrapure water, followed by freeze-drying for 2 days.

3.3.9. Scanning electron microscope analysis

After freeze-drying, the biosilica formed on the chitin material was examined using
SEM (Acceleration voltage: 5 kV, JEOL JSM-IT200 InTouchScope™, Germany)
without coating. Elements present on the chitin surfaces subjected to silica formation
were analyzed using EDS (without coating; acceleration voltage: 10 kV for point EDS;

JEOL JSM-IT200 InTouchScope™, Germany).
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3.4. Results and discussion
3.4.1. Expression of fusion proteins

After the construction of vectors to express each protein, the correctness of the
vectors was got confirmed by DNA sequencing. Then they were transformed into
E. coli for the protein expression. Amino acid sequences of fusion silicateins expressed

in this study are shown in Figure S4-6 (Appendix I).

Sil-ChBD: The constructed vector to express Sil-ChBD was transformed into
E. coli. The transformed E. coli to express Sil-ChBD and the colony PCR done to check

the successfulness of the transformation are shown in Figure 3-7.
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Figure 3- 7: Transformation of E. coli to express Sil-ChBD. (A) Transformed E. coli

to express Sil-ChBD. (B) Colony PCR.

The molecular weight of the Sil-ChBD was 30 kDa. Figure 3-8 shows the SDS-
PAGE analysis of Sil-ChBD. As shown in Figure 3-8A, Sil-ChBD has expressed as an
insoluble protein. Protein overexpression may result in the formation of inclusion
bodies, which are insoluble, inactive, and relatively pure, intact proteins. To obtain

soluble and active proteins, purification under denaturation and refolding through
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dialysis or dilution is typically performed[88, 89]. Here, urea (8 M) was used as the
denaturant to dissolve the inclusion bodies before Ni-NTA column purification, and the
purified target protein was refolded using dialysis. Therefore, after denaturation of Sil-
ChBD using urea, Sil-ChBD was purified by using Ni-NTA column purification
followed by refolding. SDS-PAGE analysis in Figure 3-8B shows Sil-ChBD after

Ni-NTA column purification and refolding.

Soluble Insoluble
A fraction fraction B
kDa 03182124 M03 182124 h kba M a b

97.2
66.4

44.3

97.2
66.4

44.3

29.0 <« 30 kDa 29.0 <+ 30 kDa

21.0
14.3

21.0
14.3

Figure 3- 8: SDS-PAGE analysis for Sil-ChBD. (A) SDS-PAGE analysis for
expression of Sil-ChBD. (B) (a) after Ni-NTA column purification, (b) after refolding

of purified protein. M: Molecular weight marker.

ProS2-Sil-ChBD: The constructed vector to express ProS2-Sil-ChBD was
transformed into E. coli (Figure 3-9A). The transformation was confirmed by colony

PCR as shown in Figure 3-9B.
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Figure 3- 9: Transformation of E. coli to express ProS2-Sil-ChBD. (A) Transformed

E. coli to express ProS2-Sil-ChBD. (B) Colony PCR.

The molecular weight of the ProS2-Sil-ChBD was 53 kDa. Figure 3-10 shows the
SDS-PAGE analysis of ProS2-Sil-ChBD. As shown in Figure 3-10A ProS2-Sil-ChBD
also has expressed as an insoluble protein. Therefore, after denaturation of ProS2-Sil-
ChBD, it was purified by using Ni-NTA column purification followed by refolding and
ultrafiltration. SDS-PAGE analysis in Figure 3-10B shows ProS2-Sil-ChBD after

Ni-NTA column purification and refolding.

Soluble Insoluble
A fraction fraction B
kDa M 03182124 (03182124 h kDa
97.2 97.2
66.4 66.4
<+ 53 kDa
44.3 <+«53 kDa 44.3

29.0 29.0

21.0
143

21.0
143

Figure 3- 10: SDS-PAGE analysis for ProS2-Sil-ChBD. (A) SDS-PAGE analysis for
expression of ProS2-Sil-ChBD. (B) (a) after Ni-NTA column purification, (b) after

refolding of purified protein. M: Molecular weight marker.
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InakC-ChBD-Sil: The constructed vector to express InakC-ChBD-Sil was
transformed into E. coli, and the success of the transformation was checked using

colony PCR. Figure 3-11 shows the transformed E. coli, and the colony PCR results.

< 1020 bp

Figure 3- 11: Transformation of E. coli to express InakC-ChBD-Sil. (A) Transformed

E. coli to express InakC-ChBD-Sil. (B) Colony PCR

Next, the protein expression and purification of the InakC-ChBD-Sil (38 kDa) were
performed. Figure 3-12 shows the SDS-PAGE analysis for expression, after Ni-NTA
column purification and refolding of InakC-ChBD-Sil. The SDS-PAGE results in
Figure 3-12A shows the profiles of the soluble and insoluble proteins expressed in the
transformed E. coli cells. Overexpression of the expected protein with molecular weight
38 kDa (between the 29.0 kDa and 44.3 kDa protein bands) in the insoluble fraction
was observed. Figure 3-12B shows the SDS-PAGE results after Ni-NTA column

purification and refolding of InakC-ChBD-Sil.

The refolding buffer was replaced with Tris/HCI buffer using ultrafiltration because
it has been reported that amines such as L-arginine, a protein stabilizer used in the
refolding buffer, catalyze silicic acid polymerization[90]. During this process, ProS2-
Sil-ChBD and InakC-ChBD-Sil were successfully obtained just after ultrafiltration,
while Sil-ChBD aggregated quickly in the ultrafiltration tube becoming turbid in the

solution. Those observations suggested that ProS2-Sil-ChBD and InakC-ChBD-Sil
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could be obtained in a soluble form while Sil-ChBD could not. Therefore, further

solubility of ProS2-Sil-ChBD and InakC-ChBD-Sil were investigated.

Soluble Insoluble
A fraction fraction B
kDa 0 6 18 2124 MO 6 18 21 24 h kba M a b
97.2
97.2
66.4
66.4
44.3 <« 38 kDa
44.3 «38kDa

29.0
29.0

21.0
21.0

Figure 3- 12: SDS-PAGE analysis for InakC-ChBD-Sil. (A) SDS-PAGE analysis for
expression of InakC-ChBD-Sil. (B) (a) after Ni-NTA column purification, (b) after

refolding of purified protein. M: Molecular weight marker.

3.4.2. Solubility of fusion proteins

The solubility of ProS2-Sil-ChBD and InakC-ChBD-Sil in aqueous media were
analyzed. It was found that InakC-ChBD-Sil maintained its solubility for more than
24 h without forming a cloud or precipitate in the aqueous solution. However, when the
InakC tag was cleaved from InakC-ChBD-Sil using protease, ChBD-Sil self-aggregated
to form a cloud and then precipitated within 1 h, as shown in Figure 3-13. Similar results
were observed for the ProS2-Sil-ChBD (data are not shown). These results suggested
that fusion of the InakC or ProS2 tag enhanced the solubility of the fusion silicatein.
InakC is the truncated C-terminus of the InaK ice nucleation protein and is highly
hydrophilic[118]. Studies have shown that the hydrophobic site located in the
N-terminus of silicatein affects its self-aggregation in agueous media[57, 93]. Similar
to the results of Chapter 2, it was revealed that the fusion of InakC or ProS2 improved

the solubility of the fusion silicateins in an aqueous media.
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Figure 3- 13. Solubility of InakC-ChBD-Sil without and with cleavage of InakC tag.

3.4.3. Silica polymerization activity of soluble fusion silicatein

The silica polymerization activity of the soluble fusion silicateins in an aqueous
solution was investigated using TEOS as a precursor. The silica formed during the silica
polymerization reaction was isolated by centrifugation and washed with ethanol and
ultra-pure water, followed by freeze-drying. Then, the silica was hydrolyzed by heating
in 1M NaOH, and acidified with HCI to produce silicic acid. The silica polymerization
activity was expressed as the concentration of silicic acid, which was measured by the
molybdenum blue colorimetric method. The silica polymerization activity of ProS2-
Sil-ChBD and InakC-ChBD-Sil were compared with another recently reported soluble
silicatein called ProS2-Sil. Figure 3-14 shows the silica polymerization activity of
ProS2-Sil, ProS2-Sil-ChBD and InakC-ChBD-Sil, which were 13.3 mM, 4.5 mM and
13.7 mM respectively. This suggests that InakC-ChBD-Sil showed the same activity as

ProS2-Sil while ProS2-Sil-ChBD showed relatively low activity.
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Figure 3- 14: Enzymatic activity of the fusion silicateins. In the control
experiment, the activity was determined in the absence of proteins (Control).
Experiments were conducted in triplicate; data represent the average of three

experiments with error bars indicating the standard deviation.

Since a higher activity was shown by InakC-ChBD-Sil, it was studied for the

adsorption on chitin and to use as an interfacial catalyst to fabricate silica on chitin.

3.4.4. Adsorption on chitin

These binding proteins show selective adsorption on a material. As chitin was used
as the base material in this study, a ChBD was employed. The ChBD used in this study
is a chitin-binding module of chitinase from B. circulans that has shown an affinity for

chitin and chitosan[72]. Figure 3-15 shows the time course adsorption of the InakC-
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ChBD-Sil on chitin. It showed almost 100% adsorption on chitin material within 1.5 h,
indicating its rapid binding ability. The amount of InakC-ChBD-Sil adsorbed on chitin
was 0.22 umol/m?. These results suggest that the fusion of both InakC and silicatein
with ChBD did not inhibit its binding ability. According to the studies related to ChBD

mechanism, ChBD was found to bind to chitin through hydrophobic interactions[72].
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Figure 3- 15: Adsorption studies of InakC-ChBD-Sil on chitin

3.4.5. Silica formation on chitin

If silicatein is immobilized on a material, silica could be formed on the material.
Therefore, InakC-ChBD-Sil was immobilized on chitin using ChBD, and it was
subjected to silica formation. Figure 3-16 shows the SEM images of chitin subjected to
silica formation with and without adsorption of InakC-ChBD-Sil. However, it was
difficult to identify a clear difference between the SEM images with or without InakC-

ChBD-Sil. Therefore, the elemental analysis of chitin was investigated using EDS.
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Figure 3- 16: SEM images of chitin after silica formation with and without adsorption

of InakC-ChBD-Sil.

The elemental analysis and EDS spectrum resulted for chitin subjected to silica
formation with and without adsorption of InakC-ChBD-Sil are shown in Figure 3-17.
Chitin contains C, O, H, and N. Figure 3-17A shows the elements present on chitin
samples that were subjected to silica formation with and without adsorption of InakC-
ChBD-Sil. According to the results, it shows a higher amount of Si on the chitin with
adsorption of InakC-ChBD-Sil than on that of without adsorption of InakC-ChBD-Sil.
Nitrogen was not detected in the sample with InakC-ChBD-Sil. This could be due to
the biosilica covering of chitin formed by the adsorbed fusion silicatein. EDS spectra

in Figure 3-17B also suggested the same results.
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Figure 3- 17: Elemental analysis of chitin subjected to silica formation with and
without adsorption of InakC-ChBD-Sil. (A) Elemental analysis. (B) EDS spectrum.

Size bars indicate 50 um.

In some studies, silicatein has been immobilized on solid surfaces by using chemical
links or self-assembly property[7, 13]. In those methods, the orientation of silicatein
was not uniform, and the direct contact of silicatein with the solid surface could reduce
its enzymatic activity. The use of a solid binding module would provide moderate
immobilization, thereby preserving the enzymatic activity of silicatien, and arranging
the fusion silicatein in a uniform orientation[95, 96, 119]. The method demonstrated in
this study could be a simpler alternative method to fabricate silica on a chitin material
by immobilizing silicatein without direct surface contact to fabricate biohybrid

materials using silicatein.
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3.5. Conclusions

Among expressed fusion silicateins, Sil-ChBD was highly aggregated and difficult
to obtain after refolding. ProS2-Sil-ChBD and InakC-ChBD-Sil could be obtained as
soluble forms. ProS2 and InakC soluble tags in ProS2-Sil-ChBD and InakC-ChBD-Sil
maintained the solubility of the fusion proteins in aqueous media for more than 24 h,
respectively. ProS2-Sil-ChBD showed a lower silica polymerization activity than
ProS2-Sil. InakC-ChBD-Sil showed almost similar silica polymerization activity of
ProS2-Sil. Neither the fusion of InakC nor ChBD inhibited the silica polymerization
activity of fusion silicatein. InakC-ChBD-Sil adsorbed on chitin within 1.5 h. InakC-
ChBD-Sil adsorbed on chitin acts as an interfacial catalyst to form silica on chitin under
ambient conditions. These findings will contribute to the design of new proteins to form
inorganic coatings on materials by changing the solid binding module to fabricate next-

generation materials.
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CHAPTER 4

BIOLOGICAL ROUTE TO FABRICATE CHITOSAN GEL-SILICAHYBRID
IMMOBILIZED ENZYMES

4.1. Introduction

In Chapters 2 and 3, silica-cellulose and silica-chitin hybrid materials were
fabricated respectively. As an advancement, in this study, immobilization of an enzyme
in a hybrid material was focused. Enzymes are used in various fields such as
biomedicine, energy generation and chemical industry due to their inexpensiveness and
environmentally friendliness[120, 121]. Among the significant studies focused on the
improvement of enzymatic properties, the immobilization of enzymes on insoluble
solid supports is a technique that is widely used[122]. This technique significantly
improves the stability of the biomolecules such as enzymes under various reaction
conditions and enhances the reusability of biomolecules[123]. Moreover, the enzymes

can be removed from the system easily to get high purity products[124, 125].

With the increase of demand for biomaterials, various biocompatible materials have
been developed focusing on properties, benefits, limitations, and the use of alternative
resources for its preparations. Hydrogels are one of the biomaterials that have been
studied due to their various properties such as mechanical properties, responsiveness,

and biodegradability, biocompatibility[126].

Hydrogels are three-dimensional networks of hydrophilic polymers[127-131].
They are categorized into physical or chemical gels depending on the interaction
formed with polymeric chains during the gelation. In physical gel, ionic crosslinks,
hydrogen bonds, or hydrophobic interactions are formed. In contrast, in chemical gels,

irreversible covalent bonds are formed[126]. The swelling ability of Hydrogels allows
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them to act as natural tissues, and they can release drugs based on external factors such

as pH, light, magnetic field, and temperature.

Attention to polysaccharide-based hydrogels has been paid in the last decade due to
their biocompatibility, biodegradability, non-toxicity, and low cost. Polysaccharides
such as starch, carboxymethylcellulose, alginate, carrageenan, and chitosan are some
candidates studied for biomedical applications[126, 129, 132]. Among them, chitosan
plays an important role in the area of biotechnology[130, 133, 134]. Chitosan is a
derivative of chitin. It can be dissolved in a solution below pH 6.3 by converting amine
groups to ammonium groups. The solubility property in low pH conditions can be used
for the preparation of pH-responsive Hydrogels that can apply in controlled drug
release, contact lenses, scaffolds, cell growth, agriculture, and regenerative

medicine[126].

The formation of chitosan gel-silica hybrid materials by covering the chitosan gel
with silica will enhance the applications[135], allowing protection for actives on the
surface[136-141] and/or support for carrying biomolecules for chemical or biological
functions[135, 142-147]. The chitosan gel covered by silica particles can induce pH
changes in aqueous environments allowing an environment to immobilize sensitive
enzymes in the chitosan gel matrix. To fabricate silica on chitosan gel matrix, the same
fusion protein, InakC-ChBD-Sil could be used because chitosan gel is a derivative of
chitin. Therefore, the fabrication of chitosan gel-silica hybrid materials under
physiological conditions using the fusion silicatein, InakC-ChBD-Sil that showed
adsorption on chitin, was studied. The same strategy was employed to fabricate chitosan
gel-silica hybrid materials by encapsulating horseradish peroxidase (HRP), a model
enzyme used in biotechnology[3, 13] as illustrated in Figure 4-1. In this process, HRP
is immobilized in the chitosan gel matrix during the formation of chitosan gel beads.
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Then InakC-ChBD-Sil is adsorbed on the HRP encapsulated chitosan gel beads. Next,
they are subjected to silica formation to result in HRP encapsulated chitosan gel-silica

hybrid material.

Chitosan gel Silica

Encapsulation of HRP \ Immobilization of Silica

‘ ‘ in chitosan gel ‘ ‘ InakC-ChBD-Sil % formation
o8 — Q¢ — ﬁ;‘%_’

HRP
HRP encapsulated chitosan

gel-silica hybrid material

Figure 4- 1: The conceptual diagram to show the formation of HRP encapsulated

chitosan gel-silica hybrid material.

HRP found in the roots of horseradish is a common enzyme used widely in the
biochemistry field. It catalyzes the oxidation of various organic substrates such as
2,20-azino-di(3-ethylbenzothiazolin-6-sulfonate) (ABTS), 4-aminoantipyrine, phenol
and benzidine, etc. by hydrogen peroxide[148-150]. For example, Figure 4-2 shows the
reaction catalyzes by the HRP in the presence of organic substrates, 4-aminoantipyrine

and phenol with hydrogen peroxide.

CHaog” N\ =0

! OH
CHa.\” O HRP
2H,0, + + e + 4H,0
NH

CHj CHj /N

Phenol
4-Aminoantipyrine

O

Figure 4- 2: Reaction catalysis by the HRP in the presence of 4-aminoantipyrine and

phenol with hydrogen peroxide.
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Another important factor that should be concerned is the detection of silica formed
on chitosan gel. Even though SEM-EDS analysis can be used to detect gel samples,
they should be freeze-dried to remove the water before the analysis. Since chitosan gel
contains more than 90% of water, freeze-drying may affect the morphology. To
overcome that problem, another method to detect the silica formed on chitosan was
suggested using a fluorescent protein fused with a silica binding peptide. mCherry, a
mutant fluorescent protein derived from the tetrameric Discosoma sp. red fluorescent
protein, DsRed[151]. The excitation and emission maxima of mCherry are 587 nm and
610 nm, respectively. The silica binding peptide employed in this study was titania-
binding peptide (TBP) (amino acid sequence: RKLPDAPGMHTW). It specifically
binds to silica or titania. Together, TBP-mCherry can bind on silica, and emitted
fluorescence from mCherry can be detected using a fluorescence microscope as

illustrated in Figure 4-3.

Silica mCherry (Flurecent)

TBP (Binding) @
, ﬂ
Binding of =1y Detection
\ \/ -

fluorescent protein ]
HRP encapsulated chitosan Fluorescent Microscopy
gel-silica hybrid material

Figure 4- 3: The conceptual diagram to show detection of silica on the HRP

encapsulated chitosan gel-silica hybrid.

4.2. Objective
The objective of this research was to fabricate a novel chitosan gel-silica hybrid
material immobilized HRP by using the InakC-ChBD-Sil interfacial catalyst. This

finding will expand the application of chitosan gel in biomedical applications. Further,
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detection of silica formed on chitosan gel using a fluorescence microscope with the help

of a fluorescent protein fused with a silica binding peptide was also focused.
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4.3. Methodology

4.3.1. Optimization of chitosan percentage in gel beads

First, chitosan gel concentration was optimized to form gel beads. For that 1%, 2%
and 3% (m/v) of chitosan solutions were prepared by dissolving chitosan in 2% (v/v)
acetic acid. Then the chitosan solution was added into 1 M NaOH solution drop by drop
using a syringe connected with a needle as shown in Figure 4-4. The formed gel beads
in each case were collected and washed with 50 mM Tris/HCI buffer five times. Finally,

the formed gel beads in each case were observed.

Syringe connected

with a needle Chitosan dissolved in

acetic acid solution

recovered and washed
o with Tris/HCI buffer

Gel beads were -
>

Addition of chitosan
solution dropwise

0) = Tris/HCI buffer
000
50| (PH7.4)

1 M NaOH
solution

Figure 4- 4: Preparation of chitosan gel beads.

4.3.2. Immobilization of HRP in the chitosan gel matrix
HRP was added into 2% (v/v) acetic acid solution containing 3% (m/v) chitosan to
be the final concentration of 0.01 mg/mL. Then the acetic acid solution containing

chitosan gel and HRP was added into 1 M NaOH solution drop by drop using a syringe
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connected with a needle. Immediately gel beads were recovered and washed with

50 mM Tris/HCI buffer five times.

4.3.2. Adsorption of InakC-ChBD-Sil on chitosan gel

To analyze the adsorption of the fusion proteins on chitin, chitosan gel beads (10
beads) were added to 50 mM Tris/HCI buffer solutions containing 10 uM of InakC-
ChBD-Sil, and the solutions were shaken for 1.5 h at 25 °C. During the shaking, 20 pL
of the solutions without chitosan gel were periodically aliquoted to analyze the
remaining concentration of the protein using Bradford assay. After 2 h, the chitosan gel

was recovered and washed twice with 50 mM Tris/HCI buffer.

4.3.3. Silica formation on the chitosan gel

Chitosan gel beads adsorbed InakC-ChBD-Sil were subjected to silica formation
using 100 mM TEOS as the precursor in the 50 mM Tris/HCI buffer at 25 °C while
shaking at 185 rpm for 24 h[9]. The treated chitosan gel beads were recovered and
washed three times with ethanol and three times with ultra-pure water followed by
freeze-drying for 2 days. Then the freeze-dried gel beads were observed using SEM-
EDS. A similar experiment was conducted without adding InakC-ChBD-Sil as a
control. For the detection of activity of HRP, chitosan gel beads subjected to silica
formation with and without adsorption of InakC-ChBD-Sil were recovered by washing
with Tris/HCI buffer.
4.3.4. Determination of the activity of HRP
For the preparation of 1.7 mM hydrogen peroxide, 1 mL of 30% hydrogen peroxide
was added to 100 mL of ultra-pure water. Further, 1 mL of the solution was diluted to
50 mL with 200 mM potassium phosphate buffer (pH 7). For the preparation of

phenol/aminoantipyrine (2.5 mM of 4-aminoantipyrine) solution, 810 mg of phenol and
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25 mg of 4-aminoantipyrine were dissolved in 40 mL of ultra-pure water, and it was
diluted to a final volume of 50 mL with ultra-pure water. Form freshly prepared above
solutions, 467 pL of hydrogen peroxide (1.7 mM) and 500 pL of 2.5 mM
phenol/aminoantipyrine were pipetted into a cuvette, and the solution was incubated in
the spectrophotometer at 25 °C for 3-4 minutes to achieve temperature equilibration
and establish a blank rate. Then, 33 pL of the HRP solution, or two chitosan gel beads
with 33 uL of ultra-pure water was added to the cuvette, and an increase in absorbance
value at 510 nm wavelength for 4-5 minutes was measured to calculate the activity of
HRP. Equation 4-1 was used to calculate the activity of HRP where 44510 is the
increase in absorbance value at 510 nm wavelength, and 6.58 is the absorption

coefficient for 4-aminoantipyrine at 510 nm wavelength.

44510

Activity (l) = minutes 4-1)
6.58 x enzyme amount (mg)

volume of the reaction mixture (mlL)

The activity of HRP immobilized in chitosan gel beads that were subjected to silica
formation with and without adsorption of InakC-ChBD-Sil was checked in 5 cycles by
recovering them and adding them into cuvette containing freshly prepared hydrogen
peroxide and phenol/aminoantipyrine solutions. Then the relative activity in each cycle

was calculated using Equation 4-2.

) o Activity
Relative activity = Initial activity X 100% (4-2)

4.3.5. Expression of TBP-mCherry and mCherry
Gene encoding mCherry, optimized for expression in E. coli, was obtained from
pmCherry vector (Clontech Laboratories, Inc., Takara Bio, vector number: PT3973-5).
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It was amplified with F1, forward primer composes the sequence of TBP, and R1, revers
primer as shown in Figure 4-5. The nucleotide sequence of primers and the PCR
conditions used in the experiment has been mentioned in Table 4-1 and 4-2,
respectively. The amplified gene was subcloned into pCold I1 expression vector at Ndel
and Xhol restriction enzyme sites using In-Fusion (Takara Bio Inc., Japan) to express
the protein named TBP-mCherry. To check the correctness of the constructed vector
after multiplication in E. coli DH5a, DNA sequencing was conducted.

A B His
tag TBP  mCherry
F1

- N

mCherry (705 bp) R1

PCR ﬂ

TBP-mCherry (762 bp)

pCold Il
vector

Figure 4- 5: Gene and vector construction to express TBP-mCherry. (A) Gene

construction through PCR. (B) The gene order of TBP-mCherry.

Table 4- 1: Nucleotide sequence of primers used in this study.

Primer Nucleotide sequence

F1 ATCATCATCATCATATGCGCAAACTGCCGGATGCGCCAG
GCATGCATACCTGGGTGAGCAAGGGCGAGGAG

R1 ATTCGGATCCCTCGAGCAGGGTTGGATAAGAGGC
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Table 4- 2: PCR conditions for gene amplification

PCR for cloning gene

Stage Cycles
Temperature (°C) Time
Pre denaturation 98.0 30s -
Denaturation 98.0 10s
Annealing 55.0 15s 35
Extension 72.0 5s
Final extension 72.0 1 min -

The transformed E. coli with the constructed vector was used to express TBP-
mCherry at 15 °C by inducing the protein expression using 1.0 mM IPTG. After 24 h,
bacterial cells were harvested by centrifugation (4000 x g, 20 min, 4 °C). Resultant
pellets were resuspended in sonication buffer (20 mM Tris/HCI, pH 8.0, 1 mM EDTA,
0.5 M NaCl), and cells were disrupted by using an ultrasound disintegrator (VCX-130,
Sonic & Materials Inc., USA). Then the samples were centrifuged (25, 000 x g, 20 min,
4 °C). The supernatant was collected, and TBP-mCherry was purified by immobilized
metal ion affinity chromatography on a 5 mL Ni-NTA column. The content of the
buffers and the procedure followed during the Ni-NTA column purification have been
mentioned in Table 4-3 and 4-4, respectively. The elution buffer of the target protein
was then replaced with 50 mM Tris/HCI buffer (pH 9.0, 8 mM NaCl) by ultrafiltration
(Amicon® Ultra-15 centrifuge filters, 10, 000 NMWL). Finally, the concentrations of
refolded proteins were calculated using the Bradford assay (Bradford Protein Assay

Kit, Takara Bio Inc., Japan)[87].
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Table 4- 3: Content of the buffers used for Ni-NTA column purification.

Ingredients
Solution
NaCl Phosphoric acid  Imidazole DTT
Wash buffer 1 300 mM 50 mM 5mM 10 mM
Wash buffer 2 300 mM 50 mM 25 mM 10 mM
Elution buffer 300 mM 50 mM 500 mM 10 mM

Table 4- 4. Procedure followed during the Ni-NTA column purification.

Solution Volume Rate Role
Distilled water 2CV 10 mL/min Washing
Wash buffer 1 5CV 10 mL/min Equilibration
Loading buffer containing 1CV 5 mL/min Loading the protein

the target protein

Wash buffer 1 6 CV 5 mL/min Washing

Wash buffer 2 6 CV 10 mL/min Washing

Elution buffer 5CV 10 mL/min Eluting the target
protein

4.3.6. Detection of silica on chitosan gel using TBP-mCherry

First, to investigate the adsorption of TBP-mCherry and mCherry on glass beads,
glass beads were treated with 2.5 uM of TBP-mCherry or mCherry at 25 °C for 3 h.
Recovered glass beads were washed with distilled water to remove the unbound
proteins on the glass beads. Finally, the glass beads were observed using a fluorescence

microscope (KEYENCE Fluorescence Microscope, BZ-X800).

75



For the detection of silica formed on chitosan gel beads, three beads of chitosan gel
subjected to silica formation with and without adsorption of InakC-ChBD-Sil were
treated with 2.5 uM of TBP-mCherry at 25 °C for 3 h. Then the beads were recovered
and washed with distilled water to remove the unbound TBP-mCherry. Finally, the gel

beads were observed using the fluorescence microscope.
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4.5. Result and discussion
4.5.1. Optimization of chitosan percentage in gel beads

It was necessary to optimize the chitosan gel concentration to get nicely formed gel
beads. Chitosan gel beads formed by changing the chitosan concentration are shown in
Figure 4-6. According to the observation, 3% of chitosan gel beads showed a nice shape
while lower concentrations (1% and 2%) of chitosan gel beads resulted in highly fragile
particles. Therefore, 3% of chitosan was used for the formation of chitosan gel beads

for further studies. The average weight of a gel bead was 6 mg.

Figure 4- 6: Chitosan gel beads formed with different chitosan concentrations.

Chitosan gel can be formed in different shapes such as sheets[152] and
spheres[153]. Since spherical gel beads are applied in many applications, in this study,

spherical chitosan gel beads were formed.

4.5.2. Adsorption of InakC-ChBD-Sil on chitosan gel and silica formation

Figure 4-7 shows the adsorption of InakC-ChBD-Sil on chitosan gel. According to
the data, InakC-ChBD-Sil showed significant adsorption on chitosan gel within 2 h.
Therefore, chitosan gel adsorbed InakC-ChBD-Sil were subjected to silica formation
using TEOS precursor. As a control, chitosan gel was subjected to silica formation

without adsorption of InakC-ChBD-Sil.
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Figure 4- 7: Adsorption studies of InakC-ChBD-Sil on chitosan gel.

After freeze-drying, the elements present on the chitosan gel subjected to silica
formation with and without adsorption of InakC-ChBD-Sil were observed using SEM-
EDS (Figure 4-8). There was a deposition on chitosan gel with InakC-ChBD-Sil while
a smooth surface was observed for the chitosan gel without InakC-ChBD-Sil as shown
in Figure 4-8A. The elemental distribution shown in Figure 4-8B revealed a higher
distribution of Si on chitosan gel with InakC-ChBD-Sil and a little on the chitosan gel
without InakC-ChBD-Sil. EDS spectrum of the chitosan gel with InakC-ChBD-Sil in
Figure 4-8C also revealed the presence of Si. These results suggested that InakC-ChBD-

Sil has catalyzed the silica formation on the chitosan gel.
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Figure 4- 8: SEM-EDS analysis of chitosan gel subjected to silica formation with and
without adsorption of InakC-ChBD-Sil. (A) SEM images, (B) Elemental analysis, and

(C) EDS spectrum. Size bars indicate 50 um.

The chitosan gel-silica hybrid materials have been prepared using sol-gel processes
for the application of heavy metal adsorption[154] and the development of
biosensors[155]. In some studies, magnetic properties have been obtained by
immobilization of FesO4 magnetic nanoparticles for the development of drug delivery
systems[156]. Same way, magnetic nanoparticles also can be immobilized in the
chitosan gel matrix along with biomolecules before the formation of silica on the
chitosan gel bead. That allows fabricating biomolecules encapsulated chitosan gel-

silica hybrid material with magnetic properties.

4.5.3. Enzymatic activity of HRP immobilized in the chitosan gel-silica matrix

Just after immobilization of HRP, the activity of HRP was examined. It was found a

40 U/mg activity. Then the HRP immobilized chitosan gel beads were subjected to
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silica formation with and without adsorption of InakC-ChBD-Sil. Then the relative
activity of HRP in chitosan gel was observed. Figure 4-9 shows the real and relative
enzymatic activities of HRP subjected to silica formation with and without adsorption
of InakC-ChBD-Sil. According to that, the relative activity of HRP in chitosan gel
treated with InakC-ChBD-Sil was 85% after five cycles while the relative activity was
26% in the nontreated. That result suggested that the fabrication of silica layer on

chitosan gel gave extra stability than without silica.
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Figure 4- 9: Real and relative activities of HRP.

In previous studies, it has been shown that after immobilization of enzymes such as
lipase[157], alcohol dehydrogenase[158], HRP[159], and trypsin[160] in chitosan gel
matrix showed wide-working pH and temperature stability. The HRP immobilized in
the novel chitosan gel-silica hybrid showed promising stability and reusability. Since
silica is formed in mild conditions, enzymes could be immobilized in the silica matrix

as well. Therefore, this will be a novel tool to apply biotechnological application.
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The drastic drop in the relative activity of HRP immobilized in chitosan gel beads
subjected to silica formation without adsorption of InakC-ChBD-Sil, could be due to
the leaching of HRP due to the lack of surface coverage with silica. This phenomenon
is shown in Figure 4-10. On the other hand, HRP immobilized in chitosan gel treated
with InakC-ChBD-Sil formed a sufficient amount of surface coverage with silica to

avoid the leaching of HRP from the hybrid material (Figure 4-10).
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Figure 4- 10: Illlustration of leaching of HRP during the enzymatic assay

4.5.4. Expression of TBP-mCherry

Fluorescent proteins are an important finding in biochemistry. Green fluorescent
protein was first isolated from the jellyfish Aequorea aequorea[161]. Up to date, many
fluorescent proteins have been identified in many species. They have expanded the
ability to examine the behavior of proteins within living cells. Same way fluorescent
proteins fused with different protein tags have been applied in many studies for the
detection of materials [162]. Since the chitosan gel matrix was the organic matrix used
in this study, detection of formed silica on the gel was difficult using SEM-EDS.

Therefore, a fluorescence microscope method was used. To detect formed silica on
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chitosan gel matrix, TBP-mCherry, a fusion protein with a silica binding tag and a

fluorescence tag, was designed.

The constructed vector to express TBP-mCherry was transformed into E. coli. The
transformed E. coli to express TBP-mCherry and the colony PCR done to check the

successfulness of the transformation are shown in Figure 4-11.
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Figure 4- 11: Transformation of E. coli to express TBP-mCherry. (A) Transformed E.

coli to express TBP-mCherry. (B) Colony PCR

The molecular weight of the TBP-mCherry was 29 kDa. The amino acid sequence
of TBP-mCherry is shown in Figure S7 (Appendix I). Figure 4-12 shows the SDS-
PAGE analysis of TBP-mCherry. As shown in Figure 4-11A, TBP-mCherry has
expressed as a soluble protein. Therefore, it was purified directly using Ni-NTA column
purification. SDS-PAGE analysis in Figure 4-12B shows TBP-mCherry after Ni-NTA
column purification and refolding. Purified TBP-mCherry was used for the detection of

silica on chitosan gel.
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Figure 4- 12: SDS-PAGE analysis for TBP-mCherry. (A) SDS-PAGE analysis for
expression of TBP-mCherry. (B) (a) cell lysate, (b) after Ni-NTA column purification.

M: Molecular weight marker.

4.5.5. Detection of silica on chitosan gel using fluorescence microscope

To confirm the adsorption ability of TBP-mCherry on silica, at first, the adsorption
of TBP-mCherry and mCherry on glass beads was evaluated. Figure 4-13 shows the
microscope images of glass beads treated with TBP-mCherry or mCherry. According
to the results, a bright fluorescence was observed in the glass beads treated with TBP-

mCherry, and no fluorescence was detected in the glass bead treated with mCherry.

Bright field Fluorescence Overlay

TBP-mCherry

h - -

Figure 4- 13: Microscopic images of glass beads treated with TBP-mCherry and

mCherry. Size bars indicate 100 pum.
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Since TBP-mCherry has a silica binding tag, that had strongly bound on the glass
surface. On the other hand, mCherry had not strongly bound on the glass surface since
there was no silica binding tag. Figure 4-14 illustrates the phenomenon that happens
when glass beads treated with TBP-mCherry and mCherry followed by washing with
distilled water. Therefore, during the washing process, TBP-mCherry remained on the
glass surface while mCherry washing off. Hence, those results suggested that TBP-
mCherry can successfully bind on silica to detect the silica using the fluorescence

microscope.
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Figure 4- 14: Simple illustration to show the adsorption of fluorescent protein on

glass beads through the silica binging peptide.

Next, to detect the silica formation on chitosan gel using TBP-mCherry, chitosan
gel beads subjected to silica formation with and without adsorption of InakC-ChBD-Sil
were used. Figure 4-15 shows the microscopic images after the TBP-mCherry
treatment. Higher fluorescence was detected for the chitosan gel treated with InakC-

ChBD-Sil than without InakC-ChBD-Sil.
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Size bars indicate 100 um.

The detection of high fluorescence in chitosan gel treated with InakC-ChBD-Sil
was ascribed to silica formed on the surface of the chitosan gel beads. However, a very
lower fluorescent was observed for the chitosan gel beads without InakC-ChBD-Sil.
This could be due to silica formed by the auto polycondensation of TEOS in the system.
The detection of higher fluorescence in chitosan gel subjected to silica formation with
adsorption of InakC-ChBD-Sil than without InakC-ChBD-Sil has been illustrated in
Figure 4-16. On the other hand, a negligible amount of InakC-ChBD-Sil could be
absorbed into the chitosan gel beads with no silica coating as the reverse process of
leaching HRP from the chitosan gel (Figure 4-10). The theoretical isoelectric (PI) of
the TBP mcherry was 6.3 and the pH of the solution used for the adsorption studies was
7.4. At that pH, the net charge of the TBP-mCherry was negative and the surface charge
of chitosan gel beads were positive due to amine groups (pKa 9.7). Therefore,
electrostatic interation also could take palce to adsorb small amount of TBP-mCherry

on the chitosan gel beads. The overall results suggested that the chitosan gel beads
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subjected to silica formation with adsorption of InakC-ChBD-Sil formed silica on the

gel beads.
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Figure 4- 16: Simple illustration to show the higher fluorescence intensity from

chitosan gel beads with InakC-ChBD-Sil than without.

In some studies, fluorescent proteins fused with binding tags have been used in
immunofluorescence assays for the detection of surface displaying of proteins on cell
surfaces[163], and to investigate the binding ability of binding tags on target materials
such as silica[164]. Therefore, the binding domain fused with fluorescent proteins
allows detecting materials using a fluorescence microscope. Since silica is formed on
the chitosan gel beads subjected to silica formation with adsorption of InakC-ChBD-
Sil, TBP-mCherry successfully bound on the silica formed on the gel surface allowing
the detection of silica using the fluorescence microscope. This approach can be used as

a tool for the detection of materials.

86



4.6. Conclusion

InakC-ChBD-Sil adsorbed on chitosan gel and catalyzed the silica formation on
chitosan gel beads successfully. HRP enzyme can be immobilized in the chitosan gel-
silica hybrid materials successfully. Chitosan gel-silica hybrid materials facilitate
stability for HRP. This strategy can be used to develop new materials to apply in
biomedical applications. Further, TBP-mCherry can be used as a fluorescent tag to

detect silica formed on chitosan gel using fluorescence microscope.
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CHAPTER 5

CONCLUSIONS AND FUTURE PROSPECTS

In this thesis, biological routes to fabricate silica-cellulose, silica-chitin, silica-
chitosan gel hybrid materials under mid conditions were studied. As interfacial
catalysts, novel fusion silicateins were designed combining soluble tags for the
solubility enhancement of silicatein and solid-binding modules for the immobilization

of silicatein on target materials.

Since cellulose is the most abundant polysaccharide on the earth and is used in
many applications, at first, cellulose was used as the organic matrix to fabricate silica.
In this study, to increase the solubility of silicatein in aqueous media and to immobilize
silicatein on cellulose, two tags were fused with silicatein. They were ProS2 and CBM,
respectively. The fusion silicatein, ProS2-Sil-CBM was successfully expressed in
E. coli. Based on the results, it showed that ProS2-Sil-CBM maintained its solubility in
aqueous media for 24 h and showed almost the same activity as ProS2-Sil. ProS2-Sil-
CBM adsorbed on cellulose within 1.5 h, and the adsorbed ProS2-Sil-CBM

successfully catalyzed silica formation on cellulose.

Secondly, chitin was studied as another organic matrix to fabricate silica. In the
present study, another novel fusion silicatein was designed by fusing silicatein with
InakC and ChBD. The fusion silicatein, InakC-ChBD-Sil showed the almost same
activity as ProS2-Sil. SEM-EDS results revealed that the adsorbed InakC-ChBD-Sil

has successfully catalyzed the formation of silica on the chitin material.

As an advancement of the previous chapters, a spherical chitosan gel-silica hybrid
material was fabricated, and HRP was successfully immobilized in the hybrid material

as a model enzyme. Here, chitosan gel was the organic matrix used to form the silica-
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based hybrid material. InakC-ChBD-Sil was investigated to form chitosan gel-silica
hybrid material since chitosan is derived from chitin. According to the adsorption
studies, InakC-ChBD-Sil showed significant adsorption on chitosan gel. InakC-ChBD-
Sil adsorbed on chitosan gel and formed silica on chitosan gel successfully. During the
preparation of chitosan gel beads, HRP was immobilized in the gel matrix, and they
were subjected to silica formation by adsorbed InakC-ChBD-Sil. According to the
enzymatic activity test, it was found that HPR can be successfully immobilized in the
chitosan gel-silica hybrid material while exhibiting its activity. For the detection of
silica formed on chitosan gel using fluorescence microscope, a fusion protein called
TBP-mCherry was designed. Using TBP-mCherry successfully detected the silica
formed on chitosan gel. These findings suggested that the chitosan gel-silica hybrid
material can be used to encapsulate enzymes in biomedical and environmental

applications.

As many enzymes and peptides can catalyze the inorganic polymers under mild
conditions, novel interfacial catalysts can be designed to fabricate various hybrid
materials by changing the binding tag according to the base material. Further, enzymes

could be immobilized in the silica matrix while the silica is formed on the material.

In this study, HRP was successfully immobilized in the chitosan-gel silica hybrid
materials while protecting its enzymatic activity. In the same way, it is possible to
investigate the immobilization of live cells in the chitosan gel-silica hybrid material

without cell viability (Figure 5-1A).

Using the same way used to encapsulate HRP, agrochemical degradation enzymes
could be immobilized in the chitosan gel-silica hybrid materials while protecting their

enzymatic activities to use as a sustainable method to improve the quality of soil
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polluted with agrochemicals such as herbicides and pesticides (Figure 5-1B).
Furthermore, the silica coating method can be used in mineral processing to separate

minerals by changing their surface properties by coating them with silica.

Since silica can be used to coat different shaped materials such as fibers, spheres,

and rods, hollow silica fibers, spheres, or rods can be obtained followed by the

degradation of base material (Figure 5-1C).

A Chitosan gel ilica
Encapsulation \ Immobilization of ‘;;,C Silica
of cells InakC—ChBD—SiIng"" “ formation
3\\”‘ \ 33“‘
Bacterial '
cells Bacterial cells
encapsulated chitosan gel-
silica hybrid material
B

Chitosan
Encapsulation 8l

Immobilization of ¢ Silica
‘ ‘ of enzymes ¢ C InakC-ChBD-Sil \w formatio
6, = (7 m—
¢ ¢ '

ilica

¢ &
Agrochemical Enzymes encapsulated
degradation chitosan gel-silica hybrid
enzymes material
C . ,
@ 52 3
A @ / ,;_’f_:»f-f\-—j
Coating of — O Degradation of o~
o materials with silica (/(/" ‘-}\) base material g \
) -/ )
___— |
Base materials with Base materials Resulted silica hollow
different shapes coated with silica

capsules after degradation
of base material

Figure 5- 1: Future prospects of the research. (A) Fabrication of live bacterial cells
encapsulated chitosan gel-silica hybrid materials, (B) fabrication of agrochemical
degradation enzymes encapsulated chitosan gel-silica hybrid materials, and (C)

fabrication of silica hollow capsules.
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Protease
cleavage
His ProS2  site
tag tag Sil

Silicatein
(His tag)-(ProS2 tag)-(protease cleavage site)-DYPEAVDWRTKGAVTAVKDQGDCGAS

YAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGNHGCHGGNMYDAFLYVIANE
GVDQDSAYPFVGKQSSCNYNSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAI
DGANSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKYWLAKNSWGTNWG

NSGYVMMARNKYNQCGIATDASYPTL-

Figure S 1: Schematic diagram and amino acid sequence of ProS2-Sil.
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His

Silicatein
(His tag)-DYPEAVDWRTKGAVTAVKDQGDCGASYAFSAMGALEGANALAKGNAVS

LSEQNIIDCSIPYGNHGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNYNSKY
KGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGANSAFRFYYSGVYDSSRCSSSSL
NHAMVVTGYGSYNGKKYWLAKNSWGTNWGNSGYVMMARNKYNQCGIATDASYP
CBM
TLTPTKGATPTNTATPTKSATATPTRPSVPTNTPTNTPANTPVSGNLKVEFYNSNPSDT
TNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITS

NVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHVQIQGRFAKNDWSNYTQSNDYSF

KSASQFVEWDQVTAYLNGVLVWGKEPGG-

Figure S 2: Schematic diagram and amino acid sequence of Sil-CBM.
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Protease
His  ProS2 cleavage _
tag tag site Sil CBM

(His tag)-(ProS2 tag)-(protease cleavage site)-DYPEAVDWRTKGAVTAVKDQGDCGAS
Silicatein
YAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGNHGCHGGNMYDAFLYVIANE
GVDQDSAYPFVGKQSSCNYNSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVALI
DGANSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKYWLAKNSWGTNWG
CBM

NSGYVMMARNKYNQCGIATDASYPTLTPTKGATPTNTATPTKSATATPTRPSVPTN
TPTNTPANTPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTV
DGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLE
PGAHVQIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTAYLNGVLVWGKEPG

G-

Figure S 3: Schematic diagram and amino acid sequence of ProS2-Sil-CBM.
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His
tag Sil ChBD

Silicatein

(His tag)-DYPEAVDWRTKGAVTAVKDQGDCGASYAFSAMGALEGANALAK

GNAVSLSEQNIIDCSIPYGNHGCHGGNMYDAFLYVIANEGVDQDSAYPFVGK

QSSCNYNSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGANSAFRF

YYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKYWLAKNSWGTNWGNSGY
ChBD

VMMARNKYNQCGIATDASYPTLAWQVNTAYTAGQLVTYNGKTYKCLQPHT

SLAGWEPSNVPALWQLQ

Figure S 4: Schematic diagram and amino acid sequence of Sil-ChBD.
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Protease
cleavage

His ProS2  site

Silicatein

(His tag)-(ProS2 tag)-(protease cleavage site)-DYPEAVDWRTKGAVTAVKDQGDCGAS

YAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGNHGCHGGNMYDAFLYVIANE
GVDQDSAYPFVGKQSSCNYNSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAI
DGANSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKYWLAKNSWGTNWG

ChBD
NSGYVMMARNKYNQCGIATDASYPTLAWQVNTAYTAGQLVTYNGKTYKCLQP

HTSLAGWEPSNVPALWQLQ-

Figure S 5: Schematic diagram and amino acid sequence of ProS2-Sil-ChBD.
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Protease
cleavage
His site
tag InakC ChBD Sil

InakC
(His tag)-FRLWDGKRYRQLVARTGENGVEADIPYYVNEDDDIVDKPDEDDD

ChBD
WIEVKVSSIRVISVPVQPR-( protease cleavage site)-AWQVNTAYTAGQLVTYNGK

Silcatein
TYKCLQPHTSLAGWEPSNVPALWQLQDYPEAVDWRTKGAVTAVKDQGDCG
ASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGNHGCHGGNMYDAF
LYVIANEGVDQDSAYPFVGKQSSCNYNSKYKGTSMSGMVSIKSGSESDLQAA

VSNVGPVSVAIDGANSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGK

KYWLAKNSWGTNWGNSGYVMMARNKYNQCGIATDASYPTL-

Figure S 6: Schematic diagram and amino acid sequence of InakC-ChBD-Sil.
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His
tag TBP  mCherry

TBP mCherry
-(His tag)-RKLPDAPGMHTWVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGE

GRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGF
KWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEAS
SERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDIT

SHNEDYTIVEQYERAEGRHSTGGMDELYK

Figure S 7: Schematic diagram and amino acid sequence of TBP-mCherry.
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cspA 3' UTR
multiple cloning site
His - Tag

TEE

cspA 5" UTR

lac operator

cspA promoter

espA FUTR
Multicloning site
Factor Xa site
Thrombin site

HRV 3C Protease site

. ProS2 Tag
His-Tag
ND \G "
[\ cspASUTR

lac operator
cspA promoter

pCold ProS2 DNA
Z (5,025 bp)

)
© &

pCold Il DNA
(4,392 bp)

ColE1 oft

Figure S 8: Vectro map of pCold Il and pCold ProS2 expesion vecters (images
were tacken from Takarabio Inc.)

Source: https://catalog.takara-bio.co.jp/PDFS/3362_DS_j.pdf,
https://www.takarabio.com/products/protein-research/expression-vectors-and-
systems/protein-folding-kits/pcold-pros2-dna

M13 IG : Required during sequencing

Amp : Ampicillin resistance function

ColE1 ori : Starting point for replication

Lac I : Lac repressor

cspA promoter : Beginning of transcription

cspA 5'UTA : Function with structural stability at low temperature
cspA3'UTA : Function to induce ribosome trapping phenomenon
TEE : Function to promote translation

His-Tag : Used for purification of expressed proteins
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