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ABSTRACT

Peptides containing T-cell epitopes from allergens, which are not reactive to allergen-specific
IgE, are appropriate candidates as antigens for specific immunotherapy against allergies. To
develop a vaccine that can be used in practical application to prevent and treat Japanese cedar
pollen allergy, four major T-cell epitopes from the Cry j 1 antigen and six from the Cry j 2 antigen
were selected to design cry j 1 epi and cry j 2 epi, DNA constructs encoding artificial
polypeptides of the selected epitopes. To apply cholera toxin B subunit (CTB) as an adjuvant and
carrier for the effective delivery of antigen peptide, cry j 1 epi and cry j 2 epi were linked and
then fused to the CTB gene in tandem by overlap extension PCR. Then, the fusion gene was
expressed in two expression systems using Escherichia coli strain BL21(DE3) and Brevibacillus

choshinensis, respectively.

PART-I

Expression of recombinant T-cell epitopes of major Japanese cedar pollen allergens fused

with cholera toxin B subunit in Escherichia coli

Fusion gene of BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindlll was constructed by
linking five sequences, including BamHI-ctb, linker, cry j 1 epi, cry j 2 epi, and flag-HindlIlI,
using stepwise and overlap extension PCR methods. Then, the fusion gene was introduced into a
pET-28a(+) vector for expression in an Escherichia coli system that exhibits various advantages
such as potentially high expression levels, low cost, simple culture conditions, rapid growth, and
scalability. In addition, it is known that E. coli expression system exhibited almost no proteolytic
activity. Thus, the structural stability of expressed recombinant protein is guaranteed. The aim of
this study using E. coli as host was to investigate expression of the recombinant antigen peptide

in bacterial expression system as well as to examine property and antigenicity of the recombinant



antigen peptide.

Expression of the recombinant fusion antigen peptide induced with 1 mM IPTG continued
for 3-5 h, and then the concentration of the expressed protein decreased gradually. Recovery of
the recombinant protein was approximately 120 mg/L of culture. The expressed recombinant
protein was purified by a His-tag affinity column and confirmed by western blot analysis using
anti-CTB and anti-FLAG antibodies. The purified recombinant antigen peptide also proved
antigenic against anti-Cry j 1 and anti-Cry j 2 antibodies. Thus it was shown that the whole

recombinant protein was expressed and existed stably in E. coli expression system.

The present study indicates that production of sufficient amounts of recombinant protein for
immunotherapy may be possible by recombinant techniques using E. coli or other bacterial

strains for protein expression.

PART-II

Expression of recombinant T-cell epitopes of major Japanese cedar pollen allergens fused

with cholera toxin B subunit in Brevibacillus choshinensis

E. coli expression system is the most commonly used organism for heterologous protein
production. However, there is a disadvantage for therapeutic use of expressed recombinant
protein in E. coli due to the presence of endotoxin, lipopolysaccharide (LPS) which locates in the
outer membrane of Gram-negative bacteria. Endotoxin that is well-known as a pyrogen causes
fever, shock and other various symptoms in humans and animals. Therefore, recombinant proteins

produced in E. coli must be purified until they become endotoxin-free.

In contrast to E. coli, the expression of recombinant antigen peptide in Brevibacillus
choshinensis (Bacillus brevis) seems to be an interesting alternative system. Gram-positive
bacterium B. choshinensis is a well-established host-vector system for the production of foreign

proteins, especially secretory proteins. Thus, the expressed recombinant protein can be easy



purified from culture supernatant. Moreover, B. choshinensis produces little or no detectable
extracellular proteases. Therefore, the secreted and produced recombinant protein is not degraded
by the protease activity and the yield of the recombinant protein can be maintained stably. These
unique characteristics of B. choshinensis make it one of the most promising hosts for the

production of recombinant proteins.

In this study, B. choshinensis and pNC-HisT were used as a host for overproduction and
as an expression-secretion vector, respectively. Fusion antigen gene of BamHI-ctb-linker-cry j 1
epi-cry j 2 epi-flag-stop-terminator-Hindlll was constructed by stepwise PCR and overlap
extension PCR methods to investigate the expression of the fusion antigen peptide
CTB-Linker-Cry j 1 epi-Cry j 2 epi-Flag. The recombinant B. choshinensis was grown under
various culture conditions. However, expression of the recombinant fusion antigen peptide was

not detected by SDS-PAGE analysis.

Therefore, to utilize the ability of secretion of Bacillus licheniformis a-amylase (BLA) in
B. choshinensis, the fusion antigen was linked to BLA to design a genetically engineered fusion
antigen gene BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindlll.
Then, the fusion antigen genes were introduced into pNC-HisT vectors and expressed in B.
choshinensis. Unexpectedly, only BLA was secreted to the culture medium, suggesting that BLA
was cleaved from the recombinant fusion protein by proteolytic activity of unidentified
protease(s). When the recombinant B. choshinensis was cultured in the presence of protease
inhibitors, whole recombinant protein and degradated antigen peptide were detected in the

bacterial cells by western blot with anti-CTB and anti-FLAG antibodies.

These results indicate that the recombinant protein could not exist stably in intracellular
space of B. choshinensis due to cellular proteolytic activity. In addition, it is suggested that
unique proteolytic cleavage between BLA and CTB might occur during the secretion process of

the recombinant protein.



CHAPTER I

General Introduction

Japanese cedar (Cryptomeria japonica; CJ) pollinosis is one of the most common
IgE-mediated type | allergies in Japan, causing allergic rhinitis, conjunctivitis, and asthma as
clinical symptoms. Approximately 27% of the Japanese population is afflicted by this disease
from February to April each year [1,2]. Two major allergenic proteins have been isolated and
characterized from CJ pollen, Cry j 1 [3,4] and Cry j 2 [5-7]. In a clinical study, IgE antibodies
specific to Cry j 1 and Cry j 2 in sera were detected in 134 of 145 (92%) patients suffering from
CJ pollinosis, while the remainder contained IgE reactive to one of the two major antigens [8].
This study suggested that both Cry j 1 and Cry j 2 play important roles in the pathogenesis of CJ

pollinosis.

A promising approach to prevent and treat allergies is desensitization by vaccination with
peptides derived from allergens. To avoid allergic reactions due to the presence of
allergen-specific IgE-binding sites in the whole antigen, novel antigens have been developed that
lack epitopes reactive to IgE. The application of peptides only containing T-cell epitopes that
induce T-cell tolerance is a safe treatment strategy to control allergies [9,10]. However, a major
obstacle with this approach is the diversity of MHC class 11 molecules among individuals, leading
to patients with different MHC class I molecules responding to unique allergen-derived peptides
[11]. Therefore, as many T-cell epitopes of allergens as possible should be included to achieve
sufficient efficacy in a larger population of sensitized patients [12]. T-cell epitopes in Cry j 1 and
Cry j 2 were determined by epitope mapping using synthetic peptides covering their amino acid
sequences, followed by proliferation assays using these synthetic peptides and peripheral blood

mononuclear cells (PBMCs) from CJ pollinosis sufferers [13-15].

Thus far, recombinant peptides consisting of multiple linked T-cell epitopes from Japanese
cedar allergenic proteins have been developed, and basic immunological studies have revealed
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their potential as immunotherapeutic agents [12,15,16]. Several recent studies have described
transgenic organisms that express recombinant allergens including T-cell epitopes from Japanese
cedar pollen. Takaiwa and colleagues reported transgenic rice seeds containing T-cell epitopes in
Cry j 1 and Cry j 2, which were designed as an oral (edible) vaccine [17-19]. Using a different
approach, egg white containing T-cell epitopes has been produced by transgenic chickens [20].
Another report has described Lactobacillus plantarum producing Cry j 1 and its prophylactic
effect in vivo [21]. However, few T-cell epitopes of Cry j 1 and Cry j 2 have been included in
previously developed immunotherapeutic peptides. In this study, we selected four major T-cell
epitopes from Cry j 1 and six from Cry j 2 based on the ability of the epitopes to stimulate a

strong proliferative response in T-cell lines [12,15].

Cholera toxin (CT) is secreted by the gram-negative bacterium Vibrio cholera. CT is an
oligomeric protein with molecular weight of 84 kDa containing a single A subunit (CTA), and
five B subunits (CTBs). CTA with molecular weight of 27 kDa is composed of the toxic domain
CTA: and a short sequence CTA; which are generated by proteolytic cleavage of CTA between
residues 192 and 195. These two peptide chains are still connected by a disulfide bond between
residues 187 and 199. Before CTA; enter the cytosol of host cells, the disulfide bond must be
cleaved. CTB is a peptide of 11.5 kDa and forms a stable pentamer through non-covalent
interaction. The CTB pentamer binds ganglioside GM; on the plasma membranes [22]. Then the
CTB-GM; complex carries the CTA; into the endoplasmic reticulum [23]. The three-dimensional

structure of CT is shown in Fig. 1.1
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A subunit

B subunit

Figure 1.1. Three-dimensional structure of CT [24]

CTB has been used as an efficient carrier molecule to generate mucosal immune responses
and induce T-cell tolerance to antigens linked to CTB [25-27]. CTB binds with high affinity to the
ganglioside GM; that is found in membrane microdomains on the plasma membrane of host cells,
and is able to cluster five GM; molecules at once [28]. Owing to this property of CTB, it can be
employed as an adjuvant and transporter for effective delivery of antigens as a mucosal vaccine

with reduced toxicity and high efficacy [27].
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CHAPTER II

Expression of recombinant T-cell epitopes of major Japanese cedar pollen
allergens fused with cholera toxin B subunit in Escherichia coli

2.1. Introduction

Production of edible vaccines by plants is a significant innovation because plant-derived
vaccines offer advantages such as low cost and easy control of production scale [17,29,30].
However, a long growth period and the possibility of gene diffusion to surrounding plants by
pollination limit the application of antigen-producing transgenic plants. Therefore, expression of
vaccines using E. coli is one of the most attractive alternatives because its genetics and
physiology are well understood and recombinant proteins can be produced at up to 50% of the

total cellular protein [31].

CJ pollinosis is one of the major allergic diseases in Japan [1,2]. Allergen-specific
immunotherapy is safer and more effective than conventional immunotherapy for the treatment of
IgE-mediated allergic diseases [32,33]. Peptide vaccines using T-cell epitopes would be an
effective and safe immunotherapy for allergic diseases, because recombinant antigen peptides can

be designed by selecting T-cell epitopes that lack IgE-binding activity [9,10].

In the previous study, genes encoding T-cell epitopes from major Japanese cedar pollen
allergens, Cry j 1 and Cry j 2, were assembled to generate fusion genes, cry j 1 epi and cry j 2 epi,
respectively. These fusion genes of T-cell epitopes were fused to CTB gene by stepwise PCR to
construct two fusion genes in separate, ctb-cry j 1 epi and ctb-cry j 2 epi. Antigenicities of the
recombinant T-cell epitope fusion peptides, CTB-Cry j 1 epi and CTB-Cry j 2 epi, expressed in E.

coli system were confirmed by western blotting analysis [34].

In this study, in order to achieve sufficient efficacy in a larger population of sensitized
patients, cry j 1 epi encoding four major T-cell epitopes from Cry j 1 and cry j 2 epi encoding
six epitopes from Cry j 2 were fused to ctb in tandem by PCR. Then, the fusion gene was
expressed in Escherichia coli strain BL21(DE3) to produce the recombinant protein of

CTB-Linker-Cry j 1 epi-Cry j 2 epi-FLAG.
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2.2. Materials and Methods
2.2.1. Bacterial strains, plasmid, and reagents

The pET28a(+) plasmid and E. coli strain BL21(DE3) used for expression of antigen
peptides were purchased from Merck Japan (Tokyo, Japan). E. coli strain JM109 (Takara Bio,
Otsu, Japan) was used for DNA manipulation. Restriction enzymes, a DNA ligation kit (Mighty
mix), and IPTG were purchased from Takara Bio. HiSTALON xTractor buffer and TALON
columns were purchased from Clontech Laboratories (Mountain View, CA, USA). PCR primers

were supplied by Life Technologies Japan (Tokyo, Japan).
2.2.2. Construction of cry j 1 epi and cry j 2 epi using ctb as a scaffold

The ctb gene amplified from the genomic DNA of Vibrio cholera strain 569B was
supplied by Professor Takeshi Honda (Osaka University). Fusion genes of ctb and four T-cell
epitopes from Cry j 1 (ctb-cry j 1 epi) and six T-cell epitopes from Cry j 2 (ctb-cry j 2 epi) were
acquired by stepwise PCR, in which ctb was used as a template for the first PCR and the resultant
PCR product was used as a template for the next reaction. The reactions were carried out with the
forward primer ctb-F (5’-ACACCTCAAAATATTACTGATTTGT-3") and a reverse primer from
P1-P5 to construct ctb-cry j 1 or P’1-P’7 to construct ctb-cry j 2. Each reverse primer possessed
an overlapping sequence homologous to the template and an overhang of the epitope gene, which
was based on the codon usage in E. coli (http://www.kazusa.or.jp/codon, July 28 2014). The
sequences and reaction order of the reverse primers are shown in Table 2.1. DNA constructs cry j
1 epi and cry j 2 epi amplified by PCR were employed to construct the fusion gene. All PCR were
performed with fidelity KOD-Plus DNA polymerase (Toyobo, Osaka, Japan). PCR products were

purified using a PCR purification kit or gel extraction kit (Qiagen K.K., Tokyo, Japan).
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Table 2.1. Reverse primers used to construct the fusion gene ctb-cry j 1 epi and ctb-cry j 2 epi

Position in Cry j
Name . Sequence* (5°-3”)
antigen

CGATCCAAAGCCCACCGCGCAATCCGCCAGTTTCATACGG
TTCTGATTTGCCATACTAATTGCGG
ACGGCCGTCGAACGTTTTATAGCCCGCAATATACATCGGCA

P1 Cryj 1-16-30

P2 Cryj1-81-95

TTTTCGATCCAAAGCCCAC
. GTTGCTCACACGTTTAATGAACACGCACGGACGGCCGTCG
P3 Cry ] 1-106-125-1
AACGTTTTAT
] GCCATACAGATGCAGGCCATGAATAATCACGTTGCTCACAC
P4 Cry j 1-106-125-2
GTTTAATGA
] CGGGCCGAACTGGTTGAACGCCACCGTCACTTTCATGCTG
P5 Cryj 1-212-224
CCATACAGATGCAGGCCAT
] TTTCCAGCTCGCCGGGTTCTGATACGCCGCAATAATGCCAT
P’1 Cry j 2-68-80
TTGCCATACTAATTGCGG
] GCCCATCAGCGTGAAGCCCGTCAGTTTCGCGAACTGTTTCC
P2 Cry j2-87-98
AGCTCGCCGGGTTCT
] ATGGAAGTTTTTGCTCGCGAAAATATCAATGCCCATCAGCG
P’3  Cryj2-182-200-1
TGAAGCCCG
) GCCCGTGCCAATCGTGTTTTTCTGCAGATGGAAGTTTTTGCT
P’4  Cryj2-182-200-2
CGCGA
) GAATTTCGCGCCGTTCACATGCACATAGCTCACTTCCGCAC
P’5S  Cryj2-236-250
GGCTGCCCGTGCCAATCGT
) GCTCGTCAGTTTCAGGCTAATATCGCTCAGTTTAATATCTTT
P’6  Cryj2-336-365-1
GCAGAATTTCGCGCCGTT
) GAAATAGCCGTTCGCGTTATCGTTCAGGCAGCTCGCAATTT
P’7  Cryj2-336-365-2
TGCCGCTCGTCAGTTTCAG

*Sequences in red and italics are complementary to the corresponding template.

2.2.3. Construction of fusion gene BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindl 11

To provide structural flexibility and improve fusion protein stability, a linker of 15 bp in
length (aa sequence: GGGSG) [35,36] was inserted between the C-terminal end of ctb and the
N-terminal end of cry j 1 epi-cry j 2 epi. In addition, a FLAG sequence of 24 bp in length (aa
sequence: DYKDDDDK) [37] was inserted at the C-terminal end of cry j 1 epi-cry j 2 epi as an

epitope tag for detection of the target fusion protein. The fusion gene BamHI-ctb-linker-cry j 1
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epi-cry j 2 epi-flag-Hindlll (Fig. 2.1) was constructed by linking five sequences, including
BamHI-ctb, linker, cry j 1 epi, cry j 2 epi, and flag-Hindlll, using stepwise and overlap extension

PCR methods [38] as follows:
Step #1. Construction of BamHI-ctb-linker-(overlap cry j 1 epi)

The ctb gene was used as a template for the first PCR. The sequence of the linker was linked
to ctb by PCR using the forward primer BamHI-ctb-F
(5’-GCGGGATCCACACCTCAAAATATTACTGAT-3°, BamHI site is indicated in bold and the
sequence in italics corresponds to the beginning of the ctb gene) and reverse primer linker-ctb-R
(5’-TCCGCTACCTCCGCCATTTGCCATACTAATTGCGG-3’, the sequence indicated in bold
corresponds to the linker and the sequence in italics is complementary to the ctb gene) (Fig. 2.2A).
Then, using the BamHI-ctb-linker fusion gene as the template, PCR was performed to link the 5’
end sequence of cry j 1 epi (overlap cry j 1 epi) to the 3” end of the BamHI-ctb-linker fusion gene
using the forward primer BamHI-ctb-F and reverse primer (overlap cry j 1 epi)-linker-ctb-R
(5’-GCCAGTTTCATACGGTTCTGTCCGCTACCTCCGCCATTTG-3’, the sequence indicated
in bold overlaps with the first 20 bp of the 5° end sequence of the cry j 1 epi gene, and the

sequence in italics is complementary to the linker and ctb gene) (Fig. 2.2A).
Step #2. Construction of cry j 1 epi-(overlap cry j 2 epi)

The cry j 1 epi gene was used as a template for the first PCR. The 5’ end sequence of cry j 2
epi (overlap cry j 2 epi) was linked to the 3” end of the cry j 1 gene by PCR using the forward
primer cry j1 epi-F (5’-CAGAACCGTATGAAACTGGCGGATT-3) and reverse primer (overlap
cry j 2 epi)-cry j 1 epi-R (5’-CAATAATGCCCGGGCCGAACTGGTTGAACG-3’, the sequence
indicated in bold overlaps with the first 10 bp of the 5’ end sequence of the cry j 2 epi gene, and

the sequence in italics is complementary to the cry j 1 epi gene) (Fig. 2.2B).
Step #3. Construction of (overlap cry j 1 epi)-cry j 2 epi-flag-Hindlll

The cry j 2 epi gene was used as a template for the first PCR. The sequence of (overlap cry j
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1 epi) was linked to the 5’ end of the cry j 2 epi gene, and the sequence of flag-Hindlll was linked
to the 3” end of the cry j 2 gene by stepwise PCR using the forward primer (overlap cry j 1
epi)-cry j 2 epi-F (5-GTTCGGCCCGGGCATTATTGCGGCGTATCA-3’, the sequence indicated
in bold overlaps with the last 10 bp of the 3’ end sequence of the cry j 1 epi gene, and the
sequence in italics corresponds to the cry j 2 epi gene), and reverse primer flag 1-cry j 2 epi-R
(5’-CGTCGTCTTTGTAGTCGAAATAGCCGTTCGCGTTA-3’, the sequence indicated in bold
corresponds to the first 16 bp of the 5’ end sequence of the flag, and the sequence in italics is
complementary to the cry j 2 epi gene) (Fig. 2C). Then, the first PCR product was used as the
template to construct (overlap cry j 1 epi)-cry j 2 epi-flag-Hindlll using the forward primer
(overlap cry j 1 eip)-cry j 2 eip-F and reverse primer Hindlll-flag 2-flag 1-R
(5-GCGAAGCTTCTTGTCATCGTCGTCTTTGTAGTC-3', HindllI site is indicated in bold, the
underlined sequence corresponds to the last 8 bp of the 3° end of the flag, and the sequence in

italics is complementary to the template) (Fig. 2.2C).
Step #4. Linking of the three constructs by overlap extension PCR

The fusion gene BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindlll was constructed by
overlap extension PCR using the purified PCR products of steps #1, #2, and #3 as DNA templates.
First, the two PCR products of steps #1 (Fig. 2A) and #2 (Fig. 2B) were mixed and subjected to
an overlapping extension reaction for 10 cycles without the addition of flanking primers to
generate BamHlI-ctb-linker-cry j 1 epi-(overlap cry j 2 epi). Then, the forward primer
BamHI-ctb-F and reverse primer (overlap cry j 2 epi)-cry j 1 epi-R were added to amplify the
PCR product for 25 cycles. Second, the purified PCR product of BamHI-ctb-linker-cry j 1
epi-(overlap cry j 2 epi) and PCR product of step #3 (Fig. 2C) were mixed and an overlapping
extension reaction was carried out in the same manner to generate BamHI-ctb-linker-cry j 1
epi-cry j 2 epi-flag-Hindlll. The final fusion gene was amplified by adding the forward primer
BamHI-ctb-F and reverse primer Hindlll-flag 2-flag 1-R. The nucleotide sequence of the final

construct DNA has been deposited in the DDBJ (accession no. AB978369).
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Three DNA constructs for overlap extension PCR were prepared as described in the Materials and
Methods. (A) Construction of BamHI-ctb-linker-(overlap cry j 1 epi). (B) Construction of cry j 1

epi-(overlap cry j 2 epi). (C) Construction of (overlap cry j 1 epi)-cry j 2 epi-flag-HindllII.

2.2.4. Construction of the recombinant plasmid for E. coli

The pET28a(+) plasmid was used as an expression vector, which provides two 6xHis-tag
coding sequences at both N- and C-termini for one-step purification of expressed proteins. The
expression vector was constructed as follows. BamHI/Hindlll-digested fragments of the fusion
gene BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindlll were cloned into the corresponding
sites of the pET28a(+) vector to produce a recombinant plasmid, pET28a-BamHI-ctb-linker-cry |
1 epi-cry j 2 epi-flag-Hindlll  (Fig. 2.1). The expression vector was constructed in E. coli strain

JM109 and then transformed into the E. coli strain BL21(DE3) for expression.

Transformation of E. coli was carried out according to the manufacturers’ instructions using
E. coli competent cells of strains JM109 (Takara Bio) and BL21(DE3) (Merck Japan). DNA
sequencing was performed using the dye-terminator method by Bio Matrix Research

(Nagareyama, Japan).

2.2.5. SDS-polyacrylamide gel electrophoresis (PAGE) and western blotting

Protein samples were analyzed by SDS-PAGE on a commercial 12.5% acrylamide gel
(ePAGEL) (Atto, Tokyo, Japan). Proteins were visualized by staining with Coomassie brilliant

blue R-250.

Western blot analysis was carried out to test the antigenicities of the expressed peptide.
Proteins resolved by SDS-PAGE were electro-blotted onto a Hybond-P PVDF membrane (GE
Healthcare Japan, Hino, Japan) using the semi-dry method. After blocking with 5% skim milk
powder in Tris-buffered saline (TBS) containing 0.5% Tween-20 for 2 h at room temperature, the
membrane was incubated with primary antibodies at 4 °C overnight. Then, the membrane was
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incubated with secondary antibodies for 1 h at room temperature. A rabbit anti-Flag antibody
(1:5000 dilution) (Sigma-Aldrich Japan, Tokyo, Japan), goat anti-CTB antibody (1:5000 dilution)
(List Biological Laboratories, Campbell, CA, USA), rabbit anti-Cry j 1 antibody (1:500 dilution)
(Hayashibara, Okayama, Japan) and rabbit anti-Cry j2 antibody (1:5000 dilution) (Hayashibara)
were used as primary antibodies. A horseradish peroxidase-conjugated anti-rabbit 19G (1:5000
dilution) (Cell Signaling Technology Japan, Tokyo, Japan) and horseradish peroxidase-conjugated
anti-goat IgG (1:5000 dilution) (R & D Systems, Minneapolis, MN, USA) were used as
secondary antibodies. Signals were detected by ECL detection reagents (GE Healthcare Japan).

Commercial Cry j 1 and Cry j 2 antigens (Hayashibara) were used as the positive controls.

2.2.6. Expression and purification of antigen peptides

For optimal production of the recombinant fusion protein, we examined conditions such as
the IPTG concentration and time course of protein production. A single positive colony of E. coli
BL21(DE3) transformed with pET28a-BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindlll was
grown in Luria-Bertani (LB) medium containing kanamycin (50 pg/ml) at 37°C until the ODggo
reached 0.1-1.5. Protein expression was then induced at 27°C for 3 h by addition of various IPTG
concentrations ranging from 0.1 to 3 mM. After determination of the optimal IPTG concentration,
a time course study for 20 h was performed to find the optimal conditions for protein expression.
Cells were harvested by centrifugation and bacterial pellets were lysed with HiSTALON xTractor
buffer containing DNasel and lysozyme. The suspension was combined with 2x SDS-PAGE
sample buffer and heated at 95°C for 5 min. Aliquots of the total cellular proteins were analyzed

by SDS-PAGE followed by western blotting.

Purification of the recombinant His-tagged protein using TALON Spin Columns was
performed according to the manufacturer’s instructions. Protein yield was measured by a Pierce
BCA Protein Assay Reagent Kit (Thermo Scientific, Rockford, IL, USA) using bovine serum

albumin as a standard.
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2.3. Results
2.3.1. Selection of major T-cell epitopes from Cry j 1 and Cry j 2

Based on previous studies [12,15], we selected major T-cell epitopes from Cry j 1 and Cry j
2. Selection based on parameters that epitopes should be able to stimulate strong proliferative
responses in T-cell lines, which are Cry j 1 or Cry j 2 specific, and capable of being presented by
various MHC class 1l (HLA class I1) types, should be considered to obtain reliable applicability in

large populations of patients.

Major T-cell epitopes from Cry j 1 and Cry j 2 were selected based on the features
summarized in Table 2.2, including available epitopes from Cry j 1 and Cry j 2, HLA types that

present the epitopes, and the reactivity of epitope peptides in PBMC proliferation assays [15].

Epitopes were selected with reactivity higher than 50% and strong reactivity higher than
15%, whereas epitopes were eliminated with a reactive ratio of <50% and an undetermined HLA
type. In addition, Cry j 2-87-98 possesses very strong reactivity according to a previous study
[12], and was therefore chosen instead of Cry j 2-81-95. Because Cry j 2-236-250 is presented by
DR15, which was the only HLA type among the selected HLA class 1l molecules, it was used as
an epitope to achieve sufficient efficacy in a large population of allergic patients despite reactivity
of 50%. Cry j 2-336-365 is an important region that contains two epitopes with high reactivity,

and was therefore selected for the study.
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Table 2.2. Selection of T-cell epitopes in Cry j 1 and Cry j 2 based on the literature [15]

Epitope Positive response (%) Selected Epitopes
Allergen o HLA type o ] ]
position (Strong positive response) peptide included**
Cryj1l 16-30 DQ6 61 (28) Cryj 1-16-30 1
66-80 ND* 50 (11)
81-95 ND* 61 (17) Cry j 1-81-95 1
91-105 DQ6 50 (11)
106-120 DR51 72 (28) .
111-125 ND* 56 (28) CryJ1-106-125 !
211-225 DP5 72 (33) Cryj 1-212-224 1
301-315 ND* 56 (11)
316-330 ND* 50 (22)
Cryj2 66-80 DR51 61 (39) Cry j 2-68-80 1
81-95 DP5 50 (28) Cry j 2-87-98 1
141-155 ND* 56 (0)
186-200 DR53 67 (28) Cry j 2-182-200 1
236-250 DR15 50 (17) Cry j 2-236-250 1
336-350 DP5 50 (22)
346-360 DQ6 67 (28) Cry j 2-336-365 2
351-365 ND* 61 (22)

*Not determined.

**Two overlapping epitope peptides were counted as one epitope.

2.3.2. Construction of the fusion gene BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindl 11

The fusion gene BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindlll (Fig. 2.1) was
constructed by overlap extension PCR as described in the Materials and Methods. The sizes of
resultant PCR products visualized on the agarose gel were in good agreement with the calculated
sizes (Fig. 2.3), suggesting that the fusion gene was constructed successfully. The final product
was cloned into pET28a(+) for protein expression. The results of sequencing analysis of the
inserted DNA showed that the nucleotide and amino acid sequences were identical to the
designed sequences and had the correct orientation in the expression plasmid (Fig. 2.4). The

nucleotide sequence has been deposited in the DDBJ under accession no. AB978369.
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Fig. 2.3. Electrophoretic analysis of products acquired from overlap extension PCR

(A) PCR products in the construction of BamHI-ctb-linker-cry j 1 epi-(overlap cry j 2 epi): Lane 1, 200 bp
marker; Lane 2, cry j 1 epi-(overlap cry j 2 epi) fusion gene (199 bp); Lane 3, BamHI-ctb-linker-(overlap
cry j 1 epi) fusion gene (353 bp); Lane 4, BamHI-ctb-linker-cry j1 epi-(overlap cry j 2 epi) fusion gene
(532 bp). (B) PCR products in the construction of BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-HindllI:
Lane 1, 200 bp marker; Lane 2, (overlap cry j 1 epi)-cry j 2 epi-flag-Hindlll (310 bp); Lane 3,
BamHI-ctb-linker-cry j1 epi-(overlap cry j 2 epi) fusion gene (532 bp); Lane 4, The final product of

BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-HindlIl fusion gene (822 bp).

TPONITDLCAEYHNTQIHTLNDKIFSYTESLAGKREMAINTEKNGATFQVEVPGSQHIDSQ

KKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANGGGSGQNRMKLADCAV

GFGS---KMPMYIAGYKTFDGR---PCVFIKRVSNVIIHGLHLYG---SMKVTVAFNQFGP---GIIAA
YQNPASWK---QFAKLTGFTLMG---IDIFASKNFHLQKNTIGTG---SRAEVSYVHVNGAKF-

--CKDIKLSDISLKLTSGKIASCLNDNANGYFDYKDDDDK
Fig. 2.4. Amino acid sequence of CTB-Linker-Cry j 1 epi-Cry j 2 epi-Flag

The amino acid sequences are indicated as follows: CTB (103 aa, underlined); linker (5 aa, bold) Cry j 1
epi (63 aa, italics); Cry j 2 epi (69 aa, no emphasis); Flag (8 aa, bold and underlined). The order of linkage
is CTB, linker, Cry j 1-16-30, Cry j 1-81-95, Cry j 1-106-125, Cry j 1-212-224, Cry j 2-68-80, Cry j

2-87-98, Cry j 2-182-200, Cryj 2-236-250, Cry j 2-336-365, and Flag.
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2.3.3. Expression and purification of the fusion antigen peptide

To achieve optimal expression of the fusion protein, we tested conditions such as induction
time and various IPTG concentrations. The selected clone was cultured in LB medium with
kanamycin at 37°C until the ODgqo reached ~1. Protein expression was then induced at 27°C with
various concentrations of IPTG. Bacterial growth and expression of the fusion protein were

monitored during incubation.

SDS-PAGE analysis was carried out to analyze the expressed fusion protein in E. coli
BL21(DE3). A single band with high homogeneity was obtained from eluted fractions on the
His-tag affinity column. The molecular mass of the fusion protein visualized on SDS-PAGE was

in good agreement with the theoretical mass (34.65 kDa) (Fig. 2.5A).

Figure 2.5B shows that the expression level of the fusion protein did not depend on IPTG
concentrations ranging from 0.1-3 mM. The time course of fusion protein production was
examined further. As shown in Fig. 2.6, during the initial 3 h, expression of the fusion protein
increased markedly and reached a maximum after 3-5 h followed by a gradual decrease. An
estimated expression level of approximately 120 mg/L was achieved by addition of 1 mM IPTG

to the culture that had been incubated for 4 h at 37°C (at ODgo ~1).

Fusion protein Fusion protein

Fig. 2.5. SDS-PAGE analysis and purification of the fusion antigen peptide
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(A) Expression and purification of the recombinant antigen peptide: (a) E. coli BL21(DE3) harboring
pET28a-BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindllll; (b) Negative control harboring pET28a(+)
without the DNA insert. Lane 1, total intracellular protein; Lane 2, eluted fraction I; Lane 3, eluted
fraction I1; Lane M, molecular weight marker. (B) Effect of IPTG concentrations on induction: Lanes 1-6,
total cellular protein at IPTG concentrations of 0, 0.1, 0.5, 1, 2, and 3 mM, respectively; Lane M,
molecular weight marker. After IPTG addition, culture continued for 3 h at 27°C. Arrows show the

position of the recombinant peptide.

—— Conc. of expressed protein —#—Bacterial growth curve
(mg/L) (OD600 nm)

[
U

Conc. of expressed protein (mg/L)
Bacterial growth curve (OD600 nm)

37°cah 1 1
' ]
1ImM IPTG —
{ i
IPTG . 1 o5
addition 27°C 0-20h =
L t L 1 } 1 L } I 1 i L ; | X y i L 0

Incubation period (h)

Fig. 2.6. The time-course of the fusion protein production

E. coli BL21(DE3) harboring pET28a-BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-Hindllll was
inoculated at a ratio of 1:100 (vol:vol) into 60 ml LB medium and incubated at 37°C for about 4 h up to an
ODgq value of 1. Then, protein expression was induced by addition of 1 mM IPTG followed by culture at
27°C for 20 h. The fusion protein was purified by a His-tag column from samples obtained at the indicated

times. The expression level of the fusion protein was monitored by a protein assay.

2.3.4. Western blot analysis of the fusion antigen peptide

Western blotting was performed to confirm expression of CTB-linker-Cry j 1 epi-Cry j 2
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epi-Flag. The purified recombinant antigen peptide was recognized by anti-Flag (Fig. 2.7A) and
anti-CTB antibodies (Fig. 2.7B). This result demonstrated that the recombinant antigen peptide
Cry j 1 epi-Cry j 2 epi flanked by CTB and Flag was successfully expressed in E.coli

BL21(DE3).

Fig. 2.7. Western blot analysis of the purified fusion antigen peptide

(A) Western blot with an anti-Flag antibody. (B) Western blot with an anti-CTB antibody. Lanes 1-5,
purified CTB-Linker-Cry j 1 epi- Cry j 2 epi-Flag (34.65 kDa). Lanes contained 2.5, 1.25, 0.85, 0.63, and
0.5 pg of the purified protein, respectively. Lane 6, purified fraction from E. coli harboring pET28a(+)

without the DNA insert (negative control).

To examine antigenicity of the antigen peptide, western blot experiments using anti-Cry j
1 and anti-Cry j 2 as primary antibodies were also performed (Fig. 2.8). The result showed that
the purified recombinant antigen peptide with molecular weight of 34.65 kDa was reactive
against anti-Cry j 1 (Fig. 2.8A) and anti-Cry j 2 (Fig. 2.8B) antibodies. In addition, a false
positive band with a molecular weight of ~45 kDa observed in Fig. 2.8A is considered to be a
protein from E. coli host that could not be removed by the His-tag affinity column purification. As
shown in Fig. 2.5A, both the affinity-purified protein fractions from the recombinant E. coli and

the negative control (E coli containing pET28a(+) without insert) contained the ~45 kDa band.
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It should be also noted that a false band corresponding to the size of the commercial Cry
j 1 antigen (Lane 1, Fig. 2.8B) is a result of cross-reactivity between Cry j 1 antigen and anti-Cry

J 2 antibody.

kDa
kDa
144 —
84.7— —144
—84.7
47.3—
— 473
31.3— —31.3
27.7— —257
17.4— —17.4

Fig. 2.8. Antigenicities of the purified fusion antigen peptide

(A) Western blot with an anti-Cry j 1 antibody (1:500 dilution). Lanes 1, commercial Cry j 1 antigen
(0.075 pg, 50 kDa). Lanes 2, commercial Cry j 2 antigen (0.075 ug, 37 kDa); Lanes 3-7, purified
CTB-Linker-Cry j 1 epi- Cry j 2 epi-Flag (34.65 kDa). Lanes contained 2.40, 1.80, 1.20, 0.60 and 0.12 pg

of the purified protein, respectively.

(B) Western blot with an anti-Cry j 2 antibody (1:5000 dilution). Lanes 1, commercial Cry j 1 antigen
(0.075 pg, 50 kDa). Lanes 2, commercial Cry j 2 antigen (0.075 ug, 37 kDa); Lanes 3-6, purified
CTB-Linker-Cry j 1 epi- Cry j 2 epi-Flag (34.65 kDa). Lanes contained 1.44, 0.72, 0.36 and 0.12 pg of the

purified protein, respectively.
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2.4. Discussion

The current treatments of CJ pollinosis are mostly medication using Hi-antihistamines
corticosteroids and other drugs to suppress allergic and inflammatory reactions. However, these
symptomatic therapies have no curative effect and the pollinosis returns in the next season.
Therefore, allergen vaccination is an alternative to control this pollinosis effectively by
decreasing allergy through immunotolerance. However, administration of whole antigens may
cause anaphylaxis because the antigens contain epitopes which react with allergen-specific IgE on
the cell surface of mast cells. Thus, peptide vaccines using T-cell epitopes which lack IgE-binding

activity would be an effective and safe immunotherapy for allergic diseases.

The fusion gene, ctb-linker-cry j 1 epi- cry j 2 epi-flag expressed in E. coli was purified
to high homogeneity by a His-tag affinity column, providing approximately 120 mg/L of the
recombinant protein in the culture. Reactivity of the antigen protein to anti-CTB and anti-FLAG
antibodies as well as antigenicity against anti-Cry j 1 and anti-Cry j 2 antibodies were confirmed
by western blot analysis. Thus it was shown that the whole recombinant protein was expressed

and existed stably in E. coli expression system.

The result also indicated that anti-Cry j 1 antibody recognized the purified recombinant
antigen peptide much more weakly than anti-Cry j 2 antibody. This seems to be low amount of
paratopes in the polyclonal anti-Cry j 1 antibody which can recognize epitopes of the
recombinant antigen peptide. Actually, the antibody diluted to 1:5000 did not give a positive band
while the same antibody diluted to 1:500 revealed a positive band corresponding to the
recombinant antigen peptide (34.65 kDa) (Fig. 2.8A). It should be noted that a false band of ~45
kDa which appeared in Fig. 2.8A is considered to be a protein from E. coli host. In Fig. 2.5A,
both the affinity-purified protein fractions from the recombinant E. coli and the negative control

(E coli containing pET28a(+) without insert) contained the ~45 kDa band.

In addition, we found that the commercial Cry j 1 antigen and anti-Cry j 2 antibody

crossreacted, resulting in a false positive band corresponding to the size of the Cry j 1 antigen
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(Lane 1, Fig. 2.8B). The result also indicated that the apparent molecular weight of the
commercial Cry j 1 antigen visualized on SDS-PAGE was much lower than 50 kDa (Code No.

HBL-C-1, Hayashibara, Japan).

The present study indicates that production of sufficient amounts of recombinant
proteins for immunotherapy may be possible by recombinant techniques using E. coli or other
bacterial strains for protein expression. This efficient production system will help us to obtain
purified recombinant peptides containing T-cell epitopes, which may be used in oral or sublingual
administration for immunotherapy of pollinosis [39,40]. The DNA construct of the T-cell epitope
peptide prepared in this study may be employed to generate GRAS (generally recognized as safe)

bacterial strains expressing T-cell epitopes for edible vaccines.
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CHAPTER 111

Expression of recombinant T-cell epitopes of major Japanese cedar pollen
allergens fused with cholera toxin B subunit in Brevibacillus choshinensis

3.1. Introduction

One of the most popular organisms used for recombinant protein production is the
Gram-negative bacterium E. coli. Despite its advantages, there are some well-known drawbacks
of using E.coli for recombinant protein expression, including contamination by pyrogen. E. coli
contains lipopolysaccharide (LPS) referred to as endotoxin which locates in the outer membrane
of E. coli and causes fever in humans and animals. In addition, another disadvantage for
production of recombinant protein in E. coli is an inefficient system for translocation and
secretion of expressed proteins, which make it difficult to purify a large amount of expressed

proteins by simple purification procedures.

In contrast to E. coli, the expression of recombinant antigen peptide in Brevibacillus
choshinensis (Bacillus brevis) seems to be an interesting alternative system. The Gram-positive
bacterium B. choshinensis is well-known for its contributions to produce industrially relevant
recombinant proteins, enzymes, antigens and cytokines [41,42]. It has been developed as an
attractive host because it is non-pathogenic to humans and is considered as a safe microorganism,
which is a considerable advantage when the protein is purified for medical purposes. Furthermore,
it exhibits a well-established host-vector system for the production of foreign proteins, especially
secretory proteins. Thus, the expressed recombinant protein can be easy purified from culture
supernatant. Moreover, B. choshinensis produces little or no detectable extracellular proteases.
Therefore, the secreted and produced recombinant protein is not degraded by the protease activity
and the yield of the recombinant protein can be maintained stably. These unique characteristics of
B. choshinensis make it one of the most promising hosts for the production of recombinant
proteins [43,44].
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Recently, a great number of research papers have been published on the cloning and
expression of a-amylase from B. licheniformis (BLA) [45-48]. It was shown that a high-level
production of approximately 0.2 mg/ml recombinant BLA was obtained in the culture supernatant
when B. choshinensis was used as a host bacterium [49-52]. To utilize the effective secretion of
BLA, the fusion antigen was linked to BLA to design a genetically engineered fusion antigen

peptide, BLA-Linker-CTB-Linker-Cry j 1 epi-Cry j 2 epi-FLAG.

In this study, B. choshinensis and pNC-HisT were used as a host for overproduction and as an
expression-secretion vector, respectively. Two fusion antigen genes, BamHI-ctb-linker-cry j 1
epi-cry j 2 epi-flag-stop-terminator-Hindlll and BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2
epi-flag-stop-terminator-Hindlll were constructed by stepwise PCR and overlap extension PCR
methods. Then, the fusion antigen genes were introduced into pNC-HisT vectors and expressed in

B. choshinensis.
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3.2. Materials and Methods
3.2.1. Bacterial strains, plasmid, and reagents
Plasmids and bacterial strains used in the study are listed in Table 3.1.

The pNC-HisT plasmid and Brevibacillus choshinensis used for expression of antigen
peptides and a-amylase (BLA) were purchased from Takara Bio (Ohtsu, Japan). E. coli JIM109
(Takara Bio) was used for DNA manipulation. The E. coli strain was grown in LB medium at 37
°C. The B. choshinensis was grown in various media including MT, TM and 2SY (Appendix) at
30 °C. Ampicillin (Sigma-Aldrich Japan, Tokyo, Japan), kanamycin (Wako Pure Chemical
Industries, Osaka, Japan) and Neomycin (Wako Pure Chemical Industries) were used at the final
concentration of 100 pg/ml, 50 pg/ml and 10 pg/ml, respectively. Restriction enzymes and a
DNA ligation kit (Mighty mix) were purchased from Takara Bio. HISTALON xTractor buffer and
TALON columns were purchased from Clontech Laboratories (Mountain View, CA, USA). All

the PCR primers were supplied by Life Technologies Japan (Tokyo, Japan).
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Table 3.1. Plasmids and bacterial strains used in the study

. o Bacterial Antibiotic
Plasmid Description ) ) Purpose
strain resistance*
. . Containing
pET28a(+)-ctb-linker-cry j . . . . R .
. . . ctb-linker-cry j 1 epi-cry | E. coli IM109 Kan Cloning
1 epi-cry j 2 epi-flag ) :
] 2 epi-flag
Negative
pPNC-HisT - B. choshinensis Nm® control for
expression
E. coli IM109 Amp" Cloning
) Containing —
pPNC-HisT-BLA Positive
a-amylase (BLA) . .
B. choshinensis Nm control for
expression
Containin : R .
ONC-HisT-ctb-linker-cry j 1 _ ' Y ' E. coli IM109 Amp Cloning
. . . ctb-linker-cry j 1 epi-cry
epi-cry j 2 epi-flag-stop ] )
terminator 12 epl-f-lag-stop B. choshinensis NmR Expression
-terminator
Containing _ . _
PNC-HisT-BLA-linker-ctb BLA-linker-ctb E. coli IM109 Amp Cloning
-linker-cry j 1 epi-cry j 2 -linker-cry j 1 epi-cry j
epi-flag-stop-terminator 2 epi-flag-stop B. choshinensis NmR Expression
-terminator

*Antibiotics indicated are: Kan - Kanamycin; Nm - Neomycin; Amp - Ampicillin

3.2.2. Construction of fusion genes by PCR amplification
3.2.2.1. Construction of BamHI-BLA-stop-terminator-HindlII

The fusion gene of BamHI-BLA-stop-terminator-Hindlll (Fig. 3.2) was acquired by PCR
amplification using pNY326-BLA plasmid (Code No. HB114, Takara Bio) as the template which
has the gene encoding Bacillus licheniformis a-amylase (BLA). The forward primer
BamHI-BLA-F (5’- GATGGATCCGCAGCAGCGGCGGCAAATCTT-3’, BamHI site is indicated
in bold and the sequence in italics corresponds to the beginning of the BLA gene) and reverse

primer Hindlll-terminator-R (5’-CCGAAGCTTCAAAGAAATTTATAAGACGGG-3’, Hindlll site
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is indicated in bold, and the sequence in italics is complementary to the 3’ end of the terminator).
PCR was accomplished with fidelity KOD-Plus DNA polymerase (Toyobo, Osaka, Japan). PCR
profiles included an initial step at 94 °C for 2 min, followed by 25 cycles of denaturing at 94 °C
for 15 sec, annealing at 60 °C for 30 sec and elongation at 68 °C for 1.5 min. The PCR product

was purified by using PCR purification kit (Qiagen K. K., Tokyo, Japan).

3.2.2.2. Construction of fusion gene BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindll|

The fusion gene BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-HindlIll (Fig.
3.3) was constructed by linking two sequences, including BamHI-ctb-linker-cry j 1 epi-cry j 2

epi-flag and stop-terminator-HindlIll by overlap extension PCR method as follows:

Step #1. Construction of BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-(overlap

stop-terminator)

Recombinant plasmid of pET28a(+)-ctb-linker-cry j 1 epi-cry j 2 epi-flag from the
recombinant E. coli JM109 (chapter Il) was used as the template to amplify the fusion gene
ctb-linker-cry j 1 epi-cry j 2 epi-flag. Then, the sequence of (overlap stop-terminator) was linked
to the 3’ end of the ctb-linker-cry j 1 epi-cry j 2 epi-flag using the forward primer BamHI-ctb-F
(as described in 2.2.3 of chapter Il) and reverse primer (overlap stop-terminator)-flag-R
(5-TGCTCTTCTACTTGTCATCGTCGTCTTTGT-3’, the sequence indicated in bold overlaps
with the first 10 bp of the 5’ end sequence of the stop-terminator-Hindlll gene, and the sequence

in italics is complementary to the flag gene ).
Step #2. Construction of (overlap flag)-stop-terminator-Hindlll

The stop-terminator-Hindlll ~ fusion gene was amplified from the template
BamHI-BLA-stop-terminator-HindlIl which was constructed as described in 3.2.2.1. Then, the
sequence of (overlap flag) was linked to the 5’ end of the stop-terminator-Hindlll using the

forward primer (overlap flag)-stop-terminator-F
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(5’-CGATGACAAGTAGAAGAGCAGAGAGGACGG-3, the sequence indicated in bold overlaps
with the last 10 bp of the 3” end sequence of the flag, and the sequence in italics corresponds to

the to the stop-terminator) and the reverse primer Hindlll-terminator-R.
Step #3. Linking of the two constructs by overlap extension PCR

The fusion gene BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-HindlIl was
constructed by overlap extension PCR using the purified PCR products of steps #1 and #2 as
DNA templates. The final fusion gene was amplified by adding the forward primer BamHI-ctb-F

and the reverse primer Hindlll-terminator-R.

3.2.2.3. Construction of fusion gene BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2

epi-flag-stop-terminator-HindlIlI

The BLA-linked fusion antigen gene of BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2
epi-flag-stop-terminator-Hindlll (Fig. 3.4) was constructed by linking two sequences which are
BamHI-BLA-linker and ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindlll by overlap

extension PCR method as follows:
Step #1. Construction of BamHI-BLA-linker-(overlap ctb)

The BamHI-BLA-stop-terminator-Hindlll fusion gene was used as a template for the first
PCR to construct BamHI-BLA-linker fusion gene. The sequence of the linker was linked to BLA
by PCR wusing the forward primer BamHI-BLA-F and reverse primer linker-BLA-R
(5’-TCCGCTACCTCCGCCTCTTTGAACATAAATTGAAA-3’, the sequence indicated in bold
corresponds to the linker and the sequence in italics is complementary to the BLA gene). Then,
using the BamHI-BLA-linker fusion gene as the template, PCR was performed to link the
sequence of (overlap ctb) to the 3’ end of the BamHI-BLA-linker fusion gene using the forward
primer BamHI-BLA-F and reverse primer (overlap ctb)-linker-BLA-R

(5-TTTGAGGTGTTCCGCTACCTCCGCCTCTTT-3’, the sequence indicated in bold overlaps
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with the first 10 bp of the 5° end sequence of the ctb gene, and the sequence in italics is

complementary to the linker and linker-BLA gene).

Step  #2. Construction of (overlap linker)-ctb-linker-cry j 1 epi-cry | 2

epi-flag-stop-terminator-HindllII

The ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindlll fusion gene was amplified from
the template BamHlI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindlll which was
constructed as described in 3.2.2.2. Then, the sequence of (overlap linker) was linked to the 5’ end of
the ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-HindlIl fusion gene using the forward primer
(overlap linker)-ctb-F (5>~ AGGTAGCGGAACACCTCAAAATATTACTGA-3’, the sequence indicated
in bold overlaps with the last 10 bp of the 3’ end sequence of the linker, and the sequence in

italics corresponds to the to the ctb gene) and the reversed primer HindllI-terminator-R.

Step #3. Linking of the two constructs by overlap extension PCR

The fusion gene BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-Terminator-HindIl|
was constructed by overlap extension PCR using the purified PCR products of steps #1 and #2 as
DNA templates. The final fusion gene was amplified by adding the forward primer

BamHI-BLA-F and the reverse primer Hindlll-terminator-R.

3.2.3. Construction of recombinant plasmids and transformation

B. choshinensis and pNC-HisT (Fig. 3.1) were used as a host for overproduction and as
an expression-secretion vector, respectively. pNC-HisT is a shuttle vector between B.
choshinensis and E. coli derived from partially altered pNCMO?2, a secretory expression vector.
The pNC-HisT contains P2 promoter, which is one of five promoters driving transcription of cell
wall protein (HWP) gene and does not work in E. coli. In B. choshinensis cells, P2 promoter
works as very strong promoter, enabling efficient protein production. This vector is constructed
with insertion of a His-Tag sequence (6x His) located at the downstream of the secretion signal

peptide and Thrombin cleavage site is inserted so that the His-Tag can be removed from the
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fusion expression protein.

Lac operator
P2 promoter | sec signal peptide

i~ His-Tag
e k') // _MCs

ColE1 ori ori

—

| pPNC-HisT |
(5,260 bp) y

AmpR

NmR

AAGGCGCCGCAACTTTITGATTCGCTCAGGCGTTTAATAGGATGTAATTGTGAGCGGATAA
P2-35 P2-10 lac operator

CAATTATTCTGCATGGCTTTCCTGCGAAAGGAGGTGACACGCGCTTGCAGGATTCGGGIT
501

TTAAAAAGAAAGATAGATTAACAACAAATATTCCCCAAGAACAATTTGTTTATACTAGAG
sD2

Hpal
GAGGAGAACACAAGGTCATGAAAAAAAGAAGGGTCGTTAACAGTGTATTGCTTCTGCTALC
M K K R R VV N SV L L L L
Neo |

TGCTAGCTAGTGCACTCGCACTTACTGTTGCTCCCATGGCTTTCGCTGCAGGTAGCCACC
L L ASALALTVAPMATF AgQA G S H

Sec Signal peptide Signal cleavage

| Cloning site

BamH | Xba Xhol EcoRl  Kpnl
|

| I |
ATCACCATCACCATCTGGTTCCACGTGGATCCGTCGATCTAGACTCGAGGAATTCGGTAC

HHHHMHL VP R G 5
His-Tag Thrombin

|
Smal BstBI  dal Hind Il

-1 | — 1
CCCGGGTTCGAAATCGATAAGCTTCGGCATTATAG

Fig. 3.1. Schematic structure of pNC-HisT vector
(Code No. HB121, Takara Bio)
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E. coli IM109 was used for DNA manipulation as well as cloning. The fusion antigen peptide
expression vectors were constructed as follows. The BamHI/HindllI-digested fragments of
BamHI-BLA-stop-terminator-Hindlll; BamHI-ctb-linker-cry ] 1 epi-cry  j 2
epi-flag-stop-terminator-Hindlll and BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2
epi-flag-stop-terminator-Hindlll were cloned into BamHI/Hindlll sites of pNC-HisT vectors
using a DNA ligation kit (Takara Bio) to construct pNC-HisT-BLA-stop-terminator (Fig. 3.2),
PNC-HisT-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator (Fig. 3.3) and
pPNC-HisT-BLA-linker-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator (Fig. 3.4),
respectively. All the restriction enzyme digestion products were purified from agarose gel using

Gel Extraction Kit (Qiagen).

E. coli JM109 competent cells were transformed with the recombinant cloning plasmids.
Positive colonies were selected on LB/ampicillin plates and confirmed by colony PCR using the
forward primer pNC-F (5-CGCTTGCAGGATTCGG-3’) and the reverse primer pNC-R
(5’-CAATGTAATTGTTCCCTACCTGC-3"). The recombinant plasmids were extracted using a
Spin Miniprep Kit (Qiagen) and DNA sequencing was performed using the dye-terminator
method by Bio Matrix Research (Nagareyama, Japan) to analyze the nucleotide sequences and

the orientations of the inserts in the recombinant plasmids.

Then, B. choshinensis competent cells were transformed with the expression plasmids,
according to the manufacturer’s instructions using B. choshinensis competent cells (Cat. #HB116,

Takara Bio) as below:

B. choshinensis competent cells were thawed quickly in a water bath at 37 °C for 30 sec,
followed by centrifugation at 12,000 rpm for 1 min to form a cell pellet. The recombinant
plasmids (50 ng) extracted from E. coli JIM109 in 50 pl of Solution A (Appendix) were incubated
with the bacterial cell pellets at room temperature for 5 min. Then, 150 ul of Solution B (PEG
solution, Appendix) was added to the mixtures and mixed by vortex until the solution was

uniform. After centrifugation of the cells at 5,000 rpm for 5 min 1 ml of MT medium (Appendix)
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was added to the cell pellet and suspended completely with a micropipette. The competent cells
were incubated at 37 °C with shaking (120 rpm) for 2 h and then applied on a MT medium plate

supplemented with neomycin and cultured overnight at 37 °C.

Positive colonies were selected on LB/neomycin plates and confirmed by colony PCR.

Lac operator Stop codon
Sec signal BamHI Terminator
P2 promoter |Hmd[l1

—— s )y | Histag ] g-amylase (BLA)
pNC-HisT vector 1461 bp pNC-HisT vector

Fig. 3.2. Schematic diagram of the BLA gene in the pNC-HisT vector

Lac operator Stop codon
" Flag g
Sec signal BamHI Linker ) ) ' Terminator
P2 promoter | cth | cayjlepi cyj2epi |HdeII
e |
o | D> 60—
pNC-HisT vector 309 bp 189 bp 267 bp pNC-HisT vector

Fig. 3.3. Schematic diagram of the fusion gene in the pNC-HisT vector

Lac operator N Stop codon
a "
Sec signal BamHI Linker Linker ) ‘ ‘ € | Terminator
P2 promoter ! | cth | cyjlepi cryj2epi |Html]l1
—— — Oy i g | a-ampylase (BLA)>$>> » >> >’4d_
pNC-HisT vector 1461 bp 309 bp 189 bp 267 bp pNC-HisT vector

Fig. 3.4. Schematic diagram of the BLA-linked fusion gene in the pNC-HisT vector

-38-



3.2.4. Expression of target proteins by Brevibacillus recombinants

The production of the target proteins may vary across transformants depending on the nature
of the target proteins. The size of colonies may also vary. Thus, six to ten colonies were selected
at random (including both large and small colonies) for incubating in culture tubes. A single
positive colony of B. choshinensis transformed by pNC-HisT-BLA-stop-terminator,
pPNC-HisT-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator or
PNC-HisT-BLA-linker-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator was inoculated into
both 10 ml of 2SY and TM liquid media (Appendix) containing neomycin (10 pg/ml) in culture
tubes (916 mm). Incubation was conducted at 30 °C with shaking at 120 rpm for 24-72 h. During
the incubation, aliquots of the culture were taken every 24 h to confirm target protein production.
At the end of incubation, the supernatant fractions were recovered by centrifugation at 5,000 xg
for 5 min. The cell pellets were suspended and lysed with an equal volume of HisTALON

xTractor buffer containing DNasel and lysozyme.

A negative control including pNC-HisT vector without insert DNA was used to confirm
protein production by comparative analysis. SDS-PAGE analysis was performed on both the
supernatant and pellet fractions, followed by western blot analysis to detect the expression of the

target proteins.

Purification of the recombinant His-tagged protein using TALON Spin Columns was
performed according to the manufacturer’s instructions. Protein yield was measured by a Pierce
BCA Protein Assay Reagent Kit (Thermo Scientific, Rockford, IL, USA) using bovine serum

albumin as a standard.

3.2.5. SDS-PAGE

The protein samples mixed with an equal volume of 2x SDS-PAGE sample buffer were

heated at 95°C for 5 min and loaded on on a commercial 12.5 % polyacrylamide gel (ePAGEL)
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(Atto, Tokyo, Japan). Gel electrophoresis was carried out at 180V, 40A for 1h. Proteins were

visualized by staining with Coomassie brilliant blue R-250.

3.2.6. Western blotting

Western blot analysis was carried out to test the antigenicities of the expressed peptide as

described in Materials and methods 2.2.5 of chapter II.

3.3. Results
3.3.1. Construction of fusion genes

The fusion genes were constructed by stepwise PCR and overlap extension PCR as described
in the Materials and Methods. The sizes of resultant PCR products visualized on the agarose gel
were in good agreement with the calculated sizes (Fig. 3.5), suggesting that the fusion genes were

constructed successfully by these methods.

The final products were cloned into pNC-HisT vector for protein expression. The results of
sequencing analysis of the inserted DNA showed that the nucleotide sequences and amino acid
sequences were identical to the designed sequences and had the correct orientation in the

expression plasmids (Fig. 3.6).
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Fig. 3.5. Electrophoretic analysis of products acquired from overlap extension PCR

(A) PCR product in the construction of BamHI-BLA-stop-terminator-Hindlll: Lane 1, 200 bp marker;
Lane 2, The final product of BamHI-BLA-stop-terminator-HindIll (1552 bp). (B) PCR products in the
construction of BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindlll: Lane 1, (overlap
flag)-stop-terminator-Hindlll (92 bp); Lane 2, BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-(overlap
stop-terminator) (823 bp); Lane 3, The final product of BamHI-ctb-linker-cry j 1 epi-cry j 2
epi-flag-stop-terminator-Hindl11 (895 bp); Lane 4, 200 bp marker. (C) PCR products in the construction of
BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindlll: Lane 1, 200 bp marker;
Lane 2, (overlap linker)-cth-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-HindlIl (896 bp); Lane 3,
BamHI-BLA-linker-(overlap  ctb) (1495  bp); Lane 4, The final product  of

BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindlll (2371 bp).

(A)

Nucleotide sequence of BamHI-BLA-stop-terminator-Hindl11

GATGGATCC---GCAGCAGCGGCGGCAAATCTTAATGGGACGCTGATGCAGTATTTTGAATGGTA
CATGCCCAATGACGGCCAACATTGGAAGCGCTTGCAAAACGACTCGGCATATTTGGCTGAACA

CGGTATTACTGCCGTCTGGATTCCCCCGGCATATAAGGGAACGAGCCAAGCGGATGTGGGCTA
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CGGTGCTTACGACCTTTATGATTTAGGGGAGTTTCATCAAAAAGGGACGGTTCGGACAAAGTA
CGGCACAAAAGGAGAGCTGCAATCTGCGATCAAAAGTCTTCATTCCCGCGACATTAACGTTTA
CGGGGATGTGGTCATCAACCACAAAGGCGGCGCTGATGCGACCGAAGATGTAACCGCGGTTG
AAGTCGATCCCGCTGACCGCAACCGCGTAATTTCAGGAGAACACCGAATTAAAGCCTGGACA
CATTTTCATTTTCCGGGGCGCGGCAGCACATACAGCGATTTTAAATGGCATTGGTACCATTTTGA
CGGAACCGATTGGGACGAGTCCCGAAAGCTGAACCGCATCTATAAGTTTCAAGGAAAGGCTT
GGGATTGGGAAGTTTCCAATGAAAACGGCAACTATGATTATTTGATGTATGCCGACATCGATTAT

GACCATCCTGATGTCGCAGCAGAAATTAAGAGATGGGGCACTTGGTATGCCAATGAACTGCAA

TTGGACGGTTTCCGTCTTGATGCTGTCAAACACATTAAATTTTCTTTTTTGCGGGATTGGGTTAA
TCATGTCAGGGAAAAAACGGGGAAGGAAATGTTTACGGTAGCTGAATATTGGCAGAATGACTT
GGGCGCGCTGGAAAACTATTTGAACAAAACAAATTTTAATCATTCAGTGTTTGACGTGCCGCT
TCATTATCAGTTCCATGCTGCATCGACACAGGGAGGCGGCTATGATATGAGGAAATTGCTGAAC
AGTACGGTCGTTTCCAAGCATCCGTTGAAAGCGGTTACATTTGTCGATAACCATGATACACAGC
CGGGGCAATCGCTTGAGTCGACTGTCCAAACATGGTTTAAGCCGCTTGCTTACGCTTTTATTCT
CACAAGGGAATCTGGATACCCTCAGGTTTTCTACGGGGATATGTACGGGACGAAAGGAGACTC
CCAGCGCGAAATTCCTGCCTTGAAACACAAAATTGAACCGATCTTAAAAGCGAGAAAACAGT
ATGCGTACGGAGCACAGCATGATTATTTCGACCACCATGACATTGTCGGCTGGACAAGGGAAG
GCGACAGCTCGGTTGCAAATTCAGGTTTGGCGGCATTAATAACAGACGGACCCGGTGGGGCA
AAGCGAATGTATGTCGGCCGGCAAAACGCCGGTGAGACATGGCATGACATTACCGGAAACCG
TTCGGAGCCGGTTGTCATCAATTCGGAAGGCTGGGGAGAGTTTCACGTAAACGGCGGGTCGG
TTTCAATTTATGTTCAAAGA---TAG---AAGAGCAGAGAGGACGGATTTCCTGAAGGAAATCCGTTTT

TTTATTTTGCCCGTCTTATAAATTTCTTTG---AAGCTTCGG

Amino acid sequence of BLA
AAAAANLNGTLMQYFEWYMPNDGQHWKRLQNDSAYLAEHGITAVWIPPAYKGTSQADVGYGA
YDLYDLGEFHQKGTVRTKYGTKGELQSAIKSLHSRDINVYGDVVINHKGGADATEDVTAVEVDPA

DRNRVISGEHRIKAWTHFHFPGRGSTYSDFKWHWYHFDGTDWDESRKLNRIY KFQGKAWDWEV
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SNENGNYDYLMYADIDYDHPDVAAEIKRWGTWYANELQLDGFRLDAVKHIKFSFLRDWVNHVR
EKTGKEMFTVAEYWQNDLGALENYLNKTNFNHSVFDVPLHYQFHAASTQGGGYDMRKLLNST
VVSKHPLKAVTFVDNHDTQPGQSLESTVQTWFKPLAYAFILTRESGYPQVFYGDMYGTKGDSQRE
IPALKHKIEPILKARKQYAYGAQHDYFDHHDIVGWTREGDSSVANSGLAALITDGPGGAKRMYVG

RONAGETWHDITGNRSEPVVINSEGWGEFHVNGGSVSIYVQR

(B)

Nucleotide sequence of BamHI-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-HindI11

GCG---GGATCC---ACACCTCAAAATATTACTGATTTGTGTGCAGAATACCACAACACACAAATAC
ATACGCTAAATGATAAGATATTTTCGTATACAGAATCTCTAGCTGGAAAAAGAGAGATGGCTATC
ATTACTTTTAAGAATGGTGCAACTTTTCAAGTAGAAGTACCAGGTAGTCAACATATAGATTCAC
AAAAAAAAGCGATTGAAAGGATGAAGGATACCCTGAGGATTGCATATCTTACTGAAGCTAAAG
TCGAAAAGTTATGTGTATGGAATAATAAAACGCCTCATGCGATTGCCGCAATTAGTATGGCAAAT
---GGCGGAGGTAGCGGA---CAGAACCGTATGAAACTGGCGGATTGCGCGGTGGGCTTTGGATC
GAAAATGCCGATGTATATTGCGGGCTATAAAACGTTCGATGGCCGTCCGTGCGTGTTCATTAAA
CGTGTGAGCAACGTGATTATTCATGGCCTGCATCTGTATGGCAGCATGAAAGTGACGGTGGCG
TTCAACCAGTTCGGCCCG---GGCATTATTGCGGCGTATCAGAACCCGGCGAGCTGGAAACAGT
TCGCGAAACTGACGGGCTTCACGCTGATGGGCATTGATATTTTCGCGAGCAAAAACTTCCATCT
GCAGAAAAACACGATTGGCACGGGCAGCCGTGCGGAAGTGAGCTATGTGCATGTGAACGGCG
CGAAATTCTGCAAAGATATTAAACTGAGCGATATTAGCCTGAAACTGACGAGCGGCAAAATTG

CGAGCTGCCTGAACGATAACGCGAACGGCTATTTC---GACTACAAAGACGACGATGACAAG---T

AG---AAGAGCAGAGAGGACGGATTTCCTGAAGGAAATCCGTTTTTTTATTTTGCCCGTCTTATA

AATTTCTTTGAAGCTTCGG

Amino acid sequence of CTB-Linker-Cry j 1 epi-Cry j 2 epi-FLAG

TPONITDLCAEYHNTQIHTLNDKIFSYTESLAGKREMAIITFKNGATFQVEVPGSQHIDSQKKAIER
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MKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANGGGSGQNRMKLADCAVGFGSKMPMY A
GYKTFDGRPCVFIKRVSNVIIHGLHLY GSMKVTVAFNQFGPGIIAAY QNPASWKQFAKLTGFTLMG
IDIFASKNFHLOQKNTIGTGSRAEVSYVHVNGAKFCKDIKLSDISLKLTSGKIASCLNDNANGYFDY

KDDDDK

(©

Nucleotide sequence of BamHI-BLA-linker-ctb-linker-cry j 1 epi-cry j 2 epi-flag-stop-terminator-Hindl 11

GATGGATCC---GCAGCAGCGGCGGCAAATCTTAATGGGACGCTGATGCAGTATTTTGAATGGTA
CATGCCCAATGACGGCCAACATTGGAAGCGCTTGCAAAACGACTCGGCATATTTGGCTGAACA
CGGTATTACTGCCGTCTGGATTCCCCCGGCATATAAGGGAACGAGCCAAGCGGATGTGGGCTA
CGGTGCTTACGACCTTTATGATTTAGGGGAGTTTCATCAAAAAGGGACGGTTCGGACAAAGTA
CGGCACAAAAGGAGAGCTGCAATCTGCGATCAAAAGTCTTCATTCCCGCGACATTAACGTTTA
CGGGGATGTGGTCATCAACCACAAAGGCGGCGCTGATGCGACCGAAGATGTAACCGCGGTTG
AAGTCGATCCCGCTGACCGCAACCGCGTAATTTCAGGAGAACACCGAATTAAAGCCTGGACA
CATTTTCATTTTCCGGGGCGCGGCAGCACATACAGCGATTTTAAATGGCATTGGTACCATTTTGA
CGGAACCGATTGGGACGAGTCCCGAAAGCTGAACCGCATCTATAAGTTTCAAGGAAAGGCTT
GGGATTGGGAAGTTTCCAATGAAAACGGCAACTATGATTATTTGATGTATGCCGACATCGATTAT

GACCATCCTGATGTCGCAGCAGAAATTAAGAGATGGGGCACTTGGTATGCCAATGAACTGCAA

TTGGACGGTTTCCGTCTTGATGCTGTCAAACACATTAAATTTTCTTTTTTGCGGGATTGGGTTAA

TCATGTCAGGGAAAAAACGGGGAAGGAAATGTTTACGGTAGCTGAATATTGGCAGAATGACTT

GGGCGCGCTGGAAAACTATTTGAACAAAACAAATTTTAATCATTCAGTGTTTGACGTGCCGCT

TCATTATCAGTTCCATGCTGCATCGACACAGGGAGGCGGCTATGATATGAGGAAATTGCTGAAC

AGTACGGTCGTTTCCAAGCATCCGTTGAAAGCGGTTACATTTGTCGATAACCATGATACACAGC

CGGGGCAATCGCTTGAGTCGACTGTCCAAACATGGTTTAAGCCGCTTGCTTACGCTTTTATTCT

CACAAGGGAATCTGGATACCCTCAGGTTTTCTACGGGGATATGTACGGGACGAAAGGAGACTC

CCAGCGCGAAATTCCTGCCTTGAAACACAAAATTGAACCGATCTTAAAAGCGAGAAAACAGT
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ATGCGTACGGAGCACAGCATGATTATTTCGACCACCATGACATTGTCGGCTGGACAAGGGAAG

GCGACAGCTCGGTTGCAAATTCAGGTTTGGCGGCATTAATAACAGACGGACCCGGTGGGGCA

AAGCGAATGTATGTCGGCCGGCAAAACGCCGGTGAGACATGGCATGACATTACCGGAAACCG

TTCGGAGCCGGTTGTCATCAATTCGGAAGGCTGGGGAGAGTTTCACGTAAACGGCGGGTCGG

TTTCAATTTATGTTCAAAGA---GGCGGAGGTAGCGGA---ACACCTCAAAATATTACTGATTTGTG

TGCAGAATACCACAACACACAAATACATACGCTAAATGATAAGATATTTTCGTATACAGAATCTC

TAGCTGGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAACTTTTCAAGTAGAAGT

ACCAGGTAGTCAACATATAGATTCACAAAAAAAAGCGATTGAAAGGATGAAGGATACCCTGAG

GATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATGGAATAATAAAACGCCTCAT

GCGATTGCCGCAATTAGTATGGCAAAT---GGCGGAGGTAGCGGA---CAGAACCGTATGAAACTG

GCGGATTGCGCGGTGGGCTTTGGATCGAAAATGCCGATGTATATTGCGGGCTATAAAACGTTCG

ATGGCCGTCCGTGCGTGTTCATTAAACGTGTGAGCAACGTGATTATTCATGGCCTGCATCTGTAT

GGCAGCATGAAAGTGACGGTGGCGTTCAACCAGTTCGGCCCGGGCATTATTGCGGCGTATCAG

AACCCGGCGAGCTGGAAACAGTTCGCGAAACTGACGGGCTTCACGCTGATGGGCATTGATATT

TTCGCGAGCAAAAACTTCCATCTGCAGAAAAACACGATTGGCACGGGCAGCCGTGCGGAAGT

GAGCTATGTGCATGTGAACGGCGCGAAATTCTGCAAAGATATTAAACTGAGCGATATTAGCCTG

AAACTGACGAGCGGCAAAATTGCGAGCTGCCTGAACGATAACGCGAACGGCTATTTC---GACT

ACAAAGACGACGATGACAAG---TAG---AAGAGCAGAGAGGACGGATTTCCTGAAGGAAATCC

GTTTTTTTATTTTGCCCGTCTTATAAATTTCTTTG---AAGCTTCGG

Amino acid sequence of BLA-Linker-CTB-Linker-Cry j 1 epi-Cry j 2 epi-FLAG

AAAAANLNGTLMQYFEWYMPNDGQHWKRLQNDSAY LAEHGITAVWIPPAYKGTSQADVGYGA
YDLYDLGEFHQKGTVRTKYGTKGELQSAIKSLHSRDINVYGDVVINHKGGADATEDVTAVEVDPA
DRNRVISGEHRIKAWTHFHFPGRGSTY SDFKWHWYHFDGTDWDESRKLNRIY KFQGKAWDWEV
SNENGNYDYLMYADIDYDHPDVAAEIKRWGTWYANELQLDGFRLDAVKHIKFSFLRDWVNHVR

EKTGKEMFTVAEYWQNDLGALENYLNKTNFNHSVFDVPLHYQFHAASTQGGGYDMRKLLNST
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VVSKHPLKAVTFVDNHDTQPGQSLESTVQTWFKPLAYAFILTRESGYPQVFYGDMYGTKGDSQRE
IPALKHKIEPILKARKQYAYGAQHDYFDHHDIVGWTREGDSSVANSGLAALITDGPGGAKRMYVG
RONAGETWHDITGNRSEPVVINSEGWGEFHVNGGSVSIYVQRGGGSGTPQNITDLCAEYHNTQIH
TLNDKIFSYTESLAGKREMAIITFKNGATFQVEVPGSQHIDSQKKAIERMKDTLRIAYLTEAKVEKL
CVWNNKTPHAIAAISMANGGGSGQNRMKLADCAVGFGSKMPMYIAGYKTFDGRPCVFIKRVSN

VIIHGLHLYGSMKVTVAFNQFGPGIIAAY QNPASWKQFAKLTGFTLMGIDIFASKNFHLQKNTIGTG

SRAEVSYVHVNGAKFCKDIKLSDISLKLTSGKIASCLNDNANGYFDYKDDDDK

Fig. 3.6. Nucleotide and amino acid sequences of fusion proteins

BamHI and Hindlll sites are shown in bold italic and the stop codon in red. In amino acid sequences, the

linker and FLAG are indicated in blue and red, respectively.

(A) DNA sequence (1552 bp) and amino acid sequence of BLA (487 aa). (B) DNA sequence (895 bp) and
amino acid sequence of CTB-Linker-Cry j 1 epi-Cry j 2 epi-FLAG (268 aa). (C) DNA sequence (2371 bp)

and amino acid sequence of BLA-Linker-CTB-Linker-Cry j 1 epi-Cry j 2 epi-FLAG (760 aa).

3.3.2. Expression and purification of fusion antigen peptides
3.3.2.1. Expression of CTB-Linker-Cry j 1 epi-Cry j 2 epi-Flag

To examine the expression of the fusion antigen peptide, B. choshinensis harboring
pNC-HisT-BamHI-ctb-linker-cry j1 epi-cry j2 epi-flag-stop-terminator-Hindlll was grown in TM
and 2SY liquid media under varying culture conditions. SDS-PAGE was carried out on samples
from the culture supernatants and the pellets for expressed protein analysis. However, the
expression of the recombinant fusion protein with a molecular weight of 31.13 kDa was not
detected by SDS-PAGE analysis (Fig. 3.7). The experiments might have resulted in low-level
expression of the recombinant protein that can be detected only by western blotting. However, to
be applied to the practical purposes such as oral vaccines and purification of the antigen peptide

from the supernatant, expressionlevel was too low to meet this requirement.
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Fig. 3.7. Expression and purification of CTB-Linker-Cry j 1 epi-Cry j 2 epi-Flag

(1~3), recombinant B. choshinensis harboring pNC-HisT-ctb-linker-cry j 1 epi- cry j 2 epi; (+), Positive
control harboring pNC-HisT-BLA-stop-terminator; (-), Negative control harboring pNC-HisT vector

without insert DNA.

3.3.2.2. Expression and purification of BLA

To increase the expression level of the recombinant antigen protein, fusion of the antigen

protein to one of secretary proteins was attempted.

As shown in Figure 3.8, BLA (a-amylase) can be efficiently expressed into the supernatant
in the B. choshinensis expression system. Therefore, BLA can be a candidate of the fusion partner

of the recombinant antigen protein.

The recombinant B. choshinensis harboring pNC-HisT-BLA-stop-terminator was inoculated
in TM/neomycin and incubated at 30 °C for 48 h. SDS-PAGE analysis was carried out on the
culture supernatant to analyze the expression of BLA. A single band with high homogeneity was
obtained from eluted fractions on the His-tag affinity column. The molecular mass of the fusion
protein visualized on the gel was in good agreement with the theoretical mass (55.22 kDa) (Fig.
3.8). The result indicated that the efficient production and secretion of BLA into the culture

supernatant was achieved using this expression system.
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Fig. 3.8. Expression and purification of a-Amylase (BLA)

(A) Expression of BLA: (1~6), B. choshinensis harboring pNC-HisT-BLA,; (-), Negative control harboring

pPNC-HisT vector without insert DNA. (B) Purification of BLA on His-tag affinity column.

3.3.2.3. Expression and purification of the BLA-linked fusion antigen peptide

The recombinant B. choshinensis harboring pNC-HisT-BamHI-BLA-linker-ctb-linker-cry
j1 epi-cry j2 epi-flag-stop-terminator-Hindlll was grown in TM and 2SY liquid media under
varying culture conditions. SDS-PAGE was carried out on samples from the culture supernatants
and the pellets for expressed protein analysis. Figure 3.9 shows that the BLA-linked fusion
antigen peptide, BLA-Linker-CTB-Linker-Cry j1 epi-Cry j2 epi-FLAG with a molecular weight
of 85.25 kDa was not visualized on the gel. However, a protein fragment with a molecular weight
that corresponds to the size of BLA (55.22 kDa, positive control) was detected from the culture
supernatant (Fig. 3.9). In addition, a single band with high homogeneity was obtained from eluted
fractions on the His-tag affinity column (Fig. 3.10). These results suggest that the BLA-linked
fusion antigen peptide could be expressed in the B. choshinensis host. However, the expressed
recombinant protein was likely to be degraded by intra- or/and extra-cellular proteases, and the
resultant cleaved fragment containing BLA (55.22 kDa) was secreted into culture supernatant,

while the fragment of Linker-CTB-Linker-Cry j1 epi-Cry j2 epi-Flag (30.03 kDa) seemed to be
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degraded completely.

(Supernatant) (Pellet)

Fig. 3.9. Expression of the BLA-linked fusion antigen peptide (85.25 kDa)

(R), recombinant B. choshinensis harboring pNC-HisT-BamHI-BLA-linker-ctb-linker-cry j1 epi-cry
j2 epi-flag-stop-terminator-HindlIll; (+), Positive control, harboring pNC-HisT-BLA; (-), Negative

control, harboring pNC-HisT vector without insert DNA.

BLA, 55.22 kDa

Fig. 3.10. Purification of the BLA-linked fusion antigen peptide (85.25 kDa)

(c) Crude protein; (F1) Eluted fraction I; (F2) Eluted fraction II.
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To examine whether protease activity exists in the B. choshinensis host that might cause
proteolytic degradation of the BLA-linked fusion antigen peptide, we added protease inhibitor
cocktail for bacterial proteases (Sigma-Aldrich) during culture period to inactivate protease
activities. SDS-PAGE was carried out on the samples from culture supernatants and pellets for
the analysis of expressed protein. A band with a molecular weight corresponding to the size of
BLA (55.22 kDa) was obtained from the culture supernatant (Fig. 3.11A). Furthermore, a band
with a molecular weight corresponding to the size of Linker-CTB-Cry j1 epi-Cry j2 epi-Flag

(30.03 kDa) was also visualized on SDS-PAGE from cell pellets (Fig. 3.11B).

Protease inhibitor Protease inhibitor
addition N P addition <]
1 2 + -|1 2 + - kDa 1 2 o+ - kDa

55.22 kDa—
Target?

30.03 kDa—
Target?

(A) (B)

(Supernatant) (Pellet)

Fig. 3.11. Expression of the BLA-linked fusion antigen peptide in the presence of protease inhibitors

(1-2), B. choshinensis harboring pNC-HisT-BamHI-BLA-linker-ctb-linker-cry j1 epi-cry j2
epi-flag-stop-terminator-Hindlll; (+), Positive control harboring pNC-HisT-BLA-stop-terminator; (-),

Negative control harboring pNC-HisT vector without insert DNA.

3.3.3. Western blot analysis of the fusion antigen peptide
Western blotting was performed to confirm expression of the BLA-linked fusion antigen
peptide in the presence of protease inhibitors. The BLA-linked fusion antigen peptides (85.25

kDa) and the degraded fragments (30.03 kDa) were recognized by anti-FLAG (Fig. 3.12A) and
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anti-CTB antibodies (Fig. 3.12B). These results demonstrated that the recombinant antigen
peptide BLA-Linker-CTB-Linker-Cry j 1 epi-Cry j 2 epi-FLAG was expressed in B. choshinensis

host, and a part of the expressed recombinant proteins was degraded by proteases.

BLA-linked fusion

BLA-linked fusion peptide (85.25 kDa)

peptide (85.25 kDa)

Degraded fusion
peptide (30.03 kDa)

Degraded fusion
peptide (30.03 kDa)

Anti-Flag antibody Anti-CTB antibody

Fig. 3.12. Western blot analysis of expression of the BLA-linked fusion antigen peptide in the
presence of protease inhibitors
(A) The primary antibody used was anti-FLAG antibody. (B) The primary antibody used was anti-cholera
toxin B subunit antibody. (1), (2) B. choshinensis harboring pNC-HisT-BamHI-BLA-linker-ctb-linker-cry
j1 epi-cry j2 epi-flag-stop-terminator-Hindlll (pellet); (+) Positive control, purified CTB-linker-Cry j1
epi-Cry j2 epi-Flag from the recombinant E .coli BL21(DE3) (34.65 kDa); (-) Negative control, B.

choshinensis harbouring pNC-HisT vector without the insert DNA.
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3.4. Discussion

Expression of the fusion antigen peptide CTB-Linker-Cry j 1 epi-Cry j 2 epi-FLAG using B.
choshinensis  was  investigated.  The recombinant B.  choshinensis  harboring
pNC-HisT-BamHI-ctb-linker-cry j1 epi-cry j2 epi-flag-stop-terminator-Hindlll was grown in TM
and 2SY liquid medium under varying culture conditions. SDS-PAGE was carried out on samples
from the culture supernatants and the pellets for expressed protein analysis. However, the
expression of the recombinant fusion antigen peptide with a molecular weight of 31.13 kDa was
not detected by SDS-PAGE analysis. The experimental result suggested that there are some
possible reasons of low-level expression or no production of the target protein. First, the
secondary structure of mRNA may cause translation abnormalities due to the presence of a
high-energy palindrome structure. Second, in B. choshinensis, the levels of production of
eukaryotic proteins are generally much lower than those of bacterial proteins. One of the possible
reasons is that the eukaryotic proteins synthesized are toxic to the bacterial cells and so the
expressed products might inhibit growth of the host. Third, the antigen fusion protein may not be
suitable for secretory production due to the interaction between the domains of expressed fusion
antigen peptide, as the result forming a secondary structure of protein that might prevent the
secretory production. Fourth, some proteases might be produced by the B. choshinensis host and

caused proteolytic degradation of the fusion antigen peptide (Fig. 3.13).

Cryj1

Cryj2epi ‘

N
30.03 kDa /f " 5522kDa

Protease ???

Fig. 3.13. Predicted structure of the fusion protein

BLA (55.22 kDa); Linker-CTB-Cry j1 epi-Cry j2 epi-Flag (30.03 kDa)
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The fusion antigen peptide of BLA-Linker-CTB-Linker-Cry j 1 epi-Cry j 2 epi-Flag proved
to be expressed in the B. choshinensis host using pNC-HisT vector. It was found that some
proteases might be produced by the B. choshinensis host and caused proteolytic degradation of
the BLA-linked fusion antigen peptide. The whole and degraded fusion antigen peptides could be
obtained by adding protease inhibitors during culture period. Reactivities to anti-CTB and
anti-FLAG antibodies of the BLA-linked and degraded fusion antigen peptides were confirmed

by western blot analysis.

When the BLA-linked fusion protein was expressed, only BLA was secreted to the culture
supernatant (Fig. 3.10), which suggests that other domains of fusion protein linked to BLA
hindered the secretion of whole fusion protein and, therefore, proteolytic cleavage of the site

between BLA and CTB might be necessary for the secretion of BLA (Fig. 3.13).
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CHAPTER IV

Conclusions

The recombinant fusion antigen peptide, CTB-Linker-Cry j 1 epi -Cry j 2 epi-Flag was
successfully expressed in E. coli strain BL21(DE3) using pET28a(+) vector. The
expressed recombinant antigen peptide was purified to a high homogeneity on the
His-tag affinity column, giving the recovery of approximately 120 mg/L of culture.
Reactivities to anti-CTB and anti-FLAG antibodies were confirmed by western blot
analysis. Antigenicity of the purified recombinant antigen peptide against anti-Cry j 1

and anti-Cry j 2 antibodies was also confirmed.

The BLA-linked fusion antigen peptide, BLA-Linker-CTB-Linker-Cry j 1 epi -Cry j 2
epi-Flag proved to be expressed in the B. choshinensis host using pNC-HisT vector.
However, it was cleaved by proteolytic action and some of the resultant fragment
containing BLA was secreted to the supernatant. The fusion antigen peptide that is not

linked with BLA could not be expressed using the same expression system.

Some proteases might be produced by the B. choshinensis host and caused proteolytic

degradation of the integrated fusion antigen peptide.

The BLA-linked and degraded fusion antigen peptides could be obtained by adding
protease inhibitor during culture period. Reactivities to anti-CTB and anti-Flag
antibodies of the BLA-linked and degraded fusion antigen peptides were confirmed by

western blot analysis.

The present study indicates that the production of sufficient amounts of recombinant
proteins for immunotherapy is possible using E. coli for protein expression. Protein

expression by other bacterial strains still remains to be investigated.
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Appendix

I. Abbreviations

Name Abbr.
Cholera Toxin B subunit CTB
Allergen from the pollen of Cryptomeria japonica Cryj
Bacillus licheniformis a-amylase BLA
Immunoglobulin G 19G
Immunoglobulin E IgE
Major Histocompatibility Complex MHC
Human Leukocyte Antigens HLA
Escherichia coli E. coli

Brevibacillus choshinensis

Deocyribonucleic Acid

Polymerase Chain Reaction

Base Pairs

Kilodalton

Amino Acid

Luria-Bertani

Isopropyl-B-D-thiogalactopyranoside
5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside

Hexahistidine

B. choshinensis
DNA

PCR

bp

kDa

aa

LB

IPTG

X-gal

Hisx6
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Phosphate Buffered Saline

Bovine Serum Albumin

Polyvinylidene Difluoride

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Ampicillin

Chloramphenicol

Kanamycin

Neomycin

PBS

BSA

PVDF

SDS-PAGE

Amp

Cm

Km

Nm
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I1. Reagents preparations

Name of medium, reagent Composition
Tryptone 109
Yeast extract 5¢
LB medium
NaCl 109
(pH 7.2)
Agar 15¢
Distilled water to 1000 ml
Glucose 109
Polypeptone 109
Meat extract 5¢
MT medium
FeSO,. 7H,0 10 mg
(pH 7.0)
MnSO,. 4H,0 10 mg
MgCl, 1mg
Distilled water to 1000 ml
Glucose 109
Polypeptone 109
Meat extract 59
TM medium
Yeast extract 29
(pH 7.0)
MnSO,. 4H,0 10 mg
ZnS0,4. 7TH20 1mg
Distilled water to 1000 ml
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Glucose 20 ¢
Bacto soytone (Becton Dickinson) 409
2SY medium Bacto yeast extract (Bacton Dickinson) 5¢g
CaCl,. 2H,0 0.15¢
Distilled water to 1000 ml
Bacto tryptone 209
Bacto yeat extract 59
NaCl 0549
SOC medium 1M MgSQOq, 10 ml
1M MgCl; 10 ml
1M Glucose 20 ml
Distilled water to 1000 ml
Ampicillin stock solution Ampicillin 59
100 mg/ml
(filter-sterilized, stored at -20 °C) Distilled water to 50 ml
Kanamycin stock solution Kanamycin sulfate 259
50 mg/mi
(filter-sterilized, stored at -20 °C) Distilled water to 50 ml
Neomycin stock solution Neomycin 05¢
10 mg/ml
Distilled water to 50 ml

(filter-sterilized, stored at -20 °C)
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Tris base 242 g
Acetic acid 57.1 ml
50xTAE buffer
EDTA (0.5 M) 100 ml
Distilled water to 1000 ml
Tris base 10 mM
1xTE buffer
EDTA (pH 8.0) 1 mM
0.5 M Tris-HCI buffer (pH 6.8) 2 mi
SDS solution (10 %) 4 ml
B-mercaptoethanol 1.2 ml
2x SDS-PAGE sample buffer
Glycerol 2 ml
Distilled water 0.8 mi
Bromophenol blue solution (1 %) Some drops
Tris base 15.15¢
Glycine 72 ¢
10x SDS-PAGE running buffer

SDS 59
Distilled water to 500 ml
Methanol 300 ml

Destaining solution Acetic acid 100 mi
Distilled water 600 ml
Coomassie Blue R-250 03¢

Staining solution (0.1 %)

Destaining Solution to 300 ml
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Tris base 129
Blotting buffer Glycine 1444
(stored at -20 °C) Methanol 200 ml
Distilled water 800 ml
Tris base 60.6 ¢
10xTBS buffer, pH 7.6 NaCl 80.6 g
(stored at -20 °C) KCI 29
Distilled water 1000 ml
TBS-T buffer (1 %) Tween 20 1ml
(stored at -20 °C) 1xTBS-T Buffer 1000 ml
Blocking Buffer (1 %) Skim milk powder 159
1xTBS-T buffer 30 ml
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