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Abstract

Virus-like particles (VLPs) can be constructed from self-assembled viral capsid
proteins. While preserving structural and antigenic similarities to the authentic native
viruses, they are non-infectious and non-replicating molecules due to the lack of genetic
material. Additionally, the highly repetitive and organised display of epitopes on the
VLP surface promotes strong immunogenic responses. Some VLPs can also serve as

particulate carriers with linked heterologous epitopes, forming so-called chimeric VLPs.

Hepatitis B core antigen (HBcAg) VLPs are one of the most promising and well-
documented particulate carriers for heterologous epitope presentation. The formation
of HBcAg VLPs has previously been demonstrated in various prokaryotic and
eukaryotic hosts. However, the development of chimeric HBcAg VLP-based vaccine
candidates will require an inexpensive, safe and robust production platform. The
transgenic green alga Chlamydomonas reinhardtii is examined here as an alternative
expression system due to its ability to fold complex protein structures, relatively low
production costs and the absence of viral toxins or human pathogens giving it GRAS

(Generally Recognised as Safe) status.

In this work, the codon-optimised nucleotide sequence of the truncated HBcAg
monomer (HBc150 HA) was inserted into the C. reinhardtii chloroplast genome and
HBc150 HA expression was confirmed by western blot analysis. Subsequently, both
bioprocess and genetic engineering strategies were assessed to boost HBc150 HA
production. These resulted in a 26-fold increase in HBc150 HA production which
accumulated up to 2.34% (w/w) of total soluble protein (TSP) mainly as consequence
of using a stronger 16S ribosomal RNA (rRNA) promoter. Based on the densitometric
analysis, the yield of HBc150 HA (4.9 mg per g dry cell weight (Dcw)) Was almost four-fold
higher than the yeast-derived tandem-core HBcAg (1.3 mg per g pcw) in which two
monomers were genetically fused. Despite low abundancy, isometric particles of 25-30
nm in diameter and with a morphology typical of HBcAg VLPs were observed in
transmission electron microscopy (TEM) after partial purification by either sucrose

gradient ultracentrifugation or size exclusion chromatography (SEC). The results of
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immunogold labelling further confirmed the presence of capsid assembly in the

HBc150 HA-expressing microalgal samples.

This is the first study to show that HBcAg VLPs can be synthesized and correctly
assembled in microalgal chloroplasts. It therefore enables further exploration of the
potential of C. reinhardtii as a versatile platform for low-cost production of

recombinant therapeutic proteins.



Impact statement

This research has demonstrated the capability of microalgal chloroplast to synthesize
and assemble complex protein structures such as HBcAg VLPs. It serves as a solid
foundation of using C. reinhardtii as a potential platform for low-cost production of
recombinant therapeutic proteins. There are various benefits arising from this work that

can potentially impact both inside and outside academia.

Within academia, this is the first study to demonstrate the feasibility of VLP formation
in microalgal chloroplasts to date. These findings can be published for wider knowledge
dissemination and may be included in taught material related to algal research. In
addition, the concept of a bio-encapsulated oral vaccine derived from the dried algal
biomass has attracted much attention in recent years. Therefore, future research projects
can be designed and carried out for the continued exploration of algal-derived VLP-

based vaccine candidates suitable for oral delivery.

Moreover, this research could have potential benefits to the biopharmaceutical industry.
Transgenic microalgae have considerable potential as an alternative to conventional
protein expression platforms. This is mainly due to the absence of viral toxins or human
pathogens, the cost-effectiveness of protein production and the rapid scalability of
production processes. Therefore, with successful production of VLPs in this work, the
microalgal chloroplast has potential to become a prime VLP-based vaccine expression
platform for the cost-effective manufacturing of oral vaccines in the future. This will
greatly reduce costs and complexity associated with downstream processing

purification steps and may also facilitate the regulatory approval for biopharmaceuticals.

Furthermore, there is currently an urgent need to produce cost-effective vaccines in a
form suitable for storage and delivery in developing countries. Algal-based oral
vaccines provide a promising route forward due to improved shelf life at elevated
temperatures and needle-free delivery to patients. From a broader perspective, this

technology will enable wider patient coverage for certain vaccine uses. It will not only



reduce the financial burden of local governments but also improve the quality of life of

patients in the long run.

Overall, the results generated in this work have a variety of impacts on academia, the
biopharmaceutical industry and society over varying timescales. In order to realize the
benefits of this research, it is essential to disseminate these research findings in

publications, conferences and in taught programme material.
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Figure 3.19: Western blot analysis of HBc150 HA by (a) anti-HA polyclonal antibodies
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Figure 3.24: Growth kinetics profiles of untreated cells, chloramphenicol-treated and
protease inhibitor-treated cells under either mixotrophic or heterotrophic conditions.

TN72 HBc150 HA T3 cells were cultured as described in Section 2.3.2............... 129
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points (n=2). Experiments performed as described in Section 2.3.2 and analysis
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Figure 4.2: pH profile of the C. reinhardtii psad transformant strain grown under
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Figure 4.3: Western blot analysis of the HBc150 HA expressed in the C. reinhardtii
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duplicate points (n=2). Experiments performed as described in Section 2.3.2 and
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Figure 4.8: Growth kinetics and acetate consumption of the C. reinhardtii psaA
transformant strain grown under mixotrophic conditions at different temperatures with
a starting OD750nm of 0.03. Error bars represent range of the duplicate points (n=2).
Experiments performed as described in Section 2.3.2 and analysis performed as

described in Section 2.3.3 and Section 2.5. 1. oo 147

Figure 4.9: pH profiles of the psad transformant strain grown under mixotrophic
conditions at different temperatures. Error bars represent the range of duplicate points

(n=2). Experiments performed as described in Section 2.3.2. .........cccevvvviiriiniinnnnn 148

Figure 4.10: Western blot analysis of HBc150 HA accumulation in C. reinhardtii at
different temperatures under mixotrophic conditions. Cells cultured as described in

Figure 4.8 and analysis performed as described in Section 2.5.5..........cccoovvviiiennne, 149

24



Figure 4.11: Schematic representation of the Gibson assembly strategy to replace the
psaA promoter region by the 16S rRNA promoter region. The sequences of primers

used (a-e and a’-e”) are shown in Appendix 5 (AS5)...cccoveiiiiiiiiiiiiee e 152

Figure 4.12: Gel electrophoresis results of (a) PCR amplification of 16S rRNA promoter
region from TN72 genomic DNA. (b) PCR amplification of 16S rRNA promoter with
overhangs designed for Gibson assembly. Lane 1: GeneRuler™ DNA Ladder Mix
(Thermo Fisher Scientific, UK); Lane 2-3: duplicate PCR reactions. Analysis
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Figure 4.13: Gel electrophoresis results of (a) PCR amplification of pHBc150 HA
Backbone 1 and Backbone 2 with a split within the AmpR gene. Lane 1: GeneRuler™
DNA Ladder Mix (Thermo Fisher Scientific, UK); Lane 2-3: amplification of Backbone
1 with an expected band size of 4116 bp; Lane 4-5: amplification of Backbone 2 with
an expected band size of 2570 bp. (b) Gradient PCR to optimise annealing temperature
to amplify this fragment. Lane 1: GeneRuler™ DNA Ladder Mix (Thermo Fisher
Scientific, UK); Lane 2-9: amplification of Backbone 1 with an expected band size of
4116 bp. The annealing temperature in Lane 2: 55.5 °C; Lane 3: 56.5 °C; Lane 4:
57.5 °C; Lane 5: 58.5 °C; Lane 6:59.5 °C; Lane 7:60.5 °C; Lane 8:61.5 °C; Lane
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Figure 4.14: Gel electrophoresis of colony PRC products to verify the homoplasmy of
the chloroplast genome in six transgenic lines (T1-T6). M: GeneRuler™ DNA Ladder
Mix (Thermo Fisher Scientific, UK); —: TN72 genome was the negative control; +:
TNE genome was the positive control; H>O served as the negative control of PCR
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Figure 4.15: Accumulation and relative quantification of HBc150 HA in six transgenic
lines (T1-T6). (a) Accumulation of HBc150 HA in six transgenic lines (T1-T6). +:
HA-tagged Pal was the positive control; —: TN72-empty was the negative control. Non-
specific bands (25 kDa and 40 kDa) served as a loading control. (b) Relative
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Imaging System (Li-Cor Biosciences, UK). Cultivation conditions were 120 rpm, 25
°C and 200 pumol m™2s! white light in standard TAP medium under mixotrophic
conditions. The cells were harvested after 48 h of cultivation. Analysis performed as
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Figure 4.16: Detection of HBc150 HA under the control of 16S rRNA promoter by (a)
rabbit anti-HBcAg polyclonal antibodies and (b) mouse anti-HBcAg monoclonal
antibodies [10E11] in Western blot analyses. +: K1.K1 was the positive control; —:
TN72-empty was the negative control. Cultivation conditions were 120 rpm, 25 °C and
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200 pmol m™s™ white light in standard TAP medium under mixotrophic conditions.

Analysis performed as described in Section 2.5.5. ... 158

Figure 4.17: Accumulation and relative quantification of HBc150 HA in psa4 and 16S
fusion transformant lines. Western blot analysis of whole cell extracts probed with (a)
anti-HA antibodies and (b) anti-HBcAg antibodies to compare HBc150 HA expression
levels in psaA (left) and 16S fusion transformant (right) strains. (c) Relative average
quantification of HBc150 HA in the psad transformant strain and the 16S fusion
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Biosciences, UK). Cultivation conditions were 120 rpm, 25 °C and 200 umol m?s™!
white light in standard TAP medium under mixotrophic conditions. Analysis performed
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Figure 4.18: Growth kinetics of the transgenic line expressing HBc150 HA (T5) and
the control strain (TNE). Cell cultures were grown under mixotrophic conditions (120
rpm, 25 °C and 200 pmolm?s?' white light) in TAP medium in the Algem®
photobioreactor. Starting OD740nm Was 0.20. Error bars represent the range of duplicate

points (n=2). Experiments performed as described in Section 2.3.2 and Section 2.3.3.

Figure 4.19: Accumulation of HBc150 HA in the 16S fusion transformant strain and
the growth kinetics of the 16S fusion transformant strain. (a) Accumulation of

HBc150 HA in the 16S fusion transformant strain at different time points. Non-specific
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bands (25 kDa and 40 kDa) served as a loading control. (b) Growth kinetics of the 16S
fusion transformant strain with a starting OD750nm 0f 0.03. Error bars represent the range
of duplicate points (n=2). Experiments performed as described in Section 2.3.2 and

analysis performed as described in Section 2.3.3 and 2.5.5. ....cccoiiiiiiiiniiiiies 163

Figure 4.20: Densitometric analysis for HBc150 HA quantification in the 16S fusion
transformant strain. (a): Western blot analysis of the purified E. coli-produced HBcAg
at different protein amounts (250-1000 ng). (b): Western blot analysis of algal extracts
with HBc150 HA in 16S fusion transformant strain with different protein loading
volumes (0.25-1X). Membranes were probed with polyclonal anti-HBcAg primary
antibodies and secondary antibodies linked to NIR fluorescent dyes. (c): Plot of total
NIR fluorescent signal of the bands in (a) against standard protein amounts. (d): Plot of
total NIR fluorescent signal of the bands in (b) against different protein loading volumes.
Linear relationships were found in both (c¢) and (d) and used the slopes of the lines to
calculate HBc150 HA expression level in the 16S fusion transformant strain. Analysis

performed as described in Section 2.5.5. ....coiiiiiiiiiiie e 165

Figure 4.21: Densitometric analysis for K1.K1 in P. pastoris. (a): Western blot analysis
of the purified E. coli-produced HBcAg at different protein amounts (250-1000 ng). (b):
Western blot analysis of crude protein extracts of K1.K1 with different protein loading
volumes (4.5-18X). Membranes were probed with polyclonal anti-HBcAg primary
antibodies and secondary antibodies linked to NIR fluorescent dyes. (c): Plot of total
NIR fluorescent signal of the bands in (a) against standard protein amounts. (d): Plot of
total NIR fluorescent signal of the bands in (b) against different protein loading volumes.
Linear relationships were found in both (c) and (d) and used the slopes of the lines to
calculate the expression level of K1.K1. Analysis performed as described in Section
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Figure 5.1: The simplified diagram of the bacterial plasmid pD454-SR synthesized by
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Figure 5.2: Coomassie® blue stained SDS-PAGE gel showing the over-expression of
AHBc150 HA in E. coli BL21 (DE3). SI1-S3: supernatant in transgenic lines
BL21 HBc150 HA TI-T3; C1-C3: cell pellet in  transgenic lines
BL21 HBc150 HA TI-T3. Experiments performed as described in Section 2.5.3 and
SECHION 2.5.4. .o 174

Figure 5.3: Correlation between the concentration of blue dye reflected by ODs9gnm
readings and the gradient fractions formed by (a) manual loading and (b) using a SG15
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Figure 5.5: Chromatogram of the UV absorbance at 280 nm for 14 elution fractions of
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Figure 5.6: Example electron micrographs of AHBc150 HA particles produced in
protein lysate of BL21 HBc150 HA T1 and clarified by either (a)-(b) sucrose gradient
ultracentrifugation (fractions in 7 — 12 in Figure 5.4) or (c)-(d) gel filtration (fractions
5 -8 in Figure 5.5). Size bars, 100 nm. Magnification, 180 k. TEM performed as
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Figure 5.7: Schematic diagram of the primary clarification protocols evaluated for the
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Figure 5.8: White light photograph of a 14 x 89 mm ultracentrifuge tube after double

sucrose cushion ultracentrifugation. Gradient fraction numbers are labelled from 1 to
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12 on the left. The positions of crude protein lysate, 20% (w/v) and 70% (w/v) sucrose
solutions were labelled on the right. Experiments performed as described in Section
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Figure 5.9: Western blot analysis of HBc150 HA in 12 fraction samples after double
sucrose cushion ultracentrifugation of protein samples prepared in the 16S fusion
transformant strain. The positions of 0% (w/v), 20% (w/v) and 70% (w/v) sucrose
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shown in Figure 5.8. Analysis performed as described in Section 2.5.5. ...........c...... 184
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Figure 5.15: Chromatogram of the UV absorbance at 280 nm for 14 elution fractions
for the clarified protein lysate of TN72 SR pal-HA. Fraction numbers were labelled in
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1 Introduction

1.1 Background to virus-like particles (VLPs)

1.1.1 VLP-based technology in the vaccine industry

Following the first demonstration of vaccination by Edward Jenner in the late 18"
century, vaccine development has revolutionised modern medical history. Originally,
inactivated or live-attenuated viruses were administered but this led to the fear of real
virus outbreaks. In the late 19™ century, scientists discovered that the use of protein
subunits, which were part of the microorganisms that were used to provoke an immune
response, could provide effective protection. With the advancement of recombinant
DNA technology, the world’s first genetically modified subunit vaccine for the
prevention of foot-and-mouth disease (FMDV) was produced in 1981 (Kleid et al.,
1981). Five years later, the first recombinant VLP-based hepatitis B virus (HBV)
vaccine, Recombivax HB®, containing the surface protein HBsAg was approved

(Michel and Tiollais, 2010).

VLPs are constructed from the self-assembled viral envelope and/or capsid proteins
(Tagliamonte et al., 2017). While preserving structural and antigenic similarities to the
authentic native viruses, they are non-infectious and non-replicating molecules due to
the lack of genetic materials (Tagliamonte et al., 2017). They are highly immunogenic
due to the repetitive and organised display of epitopes on the surface. Moreover, with a
size around 40-50 nm they are preferentially recognised by the dendritic cells of the
immune system (Fifis ez al., 2004). As a result, a number of VLP-based vaccines are
already commercialised with great success. In addition to the HBV vaccines, the human
papillomavirus (HPV) vaccine Gardasil® was also licensed in 2006. The details of some

commercial VLP-based vaccines are described in Table 1.1.
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Table 1.1: Details of the commercial VLP-based vaccines in the market (non-exhaustive
list). Table modified from Lua et al., (2014).

Compositions per dose
Vaccine Protein Adjuvant Others
Gardasil® human HPV 6 L1 (20 ug) Aluminum | Sodium chloride (9.56 mg)
papillomavirus HPV 11 L1 (40 ug) | hydroxyphos L-histidine (0.78 mg)
vaccine (0.5 mL/dose) | HPV 16 L1 (40 ug) phate Polysorbate 80 (50 ug)
HPV 18 L1 (20 ug) | sulphate (225 Sodium borate (35 ug)
£49)
Cervarix® human HPV 16 L1 (20 ug) AS04 Sodium chloride (4.4 mg)
papillomavirus HPV 18 L1 (20 ug) adjuvant Sodium dihydrogen
vaccine (0.5 mL/dose) system phosphate dehydrate
(0.624 mq)
Hecolin® hepatitis E | HE antigen (30 ug) | Aluminum Buffered saline
vaccine (0.5 mL/dose) hydroxide
(800 ug)

Another important and promising application of VLPs is the incorporation of
heterologous antigen epitopes by either genetic manipulation or chemical conjugation,
forming so-called chimeric VLPs (Chackerian, 2007; Roldao et al., 2011). Such vaccine
candidates overcome the problems that the heterologous epitopes do not possess
optimal immunogenicity or cannot self-assemble into particulate forms to elicit strong
immune responses (Grgacic and Anderson, 2006). Notably, several chimeric VLP-
based vaccines are already at the clinical trials stage, including the anti-influenza A M2-
HBcAg VLP vaccine and two anti-malaria vaccines (Rolddo et al., 2010). Among
various particulate carriers, hepatitis B virus core antigen (HBcAg) is believed to be
one of the most promising and well-documented carriers for the presentation of foreign

antigens (Arora et al., 2012; Roose et al., 2013).

1.1.2 Characteristics of HBcAg VLPs

Hepatitis B virus can cause both acute and chronic liver infection that is a truly global
disease burden. According to a World Health Organisation (WHO) census in 2017,
around 257 million people are living with HBV infection (World Health Organization,
2017). In 2015 alone, the disease led to 887,000 deaths, mainly due to complications
such as cirrhosis and hepatocellular carcinoma (World Health Organization, 2017). The

HBYV virion produced by infected hepatocytes is a double-shelled spherical virus with
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a diameter of 42-47 nm (Shepard et al., 2006). The virally encoded polymerase and the
partially double-stranded viral genome are protected by an inner nucleocapsid and an
outer lipid envelope, which are composed of core proteins (HBcAg) and surface
proteins (HBsAg), respectively (Liang, 2009). As a result, the initial use of HBcAg is
as a serological marker for HBV infection (Shepard ef al., 2006).

The full-length HBcAg monomer is composed of two domains, the N-terminal
assembly domain (1-140 a.a.) and the C-terminal protamine domain (150-183 a.a.) that
are connected by the nanopeptide STLPETTVYV (Roose et al., 2013). Previous studies
have proved that the N-terminal assembly domain is necessary but also sufficient for
monomer dimerization and subsequent capsid formation (Bottcher et al., 1997; Wynne
etal., 1999). However, it is suspected that HBcAg stability, as evidenced by the thermal
stability and capsid assembly integrity, is reduced in the absence of the C-terminal
protamine domain (Vogel et al., 2005; Sominskaya et al., 2013). The stability is mainly
attributed to intermolecular disulphide bond formation between C-terminal Cysteine
residues (Vogel et al., 2005) and the encapsulation of nucleic acids by the C-terminal

arginine blocks (Sominskaya et al., 2013).

The structure of HBcAg was confirmed by high resolution cryo-electron microscopy
(cryo-EM) with each HBcAg monomer containing five a-helices that are connected by
loops (Bottcher et al., 1997). However, this structure is unusual for the icosahedral
capsid proteins/viral particles that are mostly composed of -sheets (Bottcher et al.,
1997). Two amphiphilic a-helical hairpins from two monomers associate to form the
four-helix bundle as the major central feature containing the major immunodominant
region (MIR) (76-82 a.a.) (Wynne et al., 1999) (Figure 1.1). Although the dimer is
stabilized by the disulphide bond at Cysteine-61, the mutation of Cysteine into Serine
or Alanine does not impede particle formation. Instead, residues Arginine-127, Proline-
129, Tyrosine-132 and Isoleucine-139 were discovered to be critical in dimer formation

and thus VLP self-assembly (Wynne et al., 1999; Pumpens and Grens, 2001).
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Figure 1.1: Folding of the truncated HBcAg monomer (a) and the formation of dimer (b).
Figure reproduced from Pumpens and Grens, (2001).

As shown in Figure 1.2, the HBcAg VLPs consisting of either 180 or 240 HBcAg
polypeptide subunits with triangulation number T=3 or T=4 icosahedral symmetry
(Prasad and Schimid, 2012) have sizes of 27 nm or 33 nm, respectively (Wynne et al.,
1999). Both forms are detectable in the liver of HBV-infected patients (Dryden ef al.,
2006). Not surprisingly, HBcAg VLPs can also be produced and correctly assembled in
heterologous expression systems outside of the natural context, including most
prokaryotic and eukaryotic platforms (Lanford and Notvall, 1990; Tey et al., 2006;
Freivalds et al., 2011).

Figure 1.2: HBcAg VLP assembly with T=3 or T=4 symmetry. Figure reproduced from
Belnap et al., (2003).
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1.1.3 HBcAg VLPs as antigen-presenting platforms

According to clinical results, HBcAg induces the strongest B-cell, T-cell and cytotoxic
T lymphocyte (CTL) responses among different HBV polypeptides (Pumpens and
Grens, 2001). Importantly, this antigen acts both in a T-cell dependent and a T-cell
independent manner due to its organised and repetitive icosahedral structure (Pumpens
and Grens, 2001). This feature can be transferred to covalently-linked heterologous

antigen epitopes as long as the HBc VLP structure remains undisturbed.

Due to the diversity of the primary structure of HBcAg, the protein sequence can be
easily manipulated without damaging its ability to self-assemble into VLPs. Various
research results have demonstrated its great flexibility for incorporating foreign
epitopes at the N-terminus, C-terminus or the MIR. Schodel et al. (1992) have
compared three positions of the heterologous epitopes inserted into HBcAg and
concluded that the MIR is the preferred insertion site in terms of antigen-specific

antibody induction.

Following the first chimeric HBcAg VLP-based FMDV vaccine (Clarke et al., 1987),
many antigens and epitopes have been fused to this particulate carrier and used in
vaccination studies. Table 1.2 shows some examples of HBcAg fusion vaccine
candidates that have subsequently been investigated. It should be highlighted that the
HBcAg VLP-based universal influenza A vaccine developed by Sanofi-Pasteur has
passed Phase I clinical trials, demonstrating promising results in term of safety and

immunogenicity (Fiers ef al., 2009).
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Table 1.2: Summary of the chimeric HBcAg VLP-based vaccine candidates (non-
exhaustive list). Table modified from Roose et al., (2013).

Pathogen Antigen/epitopes HBCcAg fusion position
FMDV Capsid protein VP1 N-terminal
Capsid proteins VP1 and VP4 MIR
HIV Gag N-terminal
Envelope protein V3 region MIR
Dengue virus EDIII MIR
Hantavirus Nucleocapsid protein MIR
HPV E7 oncoprotein C-terminal
Plasmodium falciparum CSP B-cell epitope, T-cell N-terminal
epitopes
IAV M2e N-terminal
HBV Pre-S1 C-terminal
MIR

Notes: CSP: circumsporozoite protein; EDIII: third domain of the envelope protein of Dengue
virus; Gag: group-specific protein; HIV: human immunodeficiency virus; [AV: influenza A
virus; M2e: ectodomain of the M2 protein.

However, if the size of the insertion is too large, then the dimerized polypeptide will
fall apart. As a result, a genetically engineered artificial linker was created between two
monomers to reinforce the VLP structure (Holmes et al., 2015). This so-called ‘tandem
core’ technology not only stabilises the particle formation with larger insertions but also
ensures the original immunogenicity of VLPs. This modified VLP has been

successfully expressed in both bacterial and plant systems (Peyret ef al., 2015).

1.1.4 Expression systems for HBcAg production and their features and

drawbacks

The ability to clone a foreign gene and thus to express a recombinant protein in a
heterologous host has made possible the production of almost any protein required for
industrial, therapeutic or diagnostic applications. With years of exploration in the
genetic engineering field, there are a variety of expression systems available to produce
VLPs. Based on 174 VLP constructs, the majority are produced in bacterial (28%) and
Baculoviruses and insect cells (B/IC) (28%) systems, followed by yeast (20%). The
remainder are produced either in mammalian hosts (15%) or transgenic plants (9%)
(Zeltins, 2013). Examples of HBcAg and HBsAg production in various expression

systems with estimated yields are summarised in Table 1.3.
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Table 1.3: Production of VLP-based vaccine candidates for the Hepatitis B virus. Table
modified from Roldao et al., (2010).

Expression Cells Recombinant Yields
system proteins
Bacteria Escherichia coli HBcAg 372 ygmL?
E. coli HBcAg 200 pg mL?
Yeast Pichia pastoris HBsAg 400 pg mLt
Saccharomyces cerevisiae HBsAg 100 pg mL™?
B/IC Spodoptera frugiperda HBcAg and 0.425 pg mL™1
HBsAg
Mammalian cells Chinese hamster ovary HBsAg 34 pugmL™?
(CHO)
Transgenic plants Tobacco HBcAg 800 ng mg! fresh
weight leaf
Potato HBsAg 15 ng mg"' TSP of
tuber

One of the most widely employed bacterial expression systems is E. coli due to the
thorough understanding of its genetics, physiology and the availability of the complete
genomic sequence (Rai and Padh, 2001). Not only can E. coli grow rapidly to high
densities in inexpensive and defined media, it can also express heterologous proteins to
levels as high as 50% (w/w) of TSP (Sivashanmugam et al., 2009; Francis and Page,
2010). As a result, several E. coli-derived VLP-based vaccine candidates are
undergoing pre-clinical or clinical development (Roldao ef al., 2010). However, as a
prokaryotic host, lacking post-translational modifications (PTMs) such as glycosylation,
and disulphide-bond formation, E. coli is not ideal for the production of complex and
functional VLPs (Walker et al., 2005; Roldao ef al., 2010). This is the reason that only
structurally simple VLPs involving less than two coat proteins are typically expressed
in E. coli and none of the E. coli-derived VLP-based vaccine candidates has entered the

market to-date (Zeltins, 2013).

In contrast, yeast is widely acceptable for the production of recombinant proteins since
it is a food-grade organism (Hitzeman et al., 1981). Compared to mammalian cells, this
lower eukaryotic system grows faster with a higher cell density on simpler media. In
addition, heterologous proteins expressed in yeast can be post-translationally modified.

However, the N-linked glycosylation is restricted to a high mannose pattern which is
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largely different from the mammalian counterpart (Schillberg et al., 1999; Potvin and
Zhang, 2010). It should be noted that one of the most commonly used yeast strains is
the methylotrophic P. pastoris. However, the use of methanol for protein induction may

cause potential safety concerns and a fire hazard at industrial scale (Varnai et al., 2014).

In recent years, a two-stage process involving Baculoviruses and insect cells has been
intensively studied. The first step is to grow the insect cells to a desired concentration,
followed by infection with recombinant Baculoviruses carrying the VLP gene of
interest. The complexity of the proteins being produced by the B/IC system is
comparable to those produced by mammalian cell lines (Roldao ef al., 2010; Zeltins,
2013) However, one of the critical drawbacks of this system is the co-production of
recombinant Baculoviruses, which are enveloped viruses, during the infection process
(Vicente et al., 2011). This requires either an additional chemical inactivation step or
multiple purification steps to remove the Baculoviruses, which complicate the
downstream processing. One (GSK, Cervarix® HPV VLP vaccine) out of 151 licensed
protein-based biopharmaceuticals is produced from the B/IV system (Ferrer-Miralles et

al., 2009).

Recombinant proteins requiring mammalian PTMs are preferably expressed in
mammalian cells due to the greatest degree of product fidelity. This is demonstrated by
the fact that 59 out of 151 licenced biotechnology products are manufactured using
mammalian cell systems (Ferrer-Miralles ef al., 2009). In addition, half of the top ten
selling protein-based biopharmaceuticals in 2014 were produced in mammalian cells
with a total sales of more than $43 billion (Sanchez-Garcia ef al., 2016). However, the
mammalian cell lines are expensive and comparably difficult to culture (Chu and
Robinson, 2001). Furthermore, they grow slower compared to E. coli and yeast
cultures and require more expensive media, which significantly impacts the cost-
effectiveness of the production procedure. It is worth noting that N-linked
glycosylation is species- and cell type-dependent among mammalian cells and
should be taken into consideration when expressing different types of VLPs (Rai
and Padh, 2001).
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Transgenic plants offer several advantages over the expression systems mentioned
above. It is cheaper to produce safe and functional recombinant proteins in crop plants
on an agricultural scale, and production can be scaled easily and quickly, especially
when compared to mammalian cell lines (Walker et al., 2005). In addition, protein
products are free from toxins and viral agents that may be present in preparations from
microbial- or animal-based expression systems (Rasala et al., 2010). Plant cells also
have similar cellular pathways of protein synthesis, folding and PTMs to animal cells,
although differences in protein processing, especially glycosylation, are observed
(Walker et al., 2005). However, there are several shortcomings associated with
transgenic plants (Mayfield and Franklin, 2005; Manuell et al., 2007; Specht et al.,
2010): (i) potential transgene flow (via pollen) to the surrounding ecosystem that may
contaminate food crops; (ii) the need for large areas of arable land; (iii) the long growth

time (2-3 years) of higher plants such as tomatoes or tobacco.

Overall, the various VLP expression systems have distinct features and drawbacks.
There is thus an opportunity to find a new expression system that not only possesses
the advantages of existing platforms but also overcomes the drawbacks they may have.
As a result, transgenic microalgae have been investigated as an alternative expression

system to produce recombinant proteins (Yan ef al., 2016; Dyo and Purton, 2018).

1.2 Genetic engineering of microalgae to express heterologous

proteins

1.2.1 Background of microalgae

Microalgae are eukaryotic photosynthetic microorganisms, with many species being
small, single cells containing one or a few chloroplasts. They are typically aquatic
organisms, and their ability to convert solar energy into chemical energy by
photosynthesis (and subsequently into algal biomass) is relatively efficient compared
to land plants owing to their simple structures (Harun et al., 2010). Microalgal
biotechnology has been established for several commercial applications, and continued

to be explored for new applications (Rosenberg et al., 2008; Leu and Boussiba, 2014).
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The existing successful applications involve the production of low-volume, high-value
products such as human nutritional supplements, cosmetics and antioxidants. Table 1.4

demonstrates the present stage of commercial products derived from microalgae.

Table 1.4: Details of the commercial products from microalgae. Table modified from
Brennan and Owende, (2010).

Microalgae Annual production Producer Application Price (€)
country and product
Chlorella 2000 tonnes dry weight Taiwan, Human 36 kg'!
Germany, nutrition
Japan
Dunaliella 1200 tonnes dry weight Australia, -carotene 215-2150
salina Israel, USA, kg!
Japan
Haematococcus | 300 tonnes dry weight | USA, India, | Astaxanthin 7150 kg!
pluvialis Israel
Crypthecodinium | 240 tonnes DHA oil USA DHA oil 42 ¢!
cohnii

Apart from the commercialised products, the investigation of biofuels produced from
microalgae has grown and become a priority of the algal industry in recent years.
Biodiesel and bioethanol are two common types of biofuels that can replace diesel and
gasoline, respectively, and require little or no modifications of vehicle engines (Mata et
al., 2010). Microalgae are now a promising host for the generation of biodiesel due to
their relatively fast growth rate, high lipid productivity and less arable land needed for
growth (Mata et al., 2010). For instance, the heterotrophic cultivation of Chlorella
protothecoides has resulted in the accumulation of lipid content as high as 55% (w/w)
and subsequently a great amount of microalgal oil was efficiently extracted using n-
hexane (Miao and Wu, 2006). Meanwhile, bioethanol is produced either by
fermentation (biochemical process) or gasification (chemical process) of algal biomass.
Algal species generally contain large amounts of carbohydrates and proteins that can
be used as a carbon source during fermentation. As a result, research work has focused
on the production of bioethanol from microalgae. For example, different hydrolysis
strategies and fermentation processes of bioethanol production were investigated by Ho
et al. (2013) who showed that the enzymatic hydrolysis of the green alga Chlorella
vulgaris gave a glucose yield of as high as 90.4% (w/w).
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Microalgae also have environmental applications, mainly for flue gas CO; mitigation
and wastewater treatment. Since conventional chemical-based CO> mitigation is
energy-intensive and expensive, the biological method has attracted much attention in
recent years. Using industrial flue gas (e.g. from power stations) as a carbon source for
microalgal growth not only achieves CO> bio-fixation but also facilitates algal biomass
accumulation. Wang et al. (2008) have shown that the green alga Chlorophyta is able
to fix CO2 10-50 times more efficiently than terrestrial plants. Moreover, microalgae
are a promising system for wastewater treatment. Sewage effluent usually contains
organic compounds such as nitrogen (N) and phosphorus (P) that are essential for
microalgal growth. Experimental results have demonstrated that Chlorella vulgaris was
able to remove up to 21.1 mgL"! ammonia-nitrogen concentration with 100% efficiency
(Aslan and Kapdan, 2006). Figure 1.3 illustrates a conceptual microalgae biomass

refinery which combines the environmental applications with biofuel production.

Figure 1.3: A conceptual microalgal system for combined biofuels production, CO: bio-
mitigation and N/P removal from wastewater and effluent. Figure reproduced from Wang
et al., (2008).

Furthermore, transgenic microalgae have been investigated as an alternative expression
system to bacterial, yeast or mammalian hosts for the production of recombinant
proteins. They have many of the advantages that transgenic plants possess as described

in Section 1.1.4. However, they can be grown in an enclosed bioreactor, thus reducing
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the possibility of gene flow and eliminating the need for large quantities of fertile land.
Moreover, they have much faster growth rate and higher productivity compared to
traditional agricultural crops, and usually take around 24 h to double their biomass

(Chisti, 2007).

Due to these advantages, a transformed microalgal line can be generated and scaled to
production within a short time frame. Heterologous protein production can be elevated
to multi-litre volumes in as little as six weeks, with the potential to scale up to 64,000
L in another eight weeks as described in Figure 1.4 (Mayfield and Franklin, 2005). In
addition, rapid advances in the development of genetic tools for genome engineering is
facilitating recombinant protein technology in microalgae. Importantly, it has been
reported that the green alga C. reinhardtii possesses the endogenous sialylated N-
glycans, meaning that their glycosylation pattern is similar to their mammalian

counterparts (Mamedov and Yusibov, 2011).

Figure 1.4: Large-scale production process of recombinant proteins in C. reinhardtii.
Figure reproduced from Mayfield and Franklin, (2005).
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Figure 1.5 demonstrates the simplified cellular pathways that are crucial for the
generation of various algal products (Rosenberg et al., 2008). Although the nucleus is
key to metabolic control (dotted red line), the chloroplast is another important organelle,
especially for the production of hydrogen and recombinant proteins (solid blue line).
This is due to the fact that both organelles contain individual genomes, making
independent transgene incorporation possible (dashed blue and red lines) (Rosenberg

et al., 2008).

Figure 1.5: Simplified diagram demonstrating the commercially important metabolic
pathways in microalgae. Figure reproduced from Rosenberg et al., (2008).

1.2.2 Genetic transformation of C. reinhardtii

A key requirement in the exploitation of microalgae as light-driven cell platforms is
well-established transformation methodologies for both the nuclear and chloroplast
genomes (Boynton et al., 1988; Kindle, 1990). Due to the wide range of molecular
genetic tools available for C. reinhardtii, this green alga is the best characterized
candidate for protein production among the microalgal species to date (Walker et al.,
2005; Specht et al., 2010). The schematic diagram of a C. reinhardtii cell is illustrated
in Figure 1.6. Many eukaryotic microalgae are small cells with a thick cell wall which

prevents DNA uptake during transformation experiments. C. reinhardtii has a relatively
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thin proteinaceous cell wall and is larger in size than most other strains, as such the
penetration of the cell wall and transfer of foreign DNA are easier. Furthermore, in order
to improve the transformation efficiency, it is possible to exploit existing cell wall-
deficient C. reinhardtii mutants, among which cwl5 is the most popular strain

(Wannathong et al., 2016).

Figure 1.6: Schematic diagram of a C. reinhardtii cell with the annotated internal
structures. Figure reproduced from Cronodon, (n.d.).

Among the various methods of introduction foreign DNA into microalgae, agitation
with glass beads, microparticle bombardment and electroporation are commonly
performed for nuclear transformation (Mussgnug, 2015). One of the first methods used
to transform the C. reinhardtii nucleus was agitation with glass beads and has been
employed widely since then due to its simplicity and reproducibility (Kindle, 1990).
Transient permeabilization can be achieved by vortexing which facilitates the entry of
exogenous DNA while maintaining cell viability. However, this method is only efficient
when using the cell wall-deficient mutants or with cells previously treated with
autolysin to disrupt the cell walls (Kindle, 1990; Economou et al., 2014).
Electroporation is another method for nuclear transformation of C. reinhardtii in which

parameters such as the intensity, duration and number of electric pulses are manipulated
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to control the transformation efficiency (Coll, 2006). According to Brown et al. (1991),
10-50% of a cell wall-deficient mutant and 15-40% of a wild type strain were viable

after transfection by electroporation.

The earliest chloroplast transformation was carried out with C. reinhardtii in 1988 using
microparticle bombardment (Boynton et al., 1988). This method usually involves the
use of high helium pressure to introduce DNA-coated gold or tungsten microparticles
into algal chloroplasts. This is effective for transforming C. reinhardtii with intact cell
walls as little or no pre- or post-bombardment treatment is required. Recently, there is
a considerably simpler and more cost-effective way to perform chloroplast
transformation with C. reinhardtii in which a cell/DNA mixture is agitated with glass
beads as has been described for nuclear transformation. The basic principle remains the
same where the two membranes of the chloroplast are oppressed against the cell
membrane, providing the opportunity for the entry of exogenous DNA directly into the
chloroplast (Economou et al., 2014; Braun Galleani ef al., 2015).

Although nuclear transformation enables regulated and tissue-specific expression and
PTMs, there are several drawbacks associated with targeting transgenes to the nuclear
genome compared to the chloroplast genome. Mainly, nuclear expression can be
unstable resulting in transgene silencing, and expression levels are typically much
lower compared to those in the chloroplast (Sun et al., 2003). In contrast, chloroplast
transformation offers several advantages (Sun et al., 2003; Su et al., 2005; Rosales-
Mendoza et al., 2012): (1) the absence of gene silencing; (ii) targeted transgene
integration by homologous recombination; (ii1) possible expression of multiple genes
from polycistrons and thus reconstitution of multi-subunit proteins in a single

transformation event.

1.2.3 Factors affecting protein expression in C. reinhardtii

In order to facilitate the use of the microalgal chloroplast as an economically viable
production platform, it is critical to ensure high and robust heterologous protein

expression. This can not only reduce the production costs but also alleviate the burden
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for downstream processing. Despite the advantages of transgenic microalgae described
in Section 1.2.1, its current advancement is hindered by the relatively low protein yields
compared to conventional systems such as bacteria and yeast. Therefore, recent efforts
have focused on the understanding of factors that influence protein expression and
finding potential solutions in microalgae (Surzycki et al., 2009; Potvin and Zhang, 2010;
Michelet et al., 2011). These factors include but are not limited to: (i) codon
optimisation of transgenes; (ii) endogenous regulatory elements; (iii) sensitivity to

proteases.

Early attempts at chloroplast transformation in C. reinhardtii failed to result in the
accumulation of heterologous proteins in spite of the stable accumulation of
recombinant mRNAs (Blowers et al., 1989, 1990). This was most likely due to the lack
of codon optimisation of transgenes. The overabundance in the number of codons
means that one amino acid can be encoded by different triplets of codons. Different
species often show preferences for one of the several codons that encode the same
amino acid (Gustafsson et al., 2004). It has been shown that C. reinhardtii displays such
codon bias, with codons containing adenine or uracil in the third position favoured over
those with guanine or cytosine (Nakamura et al, 2000). This preference was
investigated by Franklin et al. (2002) who synthesized a gene for green fluorescent
protein (GFP) reporter gene to reflect such codon bias in the C. reinhardtii chloroplast
genome. The results demonstrated an 80-fold increase in GFP accumulation with
codon-optimised transformed strains over the non-optimised counterparts. Since then,
it has become a standard practice for recombinant protein production in C. reinhardtii

(Yang et al., 2006; He et al., 2007; Dreesen et al., 2010; Stoffels et al., 2017).

It is known that chloroplast gene expression is controlled at the transcriptional and post-
transcriptional levels in which several cis-RNA elements (CREs) within promoters and
untranslated regions (UTRs) are found to be essential (Eberhard et al. 2002; Zou et al.
2003; Barnes et al. 2005). The relative impacts of promoters, 5’ and 3° UTRs in
chloroplast translation were investigated using a combinatorial approach and gene
reporter technology (Barnes et al., 2005). This study has demonstrated that promoters

and 5’ UTRs are crucial in transcription efficiency, mRNA accumulation and protein
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expression. In contrast, 3’ UTRs have minimal functions in regulating transcription and
translation, as long as a 3° UTR is present (Barnes et al., 2005). In addition, Rasala et
al. (2011) have demonstrated the importance of promoters on heterologous protein

expression by fusing a stronger 16S rRNA promoter with the existing 5° UTR.

The net accumulation of recombinant proteins within the chloroplast is a balance
between protein synthesis and degradation. Although some studies on plants or plant
cell cultures have suggested that the environment in chloroplasts is more protective for
recombinant proteins than that of the cytosol (Doran, 2006), it is inevitable that these
‘foreign’ proteins are still subjected to proteolytic degradation as various proteolytic
enzymes responsible for protein quality control are present in chloroplasts (Adam et al.,
2002; Nair and Ramaswamy, 2004; Nishimura et al., 2016). In fact, Birch-Machint et
al. (2004) have suggested that rotavirus VP6 protein accumulation was subjected to
rapid proteolytic degradation in the transgenic tobacco chloroplasts. In addition,
Surzycki et al. (2009) have shown that proteolytic degradation is one of the principal
factors affecting vaccine production in microalgal chloroplasts. It has been found that
the addition of protease inhibitors directly into the liquid cell culture reduces the rate
of protein degradation (Michelet et al., 2011). However, more work needs to be done
in order to understand the specific proteolytic sites that endogenous chloroplast

proteases target and modify transgene sequences during sequence design.

1.2.4 Production of commercially relevant proteins in the C. reinhardtii

chloroplasts

Based on previous studies and current knowledge of molecular cloning, researchers
have started to transform the C. reinhardtii chloroplasts to produce recombinant
proteins for therapeutic purposes. Table 1.5 summarises the recent development in
biopharmaceutical production in C. reinhardtii, together with the expression techniques,
expression levels and specific functions. It has been suggested that the expression levels
of 2-3% (w/w) TSP are sufficient for purification and commercial production (Rasala
et al., 2010).
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Table 1.5: Biopharmaceuticals produced in the C. reinhardtii chloroplasts (non-exhaustive list). Table modified from Rosales-Mendoza et al., (2012);
Specht et al., (2010); Dyo & Purton, (2018).

both CTB- AND Pfs25-specific

Biopharmaceutical Type of Transformation | Expression Assessed properties of the Reference
biopharmaceutical technique level % recombinant protein
(w/w) TSP
Fusion protein comprising FMDV Vaccine against FMDV Biolistic 3-4 Display of antigenic determinants Sun et al.,
VP1 protein fused to the cholera from both components 2003
toxin B subunit (CTB)
Mammary-associated serum Protein found in the Biolistic 5 Stimulation of mucin production in | Manuell et
amyloid (M-SAA) mammalian colostrum acts human gut epithelial cell lines al., 2007
in the prophylaxis of
bacterial and viral
infections
Human vascular endothelial growth |  Treatment of pulmonary Biolistic 2 Active in a VEGF receptor-binding | Rasala et
factor (VEGF) isoform 121 emphysema and possible assay al., 2010
for erectile dysfunction and
depression
D2 fibronectin-binding domain of Whole-cell oral vaccine Biolistic 0.7 Animal tests (induction of specific | Dreesen et
Staphylococcus aureus fused to the against Staphylococcus mucosal and systemic immune al., 2010
CTB aureus responses)

Plasmodium falciparum surface Whole-cell oral vaccine Biolistic 0.09 Animal tests (induction of CTB- Gregory et
protein (Pfs25) fused to the CTB against from malaria specific serum IgG antibodies and al., 2013




LS

secretory IgA antibodies)

Human Papillomavirus 16 E7 Attenuated form of HPV Biolistic 0.12 Animal tests (induction of immune | Demurtas et
E7-based vaccine responses and protection of mice al., 2013
against E7-expressing tumours)
Variable domain of camelid heavy Antibodies targeting Biolistic 1.4-4.6 VyH proteins were shown to bind | Barrera et
chain-only antibodies botulinum neurotoxin with high affinity to the toxin, and | al., 2014
to survive in the gut of mice fed
fresh whole algae
Hemagglutinin of avian influenza Vaccine against avian Biolistic 770 ug per Ocular administration of the Castellanos-
virus H5 influenza gram dried | recombinant HA to broiler chickens | Huerta et
biomass resulted in an immunogenic al., 2016
response
Endolysins identified from Endolysins against S. Glass bead 0.9-1.2 Algal cell lysates and purified Stoffels et
endolysins showed effective anti- al., 2017

Streptococcus pneumoniae-
infecting phages: Cpl-1, a
lysozyme hydrolyzing the

polysaccharide chains in the

bacterial cell wall; Pal, an amidase
cleaving the linker peptides in the
peptidoglycan network

pneumoniae

bacterial activity against various
serotypes of S. pneumoniae




1.3 Bioprocess engineering of microalgae

Currently, most effort is being put into the genetic manipulation of C. reinhardtii,
including DNA construct design and recombinant protein expression as described in
Sections 1.2.2 and 1.2.4. However, a standard cultivation process has yet to be
established for the commercial production of recombinant proteins in C. reinhardtii
complying with current Good Manufacturing Practice (¢cGMP). This section outlines
the recent status of the bioprocessing of C. reinhardtii such as cultivation methods,

harvesting techniques and cell disruption processes.

1.3.1 Cultivation of microalgae

Microalgae such as C. reinhardtii exhibit three types of metabolism (photoautotrophic,
heterotrophic, mixotrophic) as shown in Table 1.6, and can undergo a metabolic shift
in response to the changing environmental conditions (Chojnacka and Marquez-Rocha,

2004).

Table 1.6: Summary of energy and carbon sources of different metabolisms in microalgae.
Table reproduced from Chojnacka & Marquez-Rocha, (2004).

Metabolism Energy source Carbon source
Photoautotrophic Light Inorganic

Heterotrophic Organic Organic

Mixotrophic Light and organic Inorganic and organic

Given the potential cost saving of light-driven production of recombinant products, a
large number of studies have been carried out to explore efficient and robust techniques
for phototrophic cultivation of microalgae. Broadly, there are two widely employed
cultivation methods: open raceway pond systems and closed photobioreactor systems
as demonstrated in Figure 1.7. For production of high-value products, the former system
is less favourable due to the limitations of control over contaminations and cultivation
parameters, especially for applications in biopharmaceutical and vaccine production. In
contrast, photobioreactor technologies provide a contained environment for algal

growth, precisely controlled operational factors such as light, temperature, nutrient
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concentration, pH and CO; concentration (Mata et al., 2010). For example, there is a
range of light intensity that is suitable for microalgal growth and product production,
normally above the compensation point but below the light saturation point (Zhu et al.,
2016). Moreover, temperature is another important cultivation parameter since it affects
metabolic rates such as the photosynthetic rate and the specific growth rate in
microalgae (James et al., 2013). These key operational parameters have been
extensively investigated to improve microalgal growth and, in the case of biodiesel
production, yield of neutral lipids (Cheirsilp and Torpee, 2012; Moon et al., 2013; Zhu
et al., 2016; Severes et al., 2017).

Figure 1.7: Examples of (a) raceway pond and (b) inclined tubular photobioreactors for
microalgal cultivation. Figure reproduced from Bitog et al., (2011).

Heterotrophic cultivation of microalgae has also been successfully applied for the

production of algal biomass and metabolites due to faster growth rates and higher lipid
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productivity (Zheng et al., 2013). In this case, microalgae are grown on organic carbon
sources such as acetate, glucose and glycerol in stirred-tank bioreactors where
operational parameters are tightly controlled. Since the algal growth is not subjected to
light limitation or photoinhibition, the scale-up process becomes much simpler. In fact,
large-scale (11,000 L) biodiesel production from Chlorella protothecoides was
achieved using heterotrophic cultivation (Li et al. 2007). However, few studies have
been conducted to investigate the effects of heterotrophic cultivation of C. reinhardtii
to express recombinant proteins. This may be due to the fact that heterotrophic
metabolism mainly contributes to the accumulation of high lipid content instead of

protein accumulation.

However, C. reinhardltii can also be grown mixotrophically with the addition of acetate
as an organic carbon source. It has been demonstrated that acetate can directly down-
regulate photosynthetic activity. Consequently, mixotrophic cultures produce less O:
due to photosystem II (PSII) activity compared to that of the photoautotrophic
counterparts. In addition, it is believed that the production of Oz induces photoinhibition,
thus acetate can reduce the photoinhibition phenomenon of C. reinhardtii (Roach et al.,
2013). These findings were consistent with the previous study in which they reported
improved mixotrophic growth rates over both photoautotrophic and heterotrophic
cultures (Brennan and Owende, 2010). In fact, Moon et al. (2013) have demonstrated
that the initial concentration of acetate under mixotrophic conditions has great impacts

on the growth kinetics and lipid accumulation profile of C. reinhardtii.

C. reinhardtii used for recombinant protein production is mainly grown mixotrophically
using tris-acetate phosphate (TAP) medium expect for one case as demonstrated in
Table 1.7. However, strains are typically cultivated in multi-litre shake flasks where
growth parameters such as pH and CO> are difficult to monitor and control. By 2010,
the largest scale achieved was the production of a fusion protein consisting of the D2
fibronectin-binding domain of Staphylococcus aureus and the CTB in a 20 L Cellbag™
within a Wave Bioreactor™ (Dreesen ef al., 2010). The same scale was achieved in a

photobioreactor constructed from Nalgene™ Carboys for the production of malaria
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transmission-blocking vaccine candidate (Gregory et al., 2013). Despite the stable
expression and effective protection of mice, the 20 L system was only sufficient but not
cost-effective for animal tests to be conducted. It should also be noted that cultivation
of microalgae expressing transgenic M-SAA (Table 1.5) has been successfully
demonstrated at pilot greenhouse scale (100 L) (Gimpel et al., 2015). Figure 1.8
illustrates the set-up of the hanging bags for phototrophic cultivation in the greenhouse.
Moreover, Zedler et al. (2016) have also demonstrated the feasibility of cultivating cell
wall-deficient transgenic C. reinhardtii at pilot-scale (100 L) under mixotrophic

conditions.

Figure 1.8: Cultivation of microalgae in hanging polybags in the greenhouse. Figure
reproduced in Gimpel et al., (2015).
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Table 1.7: Summary of mixotrophic cultures of different C. reinhardtii transgenic strains for recombinant protein production.

Strain Volume Light intensity (umol | Temperature (°C) Media References
m?2sh (Rotational speed)
137C (mt+) N/A 54 under continuous 23 (100 rpm) TAP with 40 mM 5- Franklin et al., 2002;
illumination Fluorodeoxyuridine Mayfield and Schultz,
2004; Barnes et al.,
2005
137C N/A 30 under 16 h light/8 h 25 TAP Su et al., 2005
dark cycle
CC-125 (mt+) 100 mL in 500 mL | 54 under 12 h light/12 h 25 (100rpm) TAP Dreesen et al., 2010
Erlenmeyer flask dark cycle (30)
14L working volume
in 20L Cellbag™
137C (mt+) N/A 58 under continuous 23 TAP with 40 mM 5- Rasala et al., 2010
illumination Fluorodeoxyuridine
N/A 100 mL in 250 mL 120 under continuous 25+1 Artificial and Kong et al., 2010
Erlenmeyer flask illumination wastewater culture
200 mL in 500 mL
Erlenmeyer flask (220 under continuous
(15L Biocoil) illumination)
Cell wall-deficient strain cwl5 N/A 120 under continuous 25 TAP Demurtas et al., 2013
illumination
137C (mt+) N/A 16 h light/8 h dark cycle 25 TAP Soria-Guerra et al.,
2013
137C (mt+) N/A N/A 29 TAP Jones et al., 2013
psbA mutant strain (W1.1)
non-photosynthetic psbH




mutant strain (psbH-)
Wi1.1 N/A N/A 23 TAP Gregory et al., 2013
137C 100 L in hanging Natural sunlight 23.14+4.7 (constant HSM Gimpel et al., 2015
polybags air/CO, bubbling)
Cell wall-deficient strain cwi5 100 Lin Natural sunlight 25 (constant TAP Zedler et al., 2016
photobioreactor air/CO, bubbling)
Cell wall-deficient strain cwli5 400 mL in 1L 100-200 under 25 (120 rpm) TAP Stoffels et al., 2017
Erlenmeyer flask continuous illumination
Notes: mt+: mating type plus; N/A: data not available; TAP: tris-acetate phosphate medium; HSM: high salt minimal medium
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1.3.2 Harvesting microalgae

Despite promising results from genetic engineering of microalgae such as C. reinhardtii,
few studies have reported the feasibility of downstream processing at large-scale for
recombinant protein production. Nevertheless, it has been reported that 20-30% of total
algal biomass production costs come from the primary harvesting of the algae (Harun
et al., 2010), and numerous studies have been carried out to investigate the cost-
effectiveness of different methods to recover microalgal biomass for biodiesel

production.

Centrifugation, which involves using centripetal force to achieve liquid-solid separation,
is the gold standard in the biopharmaceutical industry for clarification (Vicente ef al.,
2011) and thus the preferred method of harvesting algal cells (Molina Grima et al.,
2003). Since the current scale of recombinant protein production is in the range of litres,
laboratory centrifuges are employed in almost every study for primary recovery (Kong
et al., 2010; Rasala et al., 2010; Demurtas et al., 2013; Jones et al., 2013). In addition,
continuously operating centrifuges are often recommended to process algal biomass at
larger-scale, especially for the application of high-value protein products such as
vaccines. Such recovery methods have a relatively high harvesting efficiency (95-100%)

and reliability as the algal cells are fully contained during processing.

However, centrifugal recovery requires a large initial capital cost and is energy
intensive when operating at large scale. Since centrifugation relies on the Stoke’s Law
to separate algal cells from media (Brennan and Owende, 2010), a large density
difference between liquid and solid phases is favourable. Algal cells are usually small
in size (2-10 um) and low in density (close to water), particularly if they have a high
lipid content (Uduman et al., 2010; Vandamme et al., 2012), thus a large centrifugal
force needs to be applied in order to achieve efficient separation. This was proved by
Heasman et al. (2000), who reported that cell recovery dropped from more than 95% to
only 40% when the centrifugal acceleration was reduced from 13,000 g to 1300 g.
Despite having strong cell walls, the algal cells may still be damaged, or the

recombinant proteins can even be accidentally released, leading to product loss at an
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early stage. Moreover, some researchers prefer to transform cell wall-deficient strains
(e.g. cwl5) due to the ease of genetic manipulation (Demurtas et al., 2013). These
mutants are likely to be more fragile and shear-sensitive during the centrifugation

process.

Flocculation can be used as a pre-concentration step, in conjunction with centrifugation
for commercial algal harvesting systems, to reduce the high energy demand of
centrifugation and facilitate final dewatering (Vandamme et al., 2012). Flocculation
refers to the process in which cells or particles can be conjoined with the help of
flocculation agents, namely flocculants (Scholz ef al., 2011). Since algal cells carry an
identical charge, they repel each other and prevent coagulation. Since flocculants can
neutralise the surface charge of the cells, this reduces repulsion and allows them to
adhere to each other (Schlesinger et al., 2012). In general, flocculants can be classified
into three groups (Harun et al., 2010) and the optimal dose and pH are listed in Table
1.8. Although the detailed list of algal species tested was not disclosed, it was suggested
that the predominant species was of the Chlorophyta.

Table 1.8: Different type of flocculants with their optimal dose and pH for microalgal
flocculation. Table reproduced from Uduman et al., (2010).

Type Flocculant Optimal dose (mg L) Optimal pH
Inorganic Alum 80-250 5.3-5.6
Ferric sulphate 50-90 3.0-9.0
Lime 500-700 10.55-11.5

Organic Purifloc 35 3.5
Zetag 51 10 >9

Dow 21M 10 4.0-7.0

Dow C-31 1-5 2.0-4.0
Biological Chitosan 100 8.4

Despite the fact that no flocculation has yet been applied for algal recovery in
recombinant protein production, several C. reinhardtii strains typically used for protein
expression were tested with inorganic and organic flocculants. Scholz et al. (2011)
reported that flocculation was particularly efficient for a cell wall-deficient mutant.

After nitrogen starvation, recovery was 83+3% for mutants while only 24+2% for
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wild-type cells following the addition of 15 mM calcium chloride at pH 8.4. Another
study demonstrated the effectiveness of cationic starches as flocculants for C.
reinhardtii cells and concluded that algal cell density, flocculant concentration and
medium condition were all crucial factors in maximizing flocculation efficiency (Gerde

etal.,2014).

Alternatively, filtration employs a permeable medium in which solids are retained while
liquid is forced through due to the pressure drop (Uduman et al., 2010). Grima et al.
(2003) have suggested that a conventional dead-end filtration method is effective when
recovering relatively large microalgal species (>70 pum) but are inadequate when
processing microalgae that have diameters in the range of several micrometres
(Brennan and Owende, 2010). This is because small algal cells tend to block the filter
pores easily, leading to a large increase of pressure drop and damage to the filtration
system (Schlesinger et al., 2012). Small green algae such as C. reinhardtii (10-20 pm
diameter) are often favoured for recombinant protein production but are not well suited

to recovery by conventional filtration.

In contrast, tangential or cross-flow filtration (TFF) is a promising mode of operation
to harvest small microalgae. Various micro- or ultra-filtration membranes with different
pore sizes or molecular cut-offs can be selected and operated in a TFF mode, depending
on the size and morphology of the microalga (Petrusevski ef al., 1995). It was reported
that 5 to 40 fold concentration was achieved using a 0.45 um pore size membrane when
harvesting several green algal species (Petrusevski et al., 1995). A comprehensive study
has compared the performances of centrifugation, flocculation and membrane

microfiltration (TFF mode) which are listed in Table 1.9 (Ahmad et al. 2014).
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Table 1.9: Comparison of microalgae harvesting methods. Table reproduced from Ahmad et al., (2014).

Harvesting Percentage Duration Relative Reliability Efficiency Maintenance Remarks Reference

method of recovery (min) energy required
(%) required
Centrifugation Very high Short High Good High High One-step | Heasman et al. 2000
harvesting

Membrane High Medium Low Good High Low Continuous Vandamme et al.
filtration method 2013

Flocculation Low Long Very low Poor Low Low Flocculant Scholz et al. 2011

required




At this point in time, centrifugation appears to be a more suitable method of commercial
recovery of high-value products derived from microalgae. A pre-concentration step by
flocculation is also recommended to reduce energy consumption and improve recovery
efficiency for centrifugation. In contrast, microfiltration operating in TFF mode may
become a preferred alternative if cells are fragile and shear-sensitive (Molina Grima et
al., 2003). Overall, different metrics such as capital investments, running costs,
processing time, recovery efficiency, and protein degradation need to be investigated

before making any decision.

1.3.3 Cell disruption methods for microalgae

A range of cell disruption methods have been investigated for microalgae including
sonication, homogenisation, microwave heating, bead-beating and ball-milling. Even
though these techniques have demonstrated positive results on recovery yield, only a
few methods are applicable and cost-effective to operate at commercial scale (Yap et
al., 2015). This section highlights two widely used methods, sonication and
homogenisation, that have important implications for the extraction of intracellular

recombinant proteins from microalgae.

To date, the cell disruption method exclusively used for the extraction of recombinant
proteins is sonication, especially the use of an ultrasonic probe. The sonicator probe
vibrates vigorously, causing microscopic vacuum bubbles to quickly form and collapse.
This process is called ‘cavitation” which generates tremendous energy to break the cells
open (Patchett er al., 1989). In general, the higher the amplitude, the greater the
cavitation intensity. However, sonication also generates a considerable amount of heat
which is undesirable for the extraction of proteins. In order to reduce the heat effect, an
alternating on/off system is recommended during the process. Despite the prevalent use

of sonication, it is not applicable to large-scale processes.

Adapted from the dairy industry, homogenisation has become a well-established

downstream unit operation in the biopharmaceutical industry. Compared to sonication,
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homogenisation is widely used in large-scale recovery of recombinant proteins from E.
coli and S. cerevisiae (Diels and Michiels, 2006). Yap et al. (2014) have demonstrated
that the performances including processing capability, power and cell disruption
efficiency of high-pressure homogenisation were insensitive to the feed concentration
(for Nannochloropsis sp.) up to 25% (w/w). Since the same extent of algal cell breakage
can be achieved when processing biomass at 25% (w/w) and 0.25% (w/w), respectively,
the energy consumption is subsequently reduced one hundred fold per ruptured cell
(Yap et al., 2015). This refutes the drawback of homogenisation of being energy

intensive as long as a high feed concentration is used.

1.4 Purification and characterisation of VLPs

1.4.1 Purification of VLPs

Since the approval of the first HBV vaccines, commercial VLP-based vaccines have
been on the market for more than three decades. Hence, there is an established
downstream process flowsheet to purify VLPs, although it should be noted that the
process is also dependent on the production system employed (Zeltins, 2013). In
general, the purification steps after fermentation include (Zeltins, 2013): (i) cell
disruption (if the recombinant VLP proteins accumulate within the cells); (ii) initial

clarification; (iii) concentration (iv) capture and polishing; (v) final sterile filtration.

After initial clarification and concentration steps, ultracentrifugation is the most widely
applied laboratory-based technique to purify VLPs from host cell proteins and DNA
based on the distinct physical properties of VLPs. This technique is also called rate-
zonal centrifugation in which a narrow layer of sample is loaded onto a density gradient
of sucrose or caesium chloride solutions as illustrated in Figure 1.9 (a) and (b)
(Majekodunmi, 2015). The sedimentation speed in this case depends on the size and
mass of the particles instead of the density (Zborowski and Chalmers, 1988). During
centrifugation, each subcellular component will move up or down until it reaches a

position where its buoyant density matches its surroundings (Figure 1.9 (c)) (Zborowski
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and Chalmers, 1988). A series of distinct bands will eventually be produced and the
partially purified VLPs can be collected at certain fractions depending on their specific

structural characteristics.

Figure 1.9: Schematic diagram of the rate-zonal centrifugation with density gradient. (a):
before centrifugation; (b): sample loading; (c): after centrifugation. Figure reproduced from
Majekodunmi, (2015).

However, the ultracentrifugation-based method is limited to laboratory-based
purification. It is time-consuming, labour-intensive and non-scalable for industrial
applications (Zeltins, 2013). In contrast, special chromatographic steps such as ion-
exchange, affinity and size exclusion chromatography are scalable and effective for the
commercial purification of VLPs. For example, Vicente et al. (2007) have successfully
demonstrated the applicability of anion-exchange membrane chromatography for the
purification of rotavirus-like particles (RLPs) in terms of scalability and robustness.
Moreover, as demonstrated in Figure 1.10, the key purification step of the commercial
HPYV vaccine Gardasil® is cation-exchange chromatography in which the L1 protein is
captured and then polished through two chromatographic passes (Josefsberg and
Buckland, 2012).
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Figure 1.10: Simplified schematic diagram of the purification process for the Gardasil®
HPYV VLP-based vaccines. Figure modified from Josefsberg and Buckland, (2012).

1.4.2 Identification and characterisation of VLPs

Routine biochemical techniques such as western blotting and the enzyme-linked
immunosorbent assay (ELISA) with the use of mono- or poly-clonal antibodies against
denatured and/or native proteins can prove the presence of target VLP proteins. In
addition, purification techniques such as sucrose gradient ultracentrifugation or size
exclusion chromatography can also demonstrate the particulate nature of the protein
samples and identify the higher order molecular structures of VLPs. Moreover, mass
spectrometry can be used to determine the molecular weight of the assembled proteins.
This technique facilitates the determination of proteolytic degraded and/or post-

translationally modified VLP proteins during the production process (Zeltins, 2013).

However, these indirect methods mentioned cannot differentiate between correctly
assembled VLPs and non-structured protein aggregates. Therefore, electron
microscopic observations are necessary as a visual proof of VLP assembly. In fact, TEM

has become the gold standard to visually confirm the production of VLPs. TEM
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operates on the same basic principles as light microscopy but reveals macromolecular
structures with higher magnification and higher resolution due to the much lower
wavelength of electrons (Thompson et al.,, 2013). Negative staining is typically
performed in TEM in which the background is stained with charged heavy salts, leaving
the specimen untouched (Newman et al., 2003). The very high image contrast can help
to reveal the structural characteristics of VLPs such as shape, size and the particle
integrity. Figure 1.11 demonstrates the structures of E. coli-produced VLPs formed by
truncated HBcAg monomers revealed in TEM analysis. In general, sample preparation

in negative staining is relatively simple and quick to perform.

Figure 1.11: Example TEM micrograph of VLPs formed by truncated HBcAg monomer
(1-149 a.a.) expressed in E. coli. Figure reproduced from Peyret et al., (2015). Size bar, 100
nm. White arrow indicates smaller (T = 3) particles.

In complicated cases, such as the presentation of foreign antigens/epitopes on chimeric
VLPs, immunogold labelling is a useful technique to confirm the immunoreactivity of
the linked antigens/epitopes. As shown in Figure 1.12, the staining procedure is similar
to that of the immunoblotting in which the antigen is recognised by a specific primary
antibody. Then, the primary antibody is attached by a gold-conjugated secondary
antibody. Therefore, the success of this technique mainly relies on the specificity and
sensitivity of the antigen-antibody reaction. Gold is the most reliable choice for
detection due to its excellent electron scattering property, biocompatibility as well as

the minimal steric hindrance due to the small sizes (2 or 5 nm) available (Murtey, 2016).
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Figure 1.12: Simplified schematic diagram representing the immunogold labelling after
secondary antibody incubation. Figure modified from Murtey, (2016).

Cryo-EM is another powerful technique to reveal the morphological characteristics and
structural details of VLPs. During cryo-EM, the protein sample is cooled to around
—190 °C. Thousands of electron micrographs can be taken for the random oriented
protein samples and similar ones are grouped to generate the high-resolution two-
dimensional (2D) images using sophisticated image processors. Then, the three-
dimensional (3D) structures can be reconstructed at near atomic resolution based on
these 2D images (Bai et al., 2015). This so-called cryo-EM single particle analysis is
an invaluable tool when assessing the structural details of the VLP-based vaccines

especially when absorbed onto aluminium adjuvants (Zhao et al., 2014).

1.5 Aims and objectives

VLPs are made of self-assembled viral envelope and/or capsid proteins and resemble
the native viruses with similar structural and antigenic characteristics. In contrast, they
are non-infectious and non-replicating molecules due to the lack of viral genetic
materials (Tagliamonte et al., 2017). Additionally, the highly repetitive and organised
display of the epitopes on the VLP surface promotes strong immunogenic responses
(Grgacic and Anderson, 2006). As a result, a handful of VLP-based vaccines have been
successfully commercialised (Table 1.1). More importantly, some VLPs can serve as
particulate carriers and thereby convey their strong immunogenic properties to linked

heterologous epitopes. Such vaccine candidates overcome the problems that
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heterologous epitopes do not possess optimal immunogenicity or cannot self-assemble
into particulate forms to elicit strong immune responses. Due to the structural flexibility
and intrinsic particle stability, HBcAg VLP is believed to be one of the most promising
particulate carriers (Roose et al., 2013). The formation of HBcAg VLP has been
successfully demonstrated in various prokaryotic and eukaryotic expression systems.

However, no such work has been reported in microalgae to date.

As discussed in Section 1.2.1, transgenic microalgae have considerable potential as an
alternative to conventional protein expression platforms. This is mainly due to the
absence of viral toxins or human pathogens, the cost-effectiveness of protein production
and the rapid scalability of production processes. C. reinhardtii is chosen in this study
as it is currently the best characterized candidate for protein production among
microalgal species (Walker et al., 2005; Specht et al., 2010). Commercially relevant
products derived from the C. reinhardtii chloroplasts include full-length human
antibodies, oral vaccine candidates and immunotoxins (Tran et al, 2009, 2013;
Demurtas et al., 2013; Specht and Mayfield, 2014). Therefore, the aim of this work is
to investigate the capability of the C. reinhardtii chloroplast to synthesize and assemble
HBcAg VLPs. This will further explore the potential of C. reinhardtii chloroplast as a
versatile platform for low-cost production of recombinant therapeutic proteins. Key

objectives to achieve the overall project aim are as follows:

e The first objective will be to synthesize HBcAg in the chloroplast of C.
reinhardtii. This will involve the design and incorporation of transgenes
encoding both full-length and truncated HBcAg monomers into the C.
reinhardtii chloroplast genome. Short affinity tags will also be included to
facilitate protein detection (Section 3.3 and Section 3.4). Once transgenic lines
are established, HBcAg expression will be assessed by western blot analysis.
In addition, the stability of the algal-based HBcAg will be assessed by a time-
course study in which de novo protein synthesis in the chloroplast is blocked
by the addition of chloramphenicol (Section 3.5). The results of this work are
discussed in Chapter 3.

e The second objective will be to attempt to increase HBcAg levels in the algal
74



chloroplast through two different approaches. From the bioprocessing aspect,
the effects of cultivation modes (phototrophy, heterotrophy and mixotrophy)
and operational conditions (initial acetate concentration, light intensity and
temperature) on algal growth kinetics and HBcAg accumulation levels will be
investigated (Section 4.2). From the molecular biology aspect, the genetic
modification of the transgene construct introduced into the chloroplast genome
will be explored to potentially increase the transcriptional rate or the steady-
state mRNA level of the transcripts (Section 4.3). Moreover, the final HBcAg
production yield will be estimated by densitometric analysis and compared to
that of the yeast-derived HBcAg (Section 4.4). The results of this work are
presented in Chapter 4.

e The third objective will be to verify the assembly of HBcAg VLPs in the C.
reinhardtii chloroplasts by TEM analysis. Initial work will involve the
generation of suitable control samples for TEM analysis. The positive control
will be expressed in E. coli (Section 5.2) whereas the negative control will be
generated in two microalgal transgenic lines without HBcAg accumulation
(Section 5.3). In addition, a standard clarification protocol for the isolation and
visualization of the algal-based HBcAg VLPs will be established. Subsequently,
all protein samples will be subjected to electron microscopic observations to
confirm the presence of HBcAg VLPs in microalgal chloroplasts. Furthermore,
the immunogold labelling technique will be applied to further support the
evidence of capsid assembly in microalgal protein samples (Section 5.4). The

results of this work are elaborated in Chapter 5.

Finally, the overall conclusions from this work and recommendations for future

research are discussed in Chapter 6.
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2 Materials and Methods

2.1 Materials

2.1.1 Microorganisms

For bacterial cultures, One Shot™ TOP10 and BL21 (DE3) chemically competent E.

coli cells (Thermo Fisher Scientific, Paisley, UK) were used for plasmid amplification

and protein expression, respectively. For algal cultures, the C. reinhardtii stains used or

created in this study are listed in Table 2.1. In this study, all microorganisms were

handled aseptically, and all equipment was sterilised with 70% (v/v) ethanol before and

after use.

Table 2.1: C. reinhardtii stains used or created in this study.

vector, carrying the psaA promoter/5” UTR,
psbH rescued

Strain Genotype/phenotype Reference
TN72 mt+, cwl5 (cell-wall deficient), psbH partly Wannathong
replaced by the aadA cassette, photosynthesis- etal. 2016
incompetent mutant
TNE TN72 transformed with the empty pSRSapl Young &

Purton 2014

TN72_SR_pal-HA TN72 carrying pal with HA-tag sequence under | Stoffels et
the control of the psaA promoter/5” UTR, psbH al. 2017
rescued
TN72_HBc183 TN72 carrying HBc183 under the control of the | This study
psaA promoter/5° UTR, psbH rescued
TN72_HBc150_Strep | TN72 carrying HBc150_Strep with Twin-Strep- | This study
Tag sequence under the control of the psaA
promoter/5” UTR, psbH rescued
TN72_HBc150_HA TN72 carrying HBc150_HA with HA-tag This study
sequence under the control of the psaA
promoter/5” UTR, pshH rescued
TN72_16S_HBc150 HA TN72 carrying HBc150_HA with HA-tag This study
sequence under the control of the 16S rRNA
promoter/psaA 5* UTR, psbH rescued
psaA strain TN72 HBc150 HA T3 This study
16S fusion strain TN72_16S _HBc150 HA T5 This study
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All bacterial expression plasmids (pJ201, pJ241 and pD454-SR) were synthesized de
novo by ATUM (Neward, California, USA). All chloroplast expression plasmids used

or created in this study are listed in Table 2.2.

Table 2.2: Chloroplast expression plasmids used or created in this study.

Plasmid Details Reference
pSRSapl Carries an expression cassette with the psaA exonl Young &
promoter/5’UTR and rbcL 3°UTR, the C. reinhardtii Purton 2014

psbH gene as selectable marker together with regions
upstream and downstream flanking regions for
homologous recombination during transformation
pHBc183 pSRSapl carrying HBc183 sequence under the control This study
of the psaA promoter/5’ UTR
pHBc150_Strep | pSRSapl carrying HBc150_Strep with Twin-Strep-Tag This study
sequence under the control of the psaA promoter/5’
UTR
pHBc150 HA | pSRSapl carrying HBc150 with HA-tag sequence under |  This study
the control of the psaA promoter/5’ UTR
pl6SHA pSRSapl carrying HBc150 with HA-tag sequence under |  This study
the control of the 16S rRNA promoter/psaA 5> UTR

2.1.2 Media and buffer composition

The growth media used for routine E. coli cultivation are shown in Table 2.3 and Table
2.4. The growth media for routine C. reinhardtii cultivation are shown in Table 2.5. All
media components were sterilised by the autoclave at 121 °C for 20 minutes using a
Denley autoclave (Thermo Fischer Scientific, Paisley, UK). In addition, antibiotics
were sterilised by filtration using a 0.22 um syringe filter and added separately into the

media when needed.

Table 2.3: Composition of Lysogeny broth (LB)

For preparation of 1 L LB | Mass (g)
Tryptone 10.0
Yeast extract 5.0
NaCl 10.0

Table 2.4: Composition of Terrific broth (TB)
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For preparation of 1 L TB | Mass (Q)
Tryptone 12.0
Yeast extract 24.0
Glycerol (4.0 mL)

Table 2.5: Composition of algal media (composition of stock solutions and buffers are
presented in Appendix 1 (A1)*).

For preparation of 1L media TAP medium (mL) HSM medium (mL)
5 x Beijerincks* 10.0 10.0
Phosphate solution* 8.3 8.3
Tris-Acetate stock* 10.0 -
Trace elements stock solution* 1.0 1.0
Final pH 7.0 7.0

Table 2.6: The concentration of stock solution and final concentration of different
antibiotics used in this study.

Antibiotic Stock solution (mg mL™?) Final concentration (ug mL™)
Ampicillin 100.0 in H20O 100.0
Kanamycin 100.0 in H.0O 50.0
Chloramphenicol 100.0 in ethanol Various concentrations depending on
the application. Concentrations used
described in Section 3.5.2.

2.2 Molecular biology techniques

2.2.1 Bacterial plasmid isolation

For small quantity (< 20pg) plasmid isolation, the QIAprep Spin Miniprep Kit
(QIAGEN, Duesseldorf, Germany) was used as per the manufacturer’s instructions.
Briefly, ~4 mL E. coli cell culture was harvested by centrifugation and disrupted by
alkaline lysis (using a NaOH and sodium dodecyl sulfate (SDS) solution). After
centrifugation, the supernatant containing the plasmid of interest was loaded onto the
silica spin column which captured the DNA molecules at high salt concentrations. The
column was washed with an 80% (v/v) ethanol solution to remove contaminants while

DNA samples were eluted using either 30 pL deionized water or elution buffer.
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Larger amounts of plasmid (20-100 pg) were extracted using the QIAGEN Plasmid
Midi Kit (QIAGEN, Duesseldorf, Germany) according to the manufacturer’s
instructions. 30 mL cell cultures were harvested and lysed by the alkaline solution. The
principles were the same as those of the Miniprep kit with the additional steps of

QIAfilter filtration and endotoxin removal.

2.2.2 Polymerase chain reaction

DNA fragments were amplified using the polymerase chain reaction (PCR) method.
The sequences of the primers used with detailed melting points (Tm) are listed in
Appendix 2 (A2). Reactions were performed in a final volume of 50 pL using a
thermocycler (Techne, Staffordshire, UK). Typical PCR conditions are as shown here
unless otherwise stated: initial denaturation (98 °C, 30 s), 30 cycles of denaturation
(98 °C, 10 s), annealing (varying temperatures depending on the melting points of
primers, 30 s) and extension (72 °C, 60 s), final extension (72 °C, 10 min) and hold
(4 °C). The PCR components are listed in Table 2.7.

Table 2.7: Components of PCR mix.

Component Volume Final concentration
DNA Variable 50.0-100.0 ng
Forward primer (10uM) 2.5 L 0.5 uM
Reverse primer (10uM) 2.5 L 0.5 uM
dNTPs 1.0 uL. 200.0 pM
5X Phusion HF buffer 10.0 uL 1X
dH.0 Top up to 50 pL -
Phusion polymerase 0.5 puL 1 U/50.0 pl PCR
Total volume 50.0 pL -

Colony PCR analysis was used to screen for homoplasmic transformant lines when
using the expression vector pSRSapl as the backbone for transformation. The strategy
is displayed in Figure 2.1 where specific primers (FLANKI, rbcL.Fn and RY-psaR)
were used (Economou et al., 2014). The recipient strain TN72 and TNE were used as
the negative and positive control, respectively. Primers Flank1l and rbcL.Fn can bind

the parental sequence and generate a band of 850 bp. In contrast, successful integration
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of the transgenic gene construct is verified by a band of 1135 bp when primers FLANK1
and RY-psaR are used. Homoplasmy is inferred if no 850 bp band is observed in

transgenic lines.

pshbH
4 ] TN72 genome

atp4 prom/5” UTR

FLANKI [P 850 bp <]

psbH
Y Transformed genome

e

psad pmm-’g U TR transgene

FLANKI > 1135bp ‘ RY-psaR

Figure 2.1: PCR strategy for the verification of homoplasmy in chloroplast genomes with
three primers (FLANKI1, rbcL.Fn and RY-psaR).

2.2.3 Restriction endonuclease digestion

Both the GOI and the algal chloroplast plasmid (pSRSapl) were digested with Sapl and
Sphl restriction enzymes to create compatible sticky ends. The mixture, as
demonstrated in Table 2.8, was incubated at 37 °C for 1 hour. The enzymes were

inactivated by heating up to 65 °C for 20 minutes to stop the digestion reaction.

Table 2.8: Components of the digestion reaction for the GOI and pSRSapl.

Component Volume
pSRSapl/GOI Variable
Sapl 1.0 pL
Sphl 1.0 uL.
10X CutSmart® Buffer 5.0 uL
dH.0 Top up to 50.0 pL
Total volume 50.0 uL
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2.2.4 Removal of 5’ phosphates

To prevent the self-ligation of linearized vector and reduce background, Antarctic
phosphatase (AP) was used to remove 5’ phosphates of the algal vectors (Stoffels, 2015).
Digested pSRSapl samples were treated with 2 units (U) of AP and incubated at 37 °C
for 30 minutes. Once the reaction was complete, the enzymes were inactivated by

heating to 70 °C for 5 minutes.

2.2.5 Agarose gel electrophoresis

Agarose gels contained 0.6-1.2% (w/v) agarose (depending on the sizes of DNA
fragments being analysed) dissolved in 1X TBE buffer with the addition of 0.5 pg mL-
Uintercalating florescent dye GelRed Nucleic stain (Biotium, California, USA). 6X gel
loading dye was used to ensure the samples sink to the bottom of the well and to provide
visual tracking of DNA migration. Gels were run in 1X TBE buffer at 120 V for
®

approximately 40 minutes and visualized by the Alphalmager

(ProteinSimple, Oxford, UK).

Mini System

2.2.6 Gel extraction

Agarose gels were put inside an Alphalmager® Mini System and cut with sterile single-
use blades. The gels were trimmed and then purified by the QIAquick Gel Extraction
Kit (QIAGEN, Duesseldorf, Germany) as per the manufacturer’s instructions. The
concentrations of DNA samples were determined using a NanoDrop™ 2000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific, Paisley, UK) in order to prepare different

vector to insert ratios during ligation.

2.2.7 Ligation

The purified DNA fragments were ligated using T4 DNA ligase with different molar
ratios of vector to insert as described in Section 3.2.2. Ligation mixtures as detailed in

Table 2.9 were incubated overnight at 4 °C.
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Table 2.9: Components of ligation mixtures for the GOI and pSRSapl.

Component Volume
GOl Variable
pSRSapl
10X Ligase buffer | 2.0 uL
10mM ATP 1.0 uL
T4 DNA Ligase | 20-500 U
Total volume 20.0 uL

2.2.8 Transformation

For the transformation of E. coli, one vial of One Shot® TOP10 (50 uL) or BL21 (DE3)
(50 pL) chemically competent E. coli cells were thawed on ice and mixed with DNA
samples (ligation mixtures or plasmids) by gently tapping. After incubation on ice for
30 minutes, the mixture was heat shocked for exactly 30 seconds in a 42 °C water bath.
Afterwards, 250 pL of pre-warmed TB was added and incubated for exactly 1 hour at
300 rpm at 37 °C. The resulting transformation mixture was split into different volumes
and spread onto LB agar plates containing suitable antibiotics. The plates were inverted
and incubated at 37 °C overnight for colony development. Single colonies were picked
and inoculated into 5 mL liquid LB or TB complemented with compatible antibiotics

either for plasmid propagation or protein expression.

For the transformation of C. reinhardtii, the recipient strain TN72 was re-streaked on
2% (w/v) TAP agar plates several times over a week at 25 °C in the dim light (< 10
umol ms™) to ensure healthy growth. Then a large loop of healthy cells was inoculated
into 20 mL liquid TAP medium in a 50 mL shake flask under continuous light at 120
rpm for three days. The cell culture was transferred into a 2 L shake flask containing
500 mL TAP medium under the same conditions. After harvesting by centrifugation,
cells were re-suspended in HSM medium to a final concentration of ~2x 108 cells mL-
! Approximately 4 mL of cell suspension was divided equally and then transferred to
12 sterile test tubes, each containing 0.3 g sterile acid-washed glass beads (Sigma-
Aldrich, Munich, Germany). 10 ug of plasmid DNA was transferred to each of ten tubes
with an additional two tubes used as ‘no DNA’ controls. The test tubes were then
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agitated at top speed for 15 seconds using a vortex mixer Vortex-Genie 2 (Scientific
Industries, Inc, New York, USA). 3.5 mL 0.5% (w/v) molten HSM agar was added to
each tube and the mixture was quickly poured onto the surface of 2% (w/v) HSM agar
plates. The plates were covered in black cloth to prevent phototactic migration of cells
(Economou et al., 2014) with a setting time of 20 minutes. The plates were inverted and

sealed with Parafilm® for transformant colony development.

2.2.9 Crude genomic DNA extraction from C. reinhardtii

A loopful of algal cells at logarithmic-growth phase was re-suspended in 10 pL sterile
water, followed by the addition of 10 pL pure ethanol. After incubating for one minute
at room temperature, 100 puL 5% (w/v) Chelex® 100 resin (Bio-Rad Laboratories,
Hertfordshire, UK) was added. Then, the mixture was vortexed and heated at 99 °C for
5 minutes. The supernatant was collected by centrifugation (at 13,000 rpm, 2 minutes,

4 °C) and stored at -20 °C.
2.2.10 DNA sequencing and gene synthesis

DNA samples such as plasmids or PCR products were sent for sequencing (Source
Bioscience, Nottingham, UK). The required concentrations for the plasmids and PCR
products were 100 nguL ™! and 10 nguL!, respectively. In addition, the primers were
provided at a concentration of 3.2 pmolpuL!. The volumes required for all the samples
per reaction were 5 pL. The sequencing results were aligned and analysed using
Nucleotide BLAST and ApE v2.0.49.10, respectively. Codon-optimised genes were
synthesized de novo by ATUM (Menlo Park, CA, USA).

2.2.11 Gibson assembly

Gibson assembly can efficiently join multiple overlapping DNA fragments in a single
isothermal reaction (Gibson et al, 2009, 2010). First, the purposely-designed

overlapping DNA fragments are digested by TS 5' exonuclease to create complementary
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sticky ends. Then, Phusion polymerase fills in gaps within annealed fragments. Last,

Taq DNA ligase seals the nicks in the assembled DNA backbone.

For the construction of the plasmid pl16SHA by Gibson assembly, the procedures are
detailed below. First, the isothermal reaction buffer was made according to Table 2.10.
After mixing, the mixture was briefly centrifuged and topped up to 1 mL. Then it was
sterilized by filtering through a 0.22 pum syringe filter and stored at -20 °C. Second, the
components of run tubes including the previously-prepared buffer mix (Table 2.10)
were made according to Table 2.11. Each run tube contained 12.3 pL of the mixture.
Third, the reaction mastermix was made according to Table 2.12. After calculating the
amount of DNA needed for each DNA section based on Equation 1, the reaction mixture
was run in the PCR machine at 50 °C for one hour and then subjected to E. coli

transformation as described in Section 2.2.8.

9.075xno.of base pair
1000

Amount of DNA needed for each fragment = [Equation 1]

Table 2.10: Components of isothermal reaction buffer mix used to prepare run tubes.

Components VVolume/Mass
Tris-HCI (1 M) 500.0 pL
MgCl; (2 M) 25.0 uL.
DTT (1 M) 50.0 pL
NAD (100 mM) 50.0 L
PEG 8000 039
dH:0 Topupto1.0mL
Total volume 1.0 mL

Table 2.11: Components of run tubes used to prepare Gibson assembly mixture.

Components Volume
Isothermal Reaction Buffer mix | 320.0 pL
T5 exonuclease (10 UuL?) 0.7 uL.

dH.0 667.3 uL
Total volume 998.0 uL
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Table 2.12: Components of reaction mastermix to prepare Gibson assembly mixture.

Component Volume

dNTPs mix (10 Mm each) 0.4 uL

Taq DNA ligase (40U/ uL) 2.0 uL
Phusion DNA polymerase (20U/ pL) | 0.3 pL
Total volume 2.7 L

Table 2.13: Components of Gibson assembly used to construct the plasmid p16SHA.

Components Volume

Run tube 12.3 pL

Reaction mastermix 2.7 uL

Three DNA fragments with dH>O | 5.0 uL
Total volume 20.0 uL

2.2.12 Bioinformatics

A range of bioinformatics tools were used in this study as described in Table 2.14.

Table 2.14: Database and bioinformatics tools used in this study.

Peptide sequence database

NCBI | http://www.ncbi.nIm.nih.gov
Bioinformatics tools
Restriction endonuclease http://tools.neb.com/NEBcutter2/
digestion
Primer design https://www.ncbi.nlm.nih.gov/tools/primer-blast/
Reverse translation http://www.bioinformatics.org/sms2/rev_trans.html
Translation http://web.expasy.org/translate/

Nucleotide BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PA
GE_TYPE=BlastSearch&LINK_LOC=blasthome

Protein BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PA
GE_TYPE=BlastSearch&LINK_LOC=blasthome
Codon Usage Optimiser http://www.ucl.ac.uk/algae/genetic_engineering_tools
(CUO)
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2.3 Cultivation of microorganisms

2.3.1 Bacterial and yeast cell cultures

When grown in solid media, 2% (w/v) LB agar plates supplemented with suitable
antibiotics were used to support colony isolation after transformation for bacterial cell
cultures. For long-term storage, 25% (v/v) glycerol stocks of E. coli strains were

prepared and stored in a -80 °C freezer.

For plasmid isolation or seed culture, glycerol stocks were inoculated into small
volumes of LB medium (2-10 mL) in 50 mL Falcon™ conical centrifuge tubes. The
culture was grown in a shaking incubator (SI60 Incubator, Stuart Scientific, UK) at
37 °C, 200 rpm. For protein expression, the seed culture was inoculated into 250 mL
shake flasks with 100 mL LB medium and grown at 37 °C for three hours. 1 pM
isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to the cultures when they
reached the exponential growth phase (ODgoonm at 0.6-0.8). After IPTG induction, cells

were grown at 18 °C for 16-18 h and harvested for further analysis.

Yeast cultures expressing tandem-core HBcAg named K1.K1 (two HBcAg monomers
were genetically fused together using a (GGS)*7 linker) were kindly provided by Prof.
Tarit Mukhopadhyay.

2.3.2 Algal cell cultures

2% (w/v) TAP and HSM agar plates were used for short-term storage of algal strains
and transformation, respectively. Plates were placed under different light intensities
depending on the specific experiment. For example, TAP plates for strain maintenance
were placed under dim light (< 10 pmol m™s™) in the storage room. HSM plates for
transformation purposes were placed under bright light at around 150 pmol m™s™ for
4-6 weeks. Fresh TAP agar plates were supplemented every month to maintain the

healthy growth of algal cells.
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250 mL Erlenmeyer flasks were used to cultivate 50 mL and 100 mL cell cultures in
TAP medium for pre-inoculation and growth investigations, respectively. Pre-
inoculation cultures were initiated with a loop of healthy algal cells from the agar plate
and were grown to mid-logarithmic phase before propagating to the next passage. A
starting OD750nm 0f 0.3 or 0.1 depending on the application was used for consistency of
growth characterisation. Cell cultures were grown at 120 rpm, 25 °C with a light
intensity of approximately 50 pmol m™s™! in a Kuhner incubator (Kuhner, Herzogenrath,

Germany).

In addition, 1 L Erlenmeyer flasks with 500 mL working volume were used in the
Algem® photobioreactors (Algenuity, Bedfordshire, UK) with a tight control of light
intensity, temperature and rotational mixing speed. The standard conditions used were
120 rpm, 200 umolm™s! (white light) and 25 °C. OD740nm Was automatically measured
in situ every 30 min to monitor growth whereas OD7s50nm Was measured manually every
day to calculate specific growth rates and maximum biomass accumulation. Samples
were also harvested to monitor pH values by a benchtop pH meter (Thermo Fisher

Scientific, Paisley, UK) and acetate consumption by HPLC (Section 2.5.1).
2.3.3 Biomass quantification and specific growth rate calculation

Three different methods to quantify algal biomass were used depending on the specific
applications. Optical density (OD) and dry cell weight (DCW) were measured to
monitor cell growth for specific growth rate and maximum biomass calculations. Cell

count using haemocytometer was mainly used during algal transformation.
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Table 2.15: Brief descriptions of three algal biomass quantification methods

Quantification Brief description
methods
oD A Ultrospec 1100 Pro spectrophotometer (Amersham Biosciences, New

Jersey, USA) was used to measure the OD at the wavelengths of 750 nm
and 600 nm to monitor the growth of algal and bacterial cells,
respectively.

Cell count A haemocytometer (Hausser Scientific, West Sussex, UK) and a bright
field microscope at 20 X magnification (Olympus, Hamburg, Germany)
were used to count cells mainly for transformation. Due to cell motility,
1 mL of algal sample was first treated with 10 pL of tincture of iodine
(0.25 g iodine in 100 mL 95% (v/v) ethanol), which immobilised the
algal cells.

DCW The liquid algal samples were diluted into five dilutions. Samples were
placed on top of the pre-weighed Whatman fibre glass filter paper (GE
healthcare, Little Chalfont, UK) and left in the oven (100 °C) overnight
to achieve a constant dry mass. The correlation between OD7sonm and
DCW is demonstrated in Appendix 3 (A3).

The specific growth rate () was calculated during the exponentially growth phase

based on the equation shown below (h!) (Widdel, 2007):

Inx,—Inxq

[Equation 2]
ta—ty

where x, and x; are the dry cell weight (g L) at time ¢, and t; (h), respectively.

2.4 Downstream processing operations

2.4.1 Harvesting

Two different benchtop centrifuges, Eppendorf 5424R or 5810R (Eppendorf, AG,
Germany) were used to harvest algal or bacterial cells when volumes were less than 50
mL. Larger cell cultures (> 50 mL) were harvested using a Sorvall Evolution RC
Superspeed centrifuge (Thermo Scientific, Paisley, UK). Typical centrifugation

conditions were 5,000 rpm, 30 minutes and 4 °C unless otherwise stated.
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2.4.2 Cell disruption

The lysis buffer used to disrupt bacterial cultures comprised of: 20 mM HEPES (pH
7.5), 250 mM NaCl, 10 mM EDTA and one protease inhibitor cocktail tablet
(cOmplete™, Mini, EDTA-free (Roche Applied Science, Rotkreuz, Switzerland)). The
components of the algal lysis buffer are as followed: 1x PBS (137 mM NaCl, 10 mM
Phosphate, 2.7 mM KCIl, pH 7.4), 10 mM EDTA, 0.01% (w/v) sodium deoxycholate

and one protease inhibitor cocktail tablet.

A Soniprep 150 probe sonicator (MSE, Sanyo, Japan) was also used to break open algal
and bacterial cell walls for total protein determination. In order to avoid protein
degradation by heat, 10 s on / 10 s off mode was employed. The total sonication time

was 100 s unless otherwise stated.

For larger samples, a batch-mode, lab-scale homogeniser with a capacity of
approximately 5 mL (Constant Systems, Northants, UK) was also used to disrupt cells.
The standard operating conditions included two passes at a pressure of 14 ksi (1,000
bar) unless otherwise stated. Yeast cells expressing K1.K1 were resuspended in lysis
buffer (20 mM Tris HCI, 100 mM NaCl, 0.1% Triton X-100, pH = 8.0) and disrupted

by the homogeniser. The soluble fraction was separated by centrifugation.

2.4.3 Sucrose gradient ultracentrifugation

Crude protein lysates were cleared by ultracentrifugation (38,000 rpm, 1 h, 4 °C) to
pellet cellular debris such as thylakoid membranes (Zborowski and Chalmers, 1988),
and then concentrated using Vivaspin® 20 columns (GE Healthcare Life Sciences,
Pittsburgh, USA). Alternatively, a double sucrose cushion in ultracentrifugation was
also employed to remove impurities (Peyret, 2015). 1 mL 75% (w/v) sucrose solution,
4 mL 20% (w/v) sucrose solution and 7.5 mL crude protein lysate were carefully loaded
into Ultra-Clear™ 14x89 mm ultracentrifuge tubes (Beckman Coulter, Krefeld,
Germany) sequentially. Ultracentrifugation was performed at 39,000 rpm for 2.5 h at
4 °C in a Beckman SW41Ti rotor (Beckman Coulter, Krefeld, Germany).
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Two methods were used to prepare the continuous sucrose gradients. For manual
loading, 50%, 30% and 10% (w/v) sucrose solutions were prepared and loaded
sequentially into Ultra-Clear™ ultracentrifuge tubes. The tubes were kept vertical and
left in the fridge overnight to ensure a linear gradient was formed by diffusion.
Alternatively, the continuous sucrose gradients were made by gradually mixing a 10%
(w/v) sucrose solution and a 50% (w/v) sucrose solution using a SG15 Gradient Maker

(GE Healthcare Life Sciences, Pittsburgh, USA).
2.4.4 Size exclusion chromatography

Size exclusion chromatography was carried out using an AKTA pure chromatography
system (GE Healthcare Life Sciences, Pittsburgh, USA) fitted with a column packed
with Sepharose® CL-4B beads (Sigma-Aldrich, Munich, Germany). These beads have
a diameter distribution of 40-165 um. The UNICON software was used to control the
purification process as per the manufacturer’s instructions. In brief, the system was
washed with Milli-Q® water and equilibrated with the lysis buffer (Section 2.4.1) that
was used to re-suspend the protein samples. Then, 2 mL of crude protein lysate was
injected into the sample loop using a 5 mL disposable syringe. Elution profiles were
monitored by the UV absorbance at a wavelength of 280 nm and 14 elution fractions
were collected by an automated fraction collector. Subsequently, the elution fractions

were analysed by the western blot as described in Section 2.5.5.

2.4.5 Dialysis and concentration

Protein samples were dialyzed against 50 mM HEPES buffer (pH 7.3) in Slide-A-
Lyzer™ Dialysis Cassettes (Thermo Scientific, UK) at 4 °C overnight. The membrane

sizes and volumes of the dialysis cassettes varied depending on the application.

Vivaspin® filters (Sartorius, Goettingen, Germany) were used to concentrate protein
samples as per the manufacturer’s instructions. In brief, Milli-Q® water was used to

rinse the membranes first. After discarding the water, protein samples were loaded into
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the column and centrifuged at a maximum speed of 4,000 g. The membrane sizes and

volumes of the concertation filters varied depending on the application.

2.5 Analytical methods

2.5.1 High performance liquid chromatography

The acetate concentration in the TAP medium was measured using a Dionex high
performance liquid chromatography (HPLC) system, the UltiMate 3000 HPLC system
(Thermo Fisher, UK). The system was fitted with an Aminex HPX-87H ion-exchange
column (Bio-Rad Laboratories, Hertfordshire, UK). 10 mL sample was resolved with a
mobile phase of 0.1% (w/v) Trifluoroacetic acid (TFA) at a flow rate of 0.6 mL min™.
The sample signal was monitored with a UV-Vis detector (RefractoMax 520 ERC)
controlled by the Chromeleon Chromatography Data System (CDS) software (Thermo
Scientific, Paisley, UK). Retention time for acetate was 14.8 minutes. A calibration

curve between the acetate concentration and the peak height is shown in Figure 2.2.

i y =1.7627x -
- R2=10.9993

Peak height (mAU)
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Acetate concentration (gL1)

Figure 2.2: Calibration curve between the peak height and acetate concentration from
HPLC measurements. Experiments performed as described in Section 2.5.1. Error bars
represent the range of the duplicate data points (n=2). Dashed line fitted by linear regression.

2.5.2 Total soluble protein concentration

A microplate method was used to determine the total soluble protein concentration
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within C. reinhardtii. Algal cells were disrupted either by sonication or homogenization
to release the intracellular contents as described in Section 2.4.2. Supernatant was
collected after centrifugation (13,000 rpm, 4 °C and 30 mins) and filtered using a
syringe filter with a pore size of 0.20 pum. The detergent compatible Bio-Rad protein
assay (modified Lowry method) (Bio-Rad Laboratories, Hertfordshire, UK) was used
as per the manufacturer’s instructions. Briefly, SuL of protein sample or BSA protein
standard was added into the 96 well plate (Sarstedt, Niimbrecht, Germany) followed by
the addition of 25 pl Reagent A (with Reagent S) and 200 pl of Reagent B. The plate
was gently mixed for 30 seconds and incubated for another 15 minutes. The absorbance
(OD750nm) Was taken using an Infinite 200 PRO multimode reader (TECAN, Méannedorf,
Switzerland). The standard curve based on the known concentrations of the standard

protein bovine serum albumin (BSA) is shown in Figure 2.3.
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Figure 2.3: The correlation between the BSA concentration and the absorbance at a
wavelength of 595 nm. Experiments performed as described in Section 2.5.2. Error bars
represent one standard deviation about the mean (n=3). Dashed line fitted by polynomial
regression.

2.5.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate protein
samples under denaturing conditions based on their molecular weight. 12% (w/v) pre-
cast polyacrylamide gels were run in a Mini-PROTEAN Tetra cell (Bio-Rad

Laboratories, Hertfordshire, UK). Dual colour protein loading buffer and reducing
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reagent (Lonza, Slough, UK) were added to the protein samples which were
standardized either to the same cell density based on OD7s0nm readings or the same total
soluble protein concentrations. The mixture was heated at 99 °C for 10 minutes.
Standard running conditions (120 V, 90 mins) in 1X Reservoir buffer were employed

unless otherwise stated.

2.5.4 Coomassie® blue staining

A proprietary Coomassie® stain called InstantBlue™ (Expedeon Protein Solutions,
Cambridge, UK) was used to stain SDS-PAGE gels as per the manufacturer’s
instructions. In short, SDS-PAGE gels were washed with Milli-Q® water for five
minutes and stained with 10 mL InstantBlue™ solution from 30 minutes to overnight.
The staining time varied depending on the particular experiment. Afterwards, gels were
rinsed with Milli-Q® water and visualized using the Gel-Doc-it bioimaging system

with the Labworks 4.5 software (Bioimaging systems, Cambridge, UK).

2.5.5 Western Blot

Proteins were separated by SDS-PAGE and then transferred onto 0.2 um nitrocellulose
membranes using a semi-dry electro-blotter (Trans-Blot® SD Semi-Dry Transfer Cell,
Bio-Rad Laboratories, Hertfordshire, UK) as per the manufacturer’s instructions. All
transfer materials were soaked in Towbin buffer (Table 2.16) and arranged into the
sandwich structure shown in Figure 2.4. Bubbles were rolled out to ensure the
conduction of electricity. The electroblotting was run at 12 V for 30 minutes unless

otherwise stated.

Table 2.16: Composition of Towbin buffer.

For preparation of 1L Towbin Buffer | Amount | Molar concentration
Tris base 30¢g 25.0 mM
Glycine 144 ¢ 192.0 mM
SDS 1.0g 3.5 mM
Methanol 200.0 mL 20% (v/v)
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Figure 2.4: Simplified schematic diagram of the semi-dry electro-blotting transfer
arrangement.

The membranes were blocked with 0.5% (w/v) skimmed milk in tris-buffered saline-
Tween™ 20 (TBS-T) buffer (Table 2.17) at 4 °C overnight to prevent non-specific
binding of antibodies to the membranes. After blocking and washing, membranes were

probed with different primary antibodies depending on the application as demonstrated

in Table 2.18.

Table 2.17: Composition of TBS-T buffer.

For preparation of 1L TBS-T Amount Molar
buffer concentration
Tris base 24 ¢ 20.0 mM
NaCl 80g 137.0 mM
Tween™ 20 1.0 mL 0.1% (v/v)
HCl Small amount used to adjust buffer 1.0M
topH 7.6

Table 2.18: Primary antibodies used in this study for western blot analysis.

Primary antibody Dilution | Species | Supplier (catalogue number)
Polyclonal anti-HA antibody 1: 1,000 | Rabbit | Thermo Fisher Scientific (# 71-
5500)
Polyclonal anti-HBcAg antibody | 1: 8,000 | Rabbit Abcam (ab115992)
Monoclonal anti-HBcAg antibody | 1: 1,000 | Mouse Thermo Fisher Scientific (#
[10E11] MA1-7608)
Monoclonal anti-HBcAg antibody | 1: 1,000 | Mouse Thermo Fisher Scientific (#
[14E11] MA1-7610)
Monoclonal anti-Strep® antibody | 1: 1,000 | Mouse | Sigma-Aldrich (SAB2702216)
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After primary antibody incubation, an anti-rabbit or anti-mouse IRDye® secondary
antibody (DylightTM 800) was added at 1:20,000 dilution (Li-Cor Biosciences,
Cambridge, UK). Then, the membranes were scanned using the Odyssey® Infrared
Imaging System (Li-Cor Biosciences, Cambridge, UK). For the Strep-Tactin® detection
system, the Strep-Tactin® horseradish peroxidase (HRP) conjugate (IBA Lifesciences,

Goettingen, Germany) was used to visualize protein bands.

An Odyssey® Infrared Imaging System with Image Studio™ software (Li-Cor
Biosciences, Cambridge, UK) was used for quantitative near-infrared (NIR)
fluorescence detection. Rectangles were drawn around each protein band to define the
area for quantification. The software automatically subtracts a background from the
signal, which is determined as the median of the signal measured in an area of 2 pixels
above and below the rectangle. However, the determination of the linear range was

necessary before carrying out quantification.

For the electrochemiluminescence (ECL)-based detection method, the membrane was
incubated with an anti-rabbit HRP-conjugated secondary antibody (Thermo Fisher
Scientific, Paisley, UK) at 1: 10,000 dilution, followed by the SuperSignal® West Pico
Chemiluminescence Substrate (Thermo Fisher Scientific, Paisely, UK) for five minutes.
Afterwards, the membrane was exposed to a sheet of Hyperfilm ECL (GE Healthcare,
Little Chalfont, UK) and the X-ray film was developed by a Xograph automatic film
developer (Xograph Healthcare, Gloucestershire, UK) in the dark room. The film

development time varied as described in Section 3.2.4.
2.5.6 Negative-stain TEM

Protein samples after buffer-exchange and concentration were spotted onto the carbon-
coated copper grids and washed briefly with Milli-Q® water. Then, the grids were
stained with 2% (w/v) uranyl acetate for 30-60 seconds and left to dry. The negatively
stained samples were examined using a Philips CM120 TEM (Philips, Guilford, UK)

and electron micrographs were taken at appropriate magnifications.
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2,57 Immuno-gold labelling of TEM samples

Around 2 pL protein sample was loaded on to the nickel grid. After incubation for 10
minutes, the grid was washed with three times with TBS buffer (Table 2.19) for 15
minutes in total. Then, the grid was blocked with 10% (w/v) normal goat serum
(Thermo Fisher Scientific, Paisley, UK) for 10 minutes. Subsequently, the grid was
probed with 1:500 rabbit anti-HBcAg primary antibodies followed by the 1:200 goat
anti-rabbit secondary antibodies conjugated with 5 nm gold particles (Abcam,
Cambridge, UK). After brief washing in 1XTBS buffer, the grid was observed under
the TEM.

Table 2.19: Composition of TBS buffer.

For preparation of 1L TBS-T Amount Molar
buffer concentration
Tris base 24¢g 20.0 mM
NaCl 80g 137.0 mM
HCI Small amount used to adjust buffer 1.0M
topH 7.6
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3 Expression of hepatitis B core antigen in the C. reinhardtii

chloroplast

3.1 Introduction and aim

As discussed in Section 1.1.1, self-assembled VLPs are attractive and promising
vaccine candidates as they are similar to authentic native viruses in terms of structure
and antigenicity but are free from infectious viral genetic materials (Grgacic and
Anderson, 2006). As a result, a handful of VLP-based vaccines have already been
successfully commercialised. Meanwhile, many safe and potent VLP-based vaccine
candidates have entered pre-clinical or clinical stages (Rolddo et al., 2010). More
importantly, some VLPs can serve as particulate carriers which can convey their strong
immunogenic properties to linked heterologous antigen epitopes. This can be achieved
by either genetic manipulation or chemical conjugation, forming so-called chimeric
VLPs (Roose et al, 2013). Such vaccine candidates overcome the problems of
heterologous epitopes not possessing optimal immunogenicity or an inability to self-
assemble into particulate repetitive forms to elicit strong immune responses (Grgacic

and Anderson, 2006; Roldao et al., 2010).

HBcAg is believed to be one of the most promising and well-documented particulate
carriers of foreign antigens (Arora et al., 2012; Roose et al., 2013). This is due to the
fact that its primary protein sequence can be easily manipulated without damaging its
ability to self-assemble into VLPs. Various studies have already demonstrated the
ability of HBcAg to accommodate foreign epitopes at either the N-terminus or C-
terminus, or into the MIR (Pumpens and Grens, 2001; Filette et al., 2008; Nassal et al.,
2008; Arora et al., 2012; Peyret et al., 2015). Schodel ef al., (1992) compared these
positions for heterologous epitope incorporation and concluded that the MIR is the
preferred insertion site in terms of antigen-specific antibody induction. In addition,
Arora et al., (2012) have further shown that MIR insertion results in improved

immunogenicity and out-performs conventional protein carrier molecules.
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Two different symmetries of icosahedral HBcAg VLPs (Figure 1.1) are detectable in
the liver of HBV-infected patients (Roose ef al., 2013). Not surprisingly, they can also
be expressed and assembled outside of their natural contexts in heterologous protein
production platforms. These platforms include bacteria, yeast, insect, mammalian and
plant expression systems (Burrell et al., 1979; Hirschman et al., 1980; Lanford and
Notvall, 1990; Touze et al., 1999; Huang et al., 2006; Freivalds et al., 2011; Peyret et
al., 2015). The features of each expression system, together with examples, are

described in Section 1.1.4.

The chloroplast of the green alga C. reinhardtii has potential as an alternative to
conventional protein expression platforms for HBcAg production. Advantages include
the absence of viral toxins or human pathogens, cost-effective production and rapid
scalability (Stoffels et al., 2017; Dyo and Purton, 2018). Moreover, it is possible to
synthesize complex and bioactive protein-based products such as full-length human
antibodies, oral vaccine candidates and immunotoxins (Tran et al, 2009, 2013;
Demurtas et al., 2013; Specht and Mayfield, 2014). To date, there is only one published
work that has exploited C. reinhardtii to produce HBcAg-based antigens but this was
based on nuclear expression (Soria-Guerra et al., 2013). Not only were the protein
levels low (0.02-0.05% (w/w) of TSP), but positional effects of transgene integration

were also observed.

The aim of the experiments carried out in this chapter was therefore to explore the
capability of the C. reinhardtii chloroplast as a potential HBcAg production platform.

Specific objectives were:

e To express the full-length HBcAg monomer in the C. reinhardtii chloroplast;
e To express the truncated HBcAg monomer in the C. reinhardtii chloroplast;

e To investigate the stability of the algal-derived HBcAg.
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3.2 Expression of the full-length monomer HBc183 in the C.

reinhardtii chloroplast

3.2.1 HBcI83 gene selection and design

Since no previous work has been carried out to express HBcAg in the C. reinhardtii
chloroplast, it was sensible to express the unmodified full-length monomer first. Due
to the availability of various anti-HBcAg antibodies, epitope tags were not included in
the designed protein sequence in order to minimize potential interference with protein
expression and capsid formation. With this in mind, the first transgene construct was
designed encoding the full-length HBcAg sequence of 183 residues. The amino acid
sequence was obtained from the National Centre for Biotechnology Information (NCBI)
database (GenBank: AAK62975.1) and reverse-translated into the most likely non-
degenerate coding sequence using Bioinformatics software. Then the coding sequence
was codon-optimised for expression in the C. reinhardtii chloroplast by the CUO
software developed in the Purton lab (Table 2.14). Two endonuclease restriction sites
Sapl and Sphl were designed on the 5’ and 3’ends of the transgene, respectively. The
Sapl site was purposely selected as it allows a perfect translational fusion at the ATG

of the transgene (Wannathong et al., 2016).

MacVector (MacVector, Inc., USA) was used to perform the simulated digestion and
ligation of transgene and pSRSapl to check for the compatibility of sticky ends (Figure
3.1). The next step was to confirm that the codon-optimised gene sequence could be
translated back to its original amino acid sequence retrieved from the database. After
confirming this using Protein BLAST (NCBI), the optimised transgene was synthesized
de novo by ATUM (Section 2.2.10) and named HBc183. The synthesized HBcl83 gene
was inserted into a high copy number plasmid vector (pJ201) carrying a kanamycin

resistance gene.
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HBc183
ATGCATATT e———AATAAGCATG

CTATAA =———————=TTATTC

AAATCC CAAGCT
TTTAGGTAC GTACGTTCGA

pSRSapl

Figure 3.1: Schematic diagram of the sticky-end ligation between the empty algal
expression vector pSRSapl and the gene of interest HBc183.

3.2.2 Construction of the plasmid pHBc183

Restriction endonuclease digestion of pJ201 and pSRSapl was performed using
restriction endonucleases Sapl and Sphl. In order to test the activities of both enzymes,
control reactions with no addition of endonucleases or addition of single enzymes were
also carried out. As shown in Figure 3.2, DNA bands of the predicted sizes were seen

after double digestion and analysis on an agarose gel.

(@ 1 2 3 4 5

6262 bp
pSRSapl

560 bp
HBc183

Figure 3.2: Gel electrophoresis to confirm the digestion of (a) pSRSapl and (b) pJ201.
Lane 1: GeneRuler DNA Ladder Mix (Thermo Scientific, UK) in (a) and HyperLadder 1kb
(Bioline, UK) in (b); Lane 2: no digestion; Lane 3: single digestion with endonuclease Sapl;
Lane 4: single digestion with endonuclease Sphl; Lane 5: double digestion with Sapl and Sphl.
Analysis performed as described in Section 2.2.3 and Section 2.2.5.

After gel extraction (Section 2.2.6), a ligation reaction between the digested plasmid

backbone (pSRSapl) and the DNA insert (HBcl83) was carried out to construct the
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plasmid pHBc183 (Figure 3.3). After overnight incubation of E. coli transformants at
37°C, many colonies appeared irrespective of the DNA insert to vector backbone ratios.
It was easiest to select single colonies when the ratio between insert to vector was 1:1.
Control experiments were also carried out to quantify the level of background caused

by un-digested and re-ligated vector backbones (Table 3.1).

pHBc183

6817bp

Figure 3.3: Simplified diagram of the algal chloroplast transformation plasmid pHBc183.
The HBc183 gene is placed under the control of the psa4 promoter/5’UTR and the rbcL 3’UTR.
Flanking regions indicated upstream and downstream correspond to regions where homologous
recombination between the vector and the chloroplast genome occurs.

As shown in Table 3.1 various ligations and transformations were performed for
different purposes. The number of colonies in Experiment 4 was almost 10-fold higher
than that of Experiment 5. Therefore, re-ligation of vectors was indicated as the main
contributor to the background reading. In theory, there is no need to remove the 5’
phosphate if sticky end ligation with different restriction sites is carried out (New
England BioLabs, UK). However, based on experimental results, dephosphorylation

became necessary in order to reduce the background and facilitate colony selection.
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Table 3.1: Different ligation conditions and corresponding transformation results. Each
ligation mixture was transformed into One Shot® TOP10 chemically competent E. coli cells
and streaked onto Ampicillin resistant agar plates for transgenic colony selection as described
in Section 2.2.8.

Experiment | Vector Insert Insert: | T4 Purpose Colony
number (pSRSapl) | (HBc183) DNA number
Vector ligase estimation
1 Vv v 1:1 v | Quantification of > 10°

successful ligation
products and

. 5

2 v v 3:1 v determination of > 10
the most effective

3 V v 10:1 \/ | vector to insert > 10°
ratio.

4 N - - v | Quantification of ~500

un-digested and
re-ligated vectors

5 N - - - Quantification of ~50
un-digested
vectors

Therefore, the digested backbone was first treated with AP (Section 2.2.4) before
repeating the ligation and transformation procedure. Meanwhile, Experiment 4 was
repeated with the dephosphorylated vector to monitor the level of background. As
predicted, the number of colonies in Experiment 4 was greatly reduced after

dephosphorylation (Figure 3.4).
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(b)

Figure 3.4: Background comparison (a) before dephosphorylation and (b) after
dephosphorylation for TOP10 E. coli transformation with pHBc183 ligation mix.
Experiments performed as described in Section 2.2.8.

After plasmid extraction, DNA samples were sent for sequencing (Section 2.2.10). The
forward and reverse primers used were designed within a psad promoter and rbcL
3’UTR, respectively. E. coli containing the correctly-assembled pHBc183 was
preserved as glycerol stocks and a Midiprep of the plasmid was prepared for algal

transformation.

3.2.3 Integration of HBcl83 into the chloroplast genome

The chloroplast cloning strategy used throughout this project is illustrated in Figure 3.5.
The algal transformation vector pHBc183 described in Section 3.2.2 is designed to
introduce the transgene HBcl83 into the chloroplast genome in a neutral site
downstream of psbH and permit expression under the control of the psaAd
promoter/5’UTR and the »bcL 3’UTR. The cell wall-less recipient strain C. reinhardtii
TN72 carries a mutation in the chloroplast genome where psbH gene is replaced by the
aadA cassette. The absence of the PsbH protein destabilizes the photosystem II complex,
leading to the non-photosynthetic phenotype of TN72.

Selection of transformant lines after chloroplast transformation is therefore based on
the re-introduction of the wild-type psbH gene carried by pHBc183 and the subsequent
restoration of prototropy. The use of an endogenous gene like this as the selectable

maker eliminates the insertion of a bacterial antibiotic resistance gene into the
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chloroplast genome which is beneficial for therapeutic protein production in terms of

‘biosafety’ (Economou et al., 2014).
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Figure 3.5: Schematic overview of TN72 chloroplast cloning strategy with algal plasmid
pSRSapl. Figure modified from Economou et al., (2014).

TN72 C. reinhardtii cells were grown to mid-logarithmic phase (approximately 1x10°
to 2x10° cellsmL ') and transformed using the glass bead agitation method as described
in Section 2.2.8. Initially, the transgene HBcl83 is only inserted into several copies of
the chloroplast genome. Since the C. reinhardtii chloroplast genome has a polyploid
nature with around 80 genome copies (Harris, 1989), transformants are usually selected
through several rounds of single colony isolation to achieve chloroplast homoplasmy
and to obtain stable transformants (Economou et al., 2014). As shown in Figure 3.6,
single colonies were first observed after four weeks of incubation and were re-streaked

onto selective plates.

Three transgenic lines were isolated and screened by PCR analysis for correct transgene
integration and plastome homoplasmy as illustrated in Figure 3.7. For transgene
verification, an amplicon of around 950 bp was expected due to the forward and reverse
primers designed to the psad promoter and rbcL 3° UTR regions, respectively. The
HBc183 gene sequence was further confirmed by sequencing (Section 2.2.10). As for
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the homoplasmy check, a band of 850 bp is expected for the TN72 recipient genome
with a disruptive psbH gene (—). In contrast, TN72 transformant genome copies with
an intact psbH should generate a product of 1135 bp (+). Successful transformation of
TN72 with pHBc183 should therefore give rise to a band of 1135 bp, matching that of
the positive control. The absence of any detectable 850 bp band indicates the
homoplasmy of chloroplast genomes. These homoplasmic transgenic lines were named

TN72 HBcl183 TI1-T3.

Figure 3.6: First colonies of C. reinhardtii transformants appearing on HSM plates four
weeks after chloroplast transformation. Experiments performed as described in Section 2.2.8.

105



(ay M TIL T2 T3 M

950 bp

Figure 3.7: Gel electrophoresis of colony PRC products to verify (a) the integration of
HBc183 gene into the chloroplast genome and (b) the homoplasmy of the chloroplast
genome in three transgenic lines (T1-T3). M: HyperLadder 1kb (Bioline, UK); —: TN72 was
used as the negative control; +: TN72 transformed with the empty pASapl vector (TNE) was
the positive control; H,O served as the negative control for the PCR reactions. Analysis
performed as described in Section 2.2.2 and Section 2.2.5.

3.2.4 Expression of HBc183 in the C. reinhardtii chloroplast

ECL-based western blot analysis was carried out to examine the expression of HBc183
in the C. reinhardtii chloroplasts. A preliminary analysis with rabbit anti-HBcAg
polyclonal antibodies (PA5-16368) (Table 2.16) did not reveal any signal even for the
positive control, which was the purified full-length HBcAg monomer (21 kDa)
produced in E. coli (OBT0909) (BIO-RAD, UK). As a result, the western blot protocol
was modified in terms of protein concentration, primary antibody incubation time and
X-ray film development time. Only positive controls were loaded in this analysis. As
shown in Figure 3.8, strong bands for the E. coli-produced positive control were clearly
revealed without significant differences under all conditions. Therefore, the conditions
with the lowest protein loading concentration (1050 ng), shorter primary antibody
incubation time (two hours) and shorter film exposure time (30 s) were selected for

subsequent investigations.
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(a)- (b)-

(C)- (d)-
Figure 3.8: Western blot analysis of E. coli-produced full-length HBcAg probed with
rabbit anti-HBcAg polyclonal antibodies in terms of different primary antibody
incubation time, protein concentration and X-ray film development time. (a) 2 hours
incubation of primary antibody, Iminute film exposure; (b) 2 hours incubation of primary
antibody, 2 minutes film exposure; (¢) 4 hours incubation of primary antibody, 30 seconds film
exposure; (d) 4 hours incubation of primary antibody, 1 minute film exposure. Reference

protein loading amount: 1. 1050 ng; 2. 1400 ng; 3. 1750 ng; 4. 1960 ng. Experiments performed
as described in Section 2.5.5.

Based on the above conditions, different dilutions of rabbit anti-HBcAg polyclonal
antibodies and two types of blocking buffers were further tested. As demonstrated in
Figure 3.9, no bands were revealed for the algal-produced HBc183 (21 kDa) (Lane 2 to
4) except for the positive controls (Lane 1) under all conditions. Moreover, two anti-
HBcAg monoclonal antibodies [10E11] and [14E11] (Thermo Scientific, UK), which
recognise the regions 1-10 a.a. and 138-145 a.a. on HBcAg, respectively, were also
tested with the algal samples. However, the expected band of HBc183 was not detected
under any of these conditions. Despite the confirmation of transgene insertion and
plastome homoplasmy, it is suggested that the HBc183 expression level was probably

below the detection limit of the various anti-HBcAg antibodies.
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Figure 3.9: Western blot analysis of E. coli-based full-length HBcAg (Lane 1) and algal
crude extracts (Lane 2-4) probed with rabbit anti-HBcAg polyclonal antibodies in terms
of different primary antibody concentrations and different types of blocking solution. (a)
1:2000 dilution primary antibody, 1% (w/v) BSA blocking solution; (b) 1:8000 dilution primary
antibody, 1% (w/v) BSA blocking solution; (c) 1:2000 dilution primary antibody, non-protein
blocking buffer; (d) 1:8000 dilution primary antibody, non-protein blocking buffer; Reference
protein loading amount: 1. 1050 ng. Experiments performed as described in Section 2.5.5.

3.2.5 Summary

The chloroplast expression vector pHBc183 containing the codon-optimised full-length
HBcAg transgene HBc183 has been successfully assembled and introduced into the C.
reinhardtii TN72 chloroplast genome. Despite the confirmation of transgene insertion
and plastome homoplasmy, it was not possible to confirm the expression of HBc183 by
western blot analysis using different anti-HBcAg antibodies under various conditions.
The expression level of HBcl183 was probably below the detection limit of the tested
anti-HBcAg antibodies, implying the necessity to improve the protein accumulation
level and to include a short epitope tag for improved detection. Nevertheless, the
molecular biology techniques established in this section served as the essential
preparatory work towards the successful expression of HBcAg in the chloroplast of C.

reinhardtii.
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3.3 Expression of the truncated monomer HBc150 Strep in the C.

reinhardtii chloroplast

Due to the inconclusive Western blot results obtained in Section 3.2.4, two strategies
are proposed in Section 3.3.1 and Section 3.3.2 in order to achieve the synthesis of
HBcAg in the C. reinhardtii chloroplast. First, the manipulation of the primary amino
acid sequence of HBcAg was considered to improve heterologous protein expression
level. Second, the inclusion of a short affinity tag was explored to facilitate protein

detection.

3.3.1 Manipulation of the amino acid sequence of HBcAg to improve protein

expression

As discussed in Section 1.1.1, the full-length HBcAg monomer is composed of two
domains; the N-terminal assembly domain (1-140 a.a.) and the C-terminal protamine
domain (150-183 a.a.). Previous studies have proved that the N-terminal assembly
domain is necessary but also sufficient for monomer dimerization and subsequent
capsid formation (Bottcher et al., 1997; Wynne et al., 1999). In fact, the truncated
version (1-149 a.a.) has been utilized to study capsid dissociation, protein encapsulation
and sequence plasticity (Wooi and Siang, 2008; Lu et al., 2015). Moreover, it has been
suggested that there is a substantial increase in HBcAg accumulation levels when
expressing truncated monomers compared to full-length monomers in bacterial

expression systems (Stahl and Murray, 1989; Tan et al., 2003, 2007; Peyret et al., 2015).

However, it is suspected that HBcAg stability, as evidenced by the thermal stability and
capsid assembly integrity, is reduced in the absence of the C-terminal protamine domain
(Vogel et al., 2005; Sominskaya et al., 2013). This is mainly due to intermolecular
disulphide bond formation between C-terminal cysteine residues (183 a.a) (Vogel et al.,
2005) and the encapsulation of nucleic acids by the C-terminal protamine domain
(Sominskaya et al., 2013). Therefore, the stability of the truncated HBcAg may be
partially restored through adding a Cysteine residue at the C-terminus to increase the

degree of disulphide cross-linking (Schodel et al., 1992; Vogel et al., 2005).
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Furthermore, Apel et al. (2010) have pointed out the significance of the penultimate N-
terminal amino acid residue (i.e. coding position +2) on heterologous protein stability
in tobacco chloroplasts. The expression of a reporter protein GFP was compared when
the penultimate N-terminal amino acid residue was mutated into 20 different amino
acids. It was concluded that GFP accumulated to the highest levels in the Glutamic acid,
Methionine and Valine transgenic lines. In addition, Valine at the penultimate N-
terminal position conferred stability in both E. coli and tobacco chloroplasts (Apel et
al., 2010). Despite the absence of similar work published for the C. reinhardtii
chloroplast, both plastids are similar in terms of genome arrangement, transcription and
translation machineries (Lisitsky et al., 2001). Since the original penultimate N-
terminal amino acid residue of HBcAg is aspartic acid, an additional amino acid residue,
Valine (V), was inserted before the aspartic acid. This was hypothesized to increase the
stability of heterologous protein accumulation in the microalgal chloroplast (Apel ez al.,

2010).

3.3.2 Design of short affinity tags to facilitate HBcAg detection

Despite the availability of various anti-HBcAg antibodies, it was still useful to include
a well-established short affinity tag to facilitate protein detection. The most widely-
used short affinity tags include poly-His-, FLAG-, HA- and Strep II-tags (Terpe, 2003).
The choice of the affinity tag mainly depends upon the nature of the target protein, the
expression system and the application of the heterologous protein (Terpe, 2003; Wood,
2014).

Despite the prevalent use of poly-His-tag fused with HBcAg, inhibitory effects on
protein expression have been observed when using this tag in transgenic microalgal
chloroplasts (Demurtas et al., 2013). Among the different affinity tags, Strep-tag®II
allows sensitive detection as the interaction between streptavidin and biotin is the
strongest non-covalent biological interaction known (Schmidt et al., 2013). It also
enables inexpensive purification compared to several other short affinity tags such as

FLAG-tag and HA-tag. Twin-Strep-tag® consisting of two Strep-tag®Il sequences
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(SAWSHPQFEK) in series was used in this study to further increase the chance of
signal detection (Schmidt et al., 2013).

The insertion position for such affinity tag depends on the structure of the protein of
interest. As mentioned in Section 3.1, HBcAg possesses great structural flexibility in
terms of incorporating foreign epitopes into either the N-terminus or C-terminus or into
the MIR (Filette ef al., 2008; Nassal et al., 2008; Arora et al., 2012; Peyret et al., 2015).
Both Schodel et al. (1992) and Arora et al. (2012) have concluded that the MIR is the
preferred position for heterologous epitope incorporation with much higher antigen-
specific antibody induction. Therefore, the Twin-Strep-tag® was incorporated into the

MIR region of the truncated HBcAg monomer.

3.3.3 HBcl50_Strep gene selection and design

Based on the above considerations, a Twin-Strep-tag® with a linker
(SAWSHPQFEKGGGSGGGSGGSAWSHPQFEK) was included and inserted into the
major immune-dominant region (82-83 a.a.) of the truncated monomer (1-149 a.a)
(GenBank: ABI31779.1). Two unique restriction (Ncol and EcoRI) sites were designed
on both sides of the Twin-strep tag to facilitate the cloning of other epitopes into MIR
in the future. A Cysteine residue was added at the C-terminus to stabilize the truncated
HBc monomer The designed sequence also incorporated an additional penultimate N-
terminal amino acid residue, Valine, that was hypothesized to increase the stability of
heterologous protein accumulation in the microalgal chloroplasts (Apel et al., 2010).
The peptide sequence representing the above design was codon-optimised for
expression in the C. reinhardtii chloroplast using the CUO software. As explained in
Section 3.2.1, Sapl and Sphl restriction sites were designed on the 5’ and 3’ ends,
respectively, to allow insertion into the algal chloroplast expression vector pSRSapl
(Wannathong et al., 2016). The transgene sequence was synthesized de novo by ATUM
(Section 2.2.10) and named HBcl50 Strep. The synthesized HBcl150 Strep gene was

inserted into a high copy number plasmid (pJ241) carrying kanamycin resistance.
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3.3.4 Construction of the plasmid pHBc150_Strep

All experimental procedures including digestion, dephosphorylation, ligation and
sequencing were carried out using protocols established in Section 3.2.1. As shown in
Figure 3.10, DNA gel electrophoresis yielded the expected bands following double
digestion with Sapl and Sphl: pSRSapl (6262 bp) and HBc150 Strep (582 bp). Figure
3.11 illustrates the simplified diagram of the chloroplast transformation plasmid
pSRSapl containing the HBcl50 Strep transgene, named pHBcl150 Strep. After
confirmation by DNA sequencing, a Midiprep of pHBc150 Strep was prepared for

algal transformation.

6262 bp
pSRSapl

582 bp
HBcl150_Strep

Figure 3.10: Gel electrophoresis to confirm the digestion of pSRSapl (a) and pJ241 (b).
Lane 1: GeneRuler DNA Ladder Mix (Thermo Scientific, UK); Lane 2: no digestion; Lane 3:
single digestion with endonuclease Sapl; Lane 4: single digestion with endonuclease Sphl; Lane
5: double digestion with Sapl and Sphl. Analysis performed as described in Section 2.2.3 and
Section 2.2.5.
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pHBC150_Strep
6850bp

Figure 3.11: Simplified diagram of the chloroplast transformation plasmid
pHBc150 Strep. HBcl50 Strep gene is placed under the control of the psad exon 1
promoter/5’UTR and the rbcL 3’UTR. Flanking regions indicated upstream and downstream
correspond to regions where homologous recombination between the vector and the chloroplast
genome occurs.

3.3.5 Integration of HBcl50 Strep into the chloroplast genome

The detailed transformation strategy and glass bead method were explained in Section
3.1.1 and Section 2.2.8, respectively. As shown in Figure 3.5, the transgene was
introduced in the intergenic region (trnE2-psbH) of the chloroplast genome, with
transformant selection based on the restoration of the psbH gene and hence rescue of
prototropy in the non-photosynthetic strain, TN72. HSM plates and light were therefore
used as the driving force to recover transformants. After incubation in the light for four
weeks, five colonies were isolated and re-streaked onto HSM agar plates several times

to achieve plastome homoplasmy.

The insertion of the HBc150 Strep gene was confirmed in three transgenic lines (T1-
T3) by colony PCR. Primers were designed to the psaAd promoter and 3’ UTR regions
such that a PCR product of 1000 bp was expected (Figure 3.12 (a)). The sequence of
HBcl150 Strep was further confirmed by sequencing the PCR product (Source

Bioscience, UK). As before, the homoplasmy check was based on the absence of the
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850 bp band obtained for the TN72 plastome with a disruptive psbH gene (—ve),
whereas a transformant plastome with an intact psbH should generate a product of 1135
bp (+ve). Successful transformation of TN72 with the plasmid pHBc150 Strep should
therefore give rise to an 1135 bp band as seen in Figure 3.12 (b). The absence of any
detectable 850 bp bands strongly indicated the homoplasmy of chloroplast genomes.
These homoplasmic transgenic lines were named TN72 HBc150 Strep T1-T3.

(a) M (b) M — + Tl T2 T3 H,0

1000 bp —

Figure 3.12: Gel electrophoresis of colony PRC products to verify (a) the integration of
HBcl50 Strep gene into the chloroplast genome and (b) the homoplasmy of the
chloroplast genome in three transgenic lines (T1-T3). M: HyperLadder 1kb (Bioline, UK);
—: TN72 genome was the negative control; +: TNE genome was the positive control; H>O
served as the negative control of PCR reactions. Analysis performed as described in Section
2.2.2 and Section 2.2.5.

3.3.6 Expression of HBc150 Strep in the C. reinhardtii chloroplast

The size of the truncated HBcAg monomer (1-150 a.a) is approximately 16.7 kDa with
a 3 kDa Twin-Strep-tag® (Schmidt et al., 2013). Therefore, the expected size of
HBc150 Strep is around 20 kDa. First, western blot analysis was carried using the
Strep-Tactin®-HRP conjugate. As demonstrated in Figure 3.13, no clear bands
corresponding to the size of HBc150 Strep were detected when using the Strep-Tactin®
detection system. However, at least four non-specific bands ranging from 25 kDa to 40
kDa were observed in all samples including the negative control. The noisy background

was probably due to the use of direct interaction of proteins with the Strep-Tactin®
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system. Therefore, western blot analysis with monoclonal anti-Strep antibodies (Table
2.18) was also carried out to examine HBcl50 Strep expression and to reduce non-

specific bands.

60kDa

45kDa
30kDa

23.5kDa

Figure 3.13: Western blot analysis using Strep-Tactin® conjugates in three transgenic lines
(T1-T3). —: TNE was the negative control; M: IBA Lifesciences™ Strep-Tag Protein Ladder
(16 kDa to 100 kDa) (IBA Lifesciences, Germany). Analysis performed as described in Section
2.5.5.

Figure 3.14 demonstrates the western blot results probed with monoclonal anti-Strep
antibodies. Despite the reduction of non-specific bands, it was still not possible to detect
a 20 kDa band that would correspond to HBc150_ Strep. Only a non-specific protein
band (32 kDa) was detected in all samples, which serves as a loading control. As seen
in Section 3.2.4, despite the confirmation of transgene insertion and plastome
homoplasmy, it is suggested that the HBc150 Strep expression level was probably still
below the detection limit of either the Strep-Tactin® conjugates or the monoclonal anti-

Strep antibodies.
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Figure 3.14: Western blot analysis using monoclonal anti-Strep antibodies in three
transgenic lines (T1-T3). TNE was the negative control. —: TNE was the negative control; M:
IBA Lifesciences™ Strep-Tag Protein Ladder (16 kDa to 100 kDa) (IBA Lifesciences,
Germany). Analysis performed as described in Section 2.5.5.

3.3.7 Summary

The transgene HBc150_Strep encoding the truncated HBcAg monomer with a Twin-
Strep-tag on its MIR has been designed and codon-optimised to match that of the C.
reinhardtii  chloroplast codon wusage. The chloroplast expression vector
pHBc150 Strep® containing HBc150 Strep has been successfully assembled and
introduced into the C. reinhardtii TN72 chloroplast genome. Despite the confirmation
of transgene insertion and plastome homoplasmy in three transgenic lines, it was not
possible to confirm the expression of HBc150 Strep by western blot analysis using
either the Strep-Tactin® HRP conjugates or the monoclonal anti-Strep antibodies. It is
believed that the expression level of HBc150 Strep was below the detection limit of
both detection systems. In order to address these issues regarding the expression of
HBcAg in the microalgal chloroplasts, a third construct representing the truncated

monomer with a HA-tag was investigated in Section 3.4.
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3.4 Expression of the truncated monomer HBc150 HA in the C.

reinhardtii chloroplast

HBcAg possesses great structural flexibility in terms of incorporating foreign epitopes
into either N-terminus or C-terminus or into the MIR (Filette et al., 2008; Nassal et al.,
2008; Arora et al., 2012; Peyret et al., 2015). Apart from the MIR position, several
studies have fused a poly-His-tag onto either the N-terminus or C-terminus of HBcAg
to facilitate protein detection and purification when using bacterial expression systems
(Tan et al., 2007; Nassal et al., 2008; Wooi and Siang, 2008). It should be noted that
Wooi & Siang (2008) have demonstrated that adding a poly-His-tag at the N-terminus
of HBcAg does not impede capsid assembly or impair its strong antigenicity. Apart
from protein detection, N-terminal poly-His-tag allows native HBcAg purification
because its N-terminus tends to protrude out from the capsid surface compared to the
buried C-terminus (Vogel ef al., 2005; Tan et al., 2007). Therefore, the N-terminus was

chosen as another alternative position in which to insert affinity tags in this study.

Despite the prevalent use of poly-His-tag when expressing HBcAg, an inhibitory effect
of this tag on C. reinhardtii chloroplast expression has been reported in Demurtas et al.
(2013). Since the hemagglutinin epitope (HA-tag) derived from the influenza A virus
(Schembri et al., 2007) is widely used for fusion protein production in the C. reinhardtii
chloroplasts in the Purton lab and is similar to that of poly-His-tag in terms of length

and function, an N-terminal HA-tag was chosen for this design.

3.4.1 HBcl50 HA gene selection and design

With the previous findings in mind, the amino acid sequence comprising the truncated
HBcAg (1-149 a.a.) (GenBank: ABI31779.1) with the addition of a HA-tag
(YPYDVPDYA) and a spacer (GGGGQG) at the N-terminus and a Cysteine residue at
C-terminus to stabilize the truncated form of HBcAg (Schodel et al. 1992) was designed.
It also incorporated an additional penultimate N-terminal amino acid residue, Valine,
that was hypothesized to increase the stability of heterologous protein accumulation in

the microalgal chloroplasts (Apel et al., 2010). The peptide sequence representing the
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above design was codon-optimised for expression in the C. reinhardtii chloroplast using
the CUO software. As explained in Section 3.1.1, Sapl and Sphl restriction sites were
designed on the 5” and 3’ ends, respectively, to allow insertion into the algal chloroplast
expression vector pSRSapl (Wannathong et al., 2016). The transgene sequence was
synthesized de novo by ATUM (Section 2.2.10) and named as HBcl50 HA. The
synthesized HBcl150 HA gene was inserted into a high copy number plasmid (pJ241)

with kanamycin resistance.

3.4.2 Construction of the plasmid pHBc150_HA

All experimental procedures including digestion, dephosphorylation, ligation and
sequencing were carried out in the same way as explained in Section 3.2.1. As shown
in Figure 3.15, DNA gel electrophoresis results demonstrated correct bands
corresponding to pSRSapl (6262 bp) and HBc150 HA (506 bp) by double endonuclease
digestion (Sphl and Sapl). Figure 3.16 presents a simplified diagram of the assembled
chloroplast transformation plasmid pHBc150 HA containing the correct GOI. After
sequence confirmation, a Midiprep of the plasmid pHBc150 HA was prepared for algal

transformation.

6262 bp
pSRSapl

506 bp
HBcl50 HA

Figure 3.15: Gel electrophoresis to confirm the digestion of pSRSapl (a) and pJ241 (b).
Lane 1: GeneRuler DNA Ladder Mix in (a) and HyperLadder 1kb in (b); Lane 2: no digestion;
Lane 3: single digestion with endonuclease Sapl; Lane 4: single digestion with endonuclease
Sphl; Lane 5: double digestion with Sapl and Sphl. Analysis performed as described in Section
2.2.3 and Section 2.2.5.
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pHBc150_HA
6763bp

Figure 3.16: Simplified diagram of the chloroplast transformation plasmid pHBc150 HA.
HBcl150 HA gene is placed under the control of the C. reinhardtii psaA promoter/5’UTR and
the rbeL 3’UTR. Flanking regions indicated upstream and downstream correspond to regions
where homologous recombination between the vector and the chloroplast genome occurs.

3.4.3 Integration of HBcl150 HA into the chloroplast genome

The details of the transformation strategy and glass bead transformation method used
were exactly as used in Section 2.2.8. After incubation in the light for four weeks, five
colonies were isolated and re-streaked onto HSM agar plates to achieve plastome

homoplasmy.

The HBc150 HA gene was amplified by colony PCR in five transgenic lines (T1-T5).
Primers were designed to the psa4 promoter and 3’ UTR regions in which an amplicon
of around 900 bp was expected. The integrity of the gene construct was further
confirmed by DNA sequencing (Section 2.2.10). As for the homoplasmy check, a band
of 850 bp was seen for the TN72 recipient strain. In contrast, transformant lines gave a
band of 1135 bp as shown in Figure 3.17. As before, the absence of any detectable 850

bp band strongly indicated the homoplasmy of the transformant plastomes. These
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transgenic lines were named TN72 HBc150 HA TI-T5 and TN72 HBc150 HA T3

is later referred to as the psaA transformant strain in Chapter 4.

(@) M T1 T2 T3 T4 TS5 (b)

M — + + TI1 T2 T3 T4 T5 H,0

1135 bp —

900 bp
850 bp —

Figure 3.17: Gel electrophoresis of colony PRC products to verify (a) the integration of
HBc150_HA gene into the chloroplast genome and (b) the homoplasmy of the chloroplast
genome in five transgenic lines (T1-T5). M: HyperLadder 1kb (Bioline, UK); H>O served as
the negative control of PCR reactions. Analysis performed as described in Section 2.2.2 and
Section 2.2.5.

3.44 Expression of HBc150_HA in the C. reinhardtii chloroplast

The size of the truncated HBcAg monomer is approximately 16.7 kDa with a 1.2 kDa
HA-tag attached on its N-terminus (Lu et al., 2015). Therefore, a protein band of
approximately 18 kDa would be expected in western blot analysis using anti-HA
antibodies. As shown in Figure 3.18, all transformant lines (T1-T5) generated a band at
18 kDa, in agreement with the predicted size for HBc150 HA. In addition, no protein
band at 18 kDa was observed for TNE which served as the negative control. Therefore,
the western blot results confirmed the expression of the truncated HBcAg monomer in

the C. reinhardtii chloroplast.

The expression levels of HBc150 HA differed, however, in the five transgenic lines
when quantifying the infrared signals on the nitrocellulose membrane. In theory, all
transformants should have identical genetic background if chloroplast transformation

is preceded by homologous recombination (Surzycki et al, 2009). T3 (the psaAd
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transformant strain) with the highest HBc150 HA expression level was chosen as the

representative transgenic line for subsequent studies.

(@ + - TI T2 T3 T4 TS5 -
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Figure 3.18: Accumulation and quantification of HBc150 HA expression in five
transgenic lines (T1-T5). (a) Accumulation of HBc150 HA in five transgenic lines (T1-T5).
HA-tagged Pal was the positive control and crude protein extracts from TNE was the negative
control. Non-specific bands (25 kDa and 40 kDa) served as a loading control. (b) Relative
quantification of HBc150 HA in five transgenic lines by near-infrared (NIR) signal in
Odyssey® Infrared Imaging System (Li-Cor Biosciences, UK). Experiments performed as
described in Section 2.5.5.

3.4.5 Detection of HBc150 HA by different antibodies

In order to verify the immunoreactivity of the HBc150 HA, rabbit anti-HBcAg
polyclonal antibodies were used in comparison to the anti-HA antibodies in western
analysis of the algal extracts. The same crude protein samples at different harvest time
points were loaded onto an SDS-polyacrylamide gel and transferred to the same
membrane. The membrane was divided into two and incubated with anti-HA antibodies
and anti-HBcAg antibodies, respectively. Suitable dilutions of both antibodies were

examined in Section 3.2.4 and Section 3.4.4, respectively.
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As illustrated in Figure 3.19, protein bands corresponding to HBc150 HA (18 kDa)
were clearly shown on the left panel probed with anti-HA antibodies (a) but not for the
right panel probed with anti-HBcAg antibodies (b). This has demonstrated that anti-HA
antibodies were more sensitive in terms of recognizing the HA-tag on the algal-
expressed HBc150 HA than that of the anti-HBcAg antibodies. However, the
specificity of the anti-HA antibodies was lower as several non-specific bands are seen
in the blots as opposed to the anti-HBcAg antibodies. Nonetheless, increasing protein
expression level would be a sensible way to increase the chance of detection by anti-

HBcAg antibodies and to confirm the immunoreactivity of HBc150 HA.

(a) + 24 h 30h 48h (b) + 24 h 30h 48h
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Figure 3.19: Western blot analysis of HBc150_HA by (a) anti-HA polyclonal antibodies
and (b) anti-HBc polyclonal antibodies. +: (a) HA-tagged pal (36 kDa) and (b) E. coli-
produced full-length HBcAg (21 kDa) (BIO-RAD, UK). Analysis performed as described in
Section 2.5.5.

3.4.6 Summary

In order to address the problems encountered in Section 3.2.4 and Section 3.3.6, a third
transgene construct representing the truncated HBcAg monomer with an N-terminal
HA-tag was designed and successfully cloned into the chloroplast expression vector
pSRSapl. The resulting plasmid pHBc150_HA was correctly introduced into the C.
reinhardtii chloroplast genome. Both transgene insertion and plastome homoplasmy
were verified by colony PCR and gel electrophoresis. The successful detection of
HBc150 HA by rabbit anti-HA polyclonal antibodies in western blot analysis was

confirmed in all five transgenic lines with a slight difference in accumulation levels.
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Despite the western blot confirmation results probed with anti-HA antibodies, it was
still not possible to detect HBc150_HA using anti-HBcAg polyclonal antibodies. This
further supports the hypothesis in Section 3.2.4 that the HBc183 expression level was

below the detection limit of anti-HBcAg antibodies.

3.5 Investigation of HBc150 HA expression and stability

The net accumulation of recombinant proteins within the chloroplast is a balance
between protein synthesis and degradation. Some studies on plants or plant cell cultures
have suggested that the environment in chloroplasts is more protective for recombinant
proteins than that of the cytosol (Doran, 2006). It is inevitable that these ‘foreign’
proteins are still subject to proteolytic degradation as various proteolytic enzymes
responsible for protein quality control are present in chloroplasts (Adam et al., 2002;
Nair and Ramaswamy, 2004; Nishimura et al., 2016). In fact, Birch-Machint et al. (2004)
have suggested that rotavirus VP6 protein accumulation was subjected to rapid
proteolytic degradation in the transgenic tobacco chloroplasts. In addition, Surzycki et
al. (2009) have shown that proteolytic degradation is one of the principal factors

affecting vaccine production in microalgal chloroplasts.

Due to the low accumulation level of HBc150 HA observed in Section 3.4.5, it was
hypothesized that HBc150 HA was subjected to proteolysis within the C. reinhardtii
chloroplasts. As a result, a series of protein stability tests was carried out to test this

hypothesis and to find potential solutions to solve the issue.

3.5.1 Expression and stability of HBc_150 at different growth stages

In order to compare the accumulation of HBc150 HA at different growth stages and to
find the optimum harvesting point, TN72 HBc150 HA T3 cells were harvested at
different time points and analysed by western blots. According to Figure 3.20 (a),
HBc150 HA concentration started to decline on the second day of cultivation with a
starting OD750nm 0f 0.3. This was the point when algal cells started to enter the stationary
phase of growth as demonstrated in Figure 3.20 (b).
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Figure 3.20: Accumulation of HBc150 HA in TN72 HBc150 HA T3 and the growth
kinetics of TN72_HBc150 HA T3. (a) Accumulation of HBcl150 HA in
TN72 HBc150 HA T3 atdifferent time points. +: HA-tagged Pal was the positive control; —:
TNE was the negative control. Non-specific bands (25 kDa and 40 kDa) served as a loading
control. (b) Growth kinetics of TN72_HBc150 HA T3 with a starting OD75onm 0f 0.3. Cultures
grown as described in Section 2.3.2 and analysis performed as described in Section 2.3.3 and
Section 2.5.5.

To further confirm the time point when protein concentration decrease starts to occur,
a cell culture with a lower starting OD750nm 0f 0.1 was inoculated. Four cell samples
prior to late exponential growth phase were harvested and analysed again. As shown in
Figure 3.21, the HBcl150 HA accumulation level kept increasing in the mid-
exponential growth phase and then suddenly dropped at the end of this phase (48 h).
HBc150 HA could be subjected to rapid proteolytic degradation triggered at the end of
the exponential growth phase when the cells will seek to metabolise additional carbon

sources, or alternatively the rate of synthesis could be greatly reduced.
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Figure 3.21: Accumulation of HBc150 HA in TN72 HBc150 HA T3 and the growth
kinetics of TN72_HBc150_ HA T3. (a) Accumulation of HBcl150 HA in
TN72 HBc150 HA T3 at different time points. +: HA-tagged Pal was the positive control; —:
TNE was the negative control. Non-specific bands (25 kDa and 40 kDa) served as a loading
control. (b) Growth kinetics of TN72_HBc150 HA T3 with a starting OD750nm 0f 0.1. Cultures
grown as described in Section 2.3.2 and analysis performed as described in Section 2.3.3 and
Section 2.5.5.

3.5.2 Cell treatment with different concentrations of chloramphenicol

From the findings shown in Figure 3.20 and Figure 3.21, it was hypothesized that
HBc150 HA was susceptible to proteolytic degradation in the C. reinhardtii chloroplast.
In order to test this hypothesis, the stability of HBc150 HA was further investigated.
Protein stability can be evaluated when a certain amount of the protein is already
produced, but any further protein synthesis is fully inhibited. One of the typical
antibiotics to inhibit protein synthesis in prokaryotes is chloramphenicol. It prevents
protein chain elongation by inhibiting the peptidyl transferase activity on the 23S
ribosomal subunit (Hong et al., 2014). Since the algal chloroplast has a prokaryotic

origin, which retains a similar transcription and translation machinery to that of
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prokaryotes (Howe et al., 2008), chloramphenicol should also be active in microalgal
chloroplasts. In fact, several studies have used chloramphenicol to investigate potential
proteolytic degradation of recombinant proteins in C. reinhardtii chloroplasts (Birch-

Machint et al., 2004; Surzycki et al., 2009; Michelet et al., 2011).

Different concentrations of chloramphenicol were first tested in order to find the most
effective dose to fully inhibit protein synthesis. Cultures of TN72 HBc150 HA T3
were grown to the exponential growth phase with OD750nm of 1.3 and split equally into
five shake flasks. Four concentrations of chloramphenicol (250 ug mL™, 371.5 ug mL-
1,625 ug mL ! and 812.5 ug mL ") and a negative control (pure ethanol) were added
into each of the flasks. Subsequently, samples were taken at different time points over
a period of 71.5 h and subjected to growth kinetics studies and western blot analyses.
The degradation of both HBc150 HA and the endogenous D1 protein was evaluated
using anti-HA and anti-D1 antibodies respectively. D1 protein is encoded in the
chloroplast genome and forms part of the reaction centre core of photosystem II. Under
high light conditions, D1 is rapidly degraded followed by the disassembly of
photosystem II (Fischer et al., 2006). In addition, when protein translation is arrested
in chloroplasts, D1 proteins usually degrade with a short half-life. Therefore, the

degradation of D1 served as a control in this study.

The results presented in Figure 3.22 show that the untreated cells had higher specific
growth rate and maximum cell density than that of the chloramphenicol-treated cells.
This indicated the inhibition of protein synthesis within chloroplasts and thus cell
metabolism by chloramphenicol. However, cells treated with various concentrations of
chloramphenicol did not exhibit significant differences as demonstrated by similar

slopes during the exponential growth phase.
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Figure 3.22: Growth kinetics profiles of untreated control and cells treated with different
concentrations of chloramphenicol. TN72 HBc150 HA T3 cells were cultured as described
in Section 2.3.2.

As shown in Figure 3.23, lower concentrations of chloramphenicol (250 ug mL™"! and
437.5 ug mL") did not inhibit the production of D1 proteins completely despite their
negative effects on cell growth. On the contrary, when increasing to 625 ug mL!, D1
protein disappeared after 6 h of treatment, confirming the instability and suggesting that
further protein synthesis was blocked. Although D1 degradation pattern remained the
same when the concentration was increased to 812.5 ug mL™!', HBc150 HA bands were
still visible up to 6 h of treatment at this concentration compared to the complete smear
observed at 625 ug mL!. This was probably due to the relatively low protein expression
level of HBc150 HA that resulted in inconclusive results in western blot. Nonetheless,
based on the effectiveness of translation inhibition, the results suggested that 625 ug
mL! was a suitable working concentration to carry out the subsequent protein stability
tests. As for HBc150 HA, it was seen to be unstable even without the chloramphenicol
treatment. Nonetheless, the higher the concentration of chloramphenicol, the quicker
HBc150 HA degraded when translation was arrested. Therefore, it could be confirmed
that proteolytic degradation was one of the reasons for the low accumulation level of

HBc150 HA in the C. reinhardtii chloroplast.
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Figure 3.23: Western blot analysis of D1 and HBc150_HA accumulation levels when
translation was arrested with the addition of chloramphenicol at four different
concentrations (250, 437.5, 625 and 812.5 pg/mL). TN72 HBcl150 HA T3 cells were
cultured as described in Section 2.3.2.

3.5.3 Investigation of light-induced proteases and treatment with protease

inhibitors

In order to find out if the proteases responsible for HBc150 HA degradation are light-
induced or light-sensitive, experiments with the pre-determined working concentration
of chloramphenicol (625 pg mL™") were repeated for cultures performed in the dark.
Moreover, protein stability investigation was also carried out with the addition of
protease inhibitor cocktail tablets (Section 2.4.2). Protease inhibitors are typically used
to inhibit protease activities in the crude protein extracts or purified protein samples.
However, Michelet et al., (2011) have shown that protease inhibitors can reduce
heterologous protein degradation when adding into liquid cell cultures. Serine protease
inhibitors have been supplemented to increase heterologous protein expression level

despite the potential cytotoxicity effects on cells (Michelet et al., 2011). Therefore, the
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same strategy was adopted in this study to serve as a potential solution for the

degradation of HBc150 HA.

As demonstrated in Figure 3.24, mixotrophic cultures grew faster than heterotrophic
cultures for the control group in accordance with the literature (Braun Galleani ef al.,
2015). Under both cultivation modes, protease inhibitors exhibited negative effects on
cell growth especially for the heterotrophic cultures. This was probably due to the
disruption of normal functions carried out by proteases such as protein biogenesis and
proteome maintenance (Nishimura et al., 2017). As previously reported in Section 3.5.2,
reduced growth performance was also observed with chloramphenicol-treated cells.
The influence was more predominant on mixotrophic cultures than heterotrophic
cultures. This echoes the ability of chloramphenicol to inhibit protein synthesis in
chloroplasts which are the primary sites for photosynthesis. Since heterotrophic
cultures do not rely on photosynthesis to provide energy, the growth rate was not as

severely influenced.
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Figure 3.24: Growth Kinetics profiles of untreated cells, chloramphenicol-treated and
protease inhibitor-treated cells under either mixotrophic or heterotrophic conditions.
TN72_HBc150 HA T3 cells were cultured as described in Section 2.3.2.
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The protein accumulation profiles were very similar between the control groups under
mixotrophic and heterotrophic conditions (Figure 3.25 (a) and (b)). In both cases,
HBc150 HA started to degrade without any treatment 24 h after cells reached the end
of the exponential growth phase as demonstrated in Section 3.5.1. In contrast, D1
protein was more stable when cells were treated with chloramphenicol in the dark than
in the light. The same phenomenon was observed by (Preiss ef al., 2001) in which
abnormal D1 protein degradation was delayed in the dark. These results suggest that
some of the proteases responsible for D1 degradation are light-activated as their impact
was clearly reduced in the dark. However, due to the low expression level of
HBc150 HA, it was difficult to determine the presence of light-activated or light-

sensitive proteases responsible for its degradation.

When looking at the protein accumulation profiles treated with protease inhibitors, the
potential benefits were not observed as reported by Michelet et al. (2011). On the
contrary, since normal cell growth was reduced by the protease inhibitor, the protein
accumulation was also negatively influenced. Therefore, it was not feasible to use the
direct addition of protease inhibitors to liquid cultures to reduce the proteolytic

degradation of HBc150 HA.
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Figure 3.25: Western blot analysis of D1 and HBc150_HA accumulation levels for
untreated controls and cells treated with chloramphenicol or protease inhibitor under
either (a) mixotrophic or (b) heterotrophic conditions. TN72 HBc150 HA T3 cells
expressing the HBc150 HA in the chloroplast were cultured as described in Section 2.3.2.
Analysis performed as described in Section 2.5.5.
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3.54 Summary

Due to the low HBc150 HA expression level observed in Section 3.4.4, a series of
samples were harvested during cell growth and stationary phases and were subjected to
western blot analysis probed with anti-HA antibodies. Rapid degradation of
HBc150 HA was observed when cells reached the end of the exponential growth phase.
These findings are confirmed in Figure 3.20 and Figure 3.21. As a result, protein
stability investigation with the supplement of chloramphenicol was carried out to test

this hypothesis.

First, cells in the exponential growth phase were treated with different concentrations
of chloramphenicol under mixotrophic conditions. Based on the western blot results,
the higher the chloramphenicol concentration, the quicker D1 and HBc150 HA
degraded in the chloroplasts. These results also revealed that the concentration of
chloramphenicol at 625 ugmL™! was the most suitable dose to completely inhibit protein
synthesis. In addition, the rate of D1 degradation was reduced under heterotrophic
conditions, demonstrating the presence of light-activated proteases. However, due to
the low expression level of HBc150 HA, it was difficult to draw a definitive conclusion
if proteases responsible for HBc150 HA degradation were light-activated or light-
sensitive (Figure 3.25).

In order to reduce the proteolytic degradation, Serine-type protease inhibitors were also
added in both mixotrophic and heterotrophic cultures (Section 3.5.3). However, they
interfered with the normal metabolism of algal cells with reduced growth rate, biomass
production and protein accumulation. As a result, other strategies need to be considered
in order to further improve HBcAg expression level in the C. reinhardtii chloroplast for

the clarification and visualisation of VLPs.

3.6 Overall summary

The aim of this chapter was to explore the capability of the C. reinhardtii chloroplast
as a potential HBcAg production platform. This has been demonstrated in Figure 3.18
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by the successful expression of the truncated HBcAg monomer in the C. reinhardtii
chloroplasts. Despite various expression systems previously used in the literature to
express HBcAg (Roose et al., 2013), this is the first study to demonstrate the capability
of C. reinhardtii chloroplast to express HBcAg to date. Three transgene constructs

explored in this chapter are demonstrated in Figure 3.26.

Construct | [ ] HBcl83

Twin-Strep tag with spacers

Construct 2 [ ‘.[ ] HBcl150_Sirep

HA-tag with a spacer

Construct 3 .:[J ] HBclI50 HA

Sapl Sphl

Recombinant gene

psaA prom rhel
5'UTR 3'UTR

5” flanking

pSRSapl

Figure 3.26: Schematic diagram representing the design of three transgene constructs
explored in Chapter 3.

The first approach attempted was to express the non-tagged full-length HBcAg
monomer (HBc183) in the C. reinhardtii chloroplasts (Section 3.2). Although both the
transgene insertion and the plastome homoplasmy were confirmed (Figure 3.7), it was
not possible to detect HBc183 using anti-HBcAg antibodies in western blot analysis
(Figure 3.9). This was probably due to the fact that the HBc183 expression level was

too low to be detected by various anti-HBcAg antibodies tested.

Therefore, strategies to improve heterologous protein production and detection were
explored in Section 3.3 and Section 3.4. It was suggested that expression of the
truncated HBcAg was higher than that of the full-length counterparts (Stahl and Murray,
1989; Tan et al., 2003, 2007; Peyret et al., 2015). In addition, well-established short
affinity tags were considered to increase signal detection in western blots. With all the
background in mind, transgenes encoding truncated monomers with short affinity tags

were designed. The expression of the truncated monomer with an N-terminal HA-tag
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(HBc150 HA) was confirmed by western blot analysis using anti-HA primary
antibodies (Figure 3.18).

However, the expression of HBc150 HA was still below the detection limit of anti-
HBcAg antibodies. It was also found that HBc150 HA tended to degrade when cells
reached to the end of exponential growth phase (Figure 3.20 and Figure 3.21). One of
the principal reasons for this was due to the proteolytic degradation as evidenced by the
protein stability tests using chloramphenicol (Section 3.5). The potential solution was
to add protease inhibitors into the liquid cultures to reduce the activities of some
proteases as demonstrated by (Michelet et al., 2011). However, protease inhibitors
negatively influenced both cell growth and protein accumulation in this study as

opposed to the literature.

New strategies to further improve HBcAg expression levels in the C. reinhardtii
chloroplasts must still be sought. Two strategies to achieve increased expression level

are described in Chapter 4.
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4 Strategies to improve HBCAgQ expression in the C.

reinhardtii chloroplast

4.1 Introduction and aim

High expression of heterologous proteins not only reduces production costs but also
alleviates the burden for downstream processing (Ghag et al., 2016). Despite the
advantages of using microalgal chloroplast as an alternative protein expression system
(Section 1.2.1), the widespread advancement of this approach is hindered by the
relatively low protein yields compared to conventional expression systems such as
bacteria and yeast. However, it should be noted that a high protein yield of up to 70%
(w/w) TSP is achievable in the chloroplasts of transgenic plant (Chebolu and Daniell,
2010). This suggests that there is ample room for improvement in the expression levels
seen here for HBcAg production in the C. reinhardtii chloroplast. In fact, many of the
studies have focused on the understanding of factors that influence protein expression
and finding potential solutions to solve these issues in microalgae (Surzycki et al., 2009;

Potvin and Zhang, 2010; Michelet ef al., 2011).

As discussed in Section 1.2.3, the main factors that affect protein expression in C.
reinhardtii chloroplasts include, but are not limited to, the codon optimisation of GOI,
CREs within promoters and UTRs, and sensitivities of the product to proteolytic
degradation. All these factors are confined within the scope of genetic engineering of
microalgae. In fact, Tey et al. (2006) have shown that various environmental factors
such as pH, temperature and mixing have exerted significant impacts on HBcAg
production yield in E. coli. Despite the fact that many studies have demonstrated the
importance of environmental and culturing conditions on biomass accumulation and
lipid production in microalgae (Li et al., 2010; Shen et al., 2010; Cheirsilp and Torpee,
2012; Moon et al., 2013; Zhu et al., 2016), limited work has focused on the
bioprocessing optimisation of heterologous protein expression in C. reinhardtii.
Therefore, the optimisation of the cultivation conditions is another important factor to

be considered for protein production in the C. reinhardtii chloroplast.
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The aim of the experiments carried out in this chapter was to explore strategies both
from the bioprocessing and genetic engineering aspects in order to further increase the

HBc150 HA expression level. Specific objectives were:

e To explore the effects of cultivation modes and operational conditions on
growth kinetics and HBc150 HA accumulation of the C. reinhardtii psaA
transformant strain;

e To create new transformant strains harbouring a stronger 16S rRNA promoter;

e To compare the new transformant strains with the psa4 transformant strain in
terms of HBc150 HA accumulation, degradation and growth kinetics;

e To quantify the yield of HBc150 HA using densitometric analysis and to
compare its yield with the yeast-derived HBcAg.

4.2 Study of different cultivation modes and operational conditions

in terms of algal growth and HBc150_HA production

Fermentation and cell culture optimisation play an important role to enhance cell
growth and improve heterologous protein production. Indeed, various environmental
and culture conditions have been explored in order to achieve higher protein yields in
conventional expression systems such as bacteria and yeast (Porro et al., 2005;
Sivashanmugam et al., 2009; Rosano and Ceccarelli, 2014). However, little work has
been done on microalgae. To date, only one published work has examined the impacts
of different culturing conditions on heterologous protein production in C. reinhardtii
chloroplasts (Braun Galleani et al., 2015). Apart from cultivation modes, media
composition, light and temperature are also important factors that greatly influence cell
growth and recombinant protein production (Zhu et al., 2016). Therefore, it is crucial
to optimise these parameters in order to support rapid algal growth and high

heterologous protein accumulation.

In this section, the influences of cultivation mode (phototrophy, heterotrophy and
mixotrophy) and operational factors (medium composition, light intensity and

temperature) are evaluated in terms of growth kinetics and HBc150 HA expression. In
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order to compare the growth kinetics under different cultivation modes, the psad
transformant strain established in Section 3.4.4 was grown in Algem® photobioreactors
with a tight control of light intensity, temperature and rotational mixing speed. The
standard conditions used were 120 rpm, 200 umol m™2s™! (white light) and 25 °C.
OD740nm was automatically measured in situ every 30 min to monitor the growth
whereas OD7s50nm Was measured manually every day to calculate specific growth rates
and maximum biomass accumulation. Samples were also harvested to monitor pH
changes, acetate consumption and protein expression. Optimum cultivation conditions

are suggested at the end of this section.
4.2.1 Cultivation under different modes

As described in Section 1.3.1, C. reinhardtii has three main types of metabolism
depending on the availability of energy and carbon sources: phototrophic, heterotrophic
and mixotrophic modes. Phototrophic cultures convert inorganic CO; to sugars using
light energy during photosynthesis, whereas heterotrophic cultures use an organic
carbon source such as acetate in the TAP medium to support cell growth under dark
conditions. In mixotrophic cultivation, both photosynthesis and organic carbon

assimilation are carried out by the algal cells.

The psaA transformant strain was grown under three different cultivation modes. Both
cell growth and HBc150 HA accumulation were monitored during the cultivation.
Figure 4.1 demonstrates the effects of different metabolic processes on growth kinetics
and acetate consumption. The mixotrophic culture grew with the highest specific
growth rate (0.08 h'') and to the highest biomass concentration (0.71 gL™!) compared to
that of the phototrophic (0.02 h™' and 0.07 gL!) and heterotrophic cultures (0.03 h™! and
0.32 gL") as shown in Table 4.1. The results were in accordance with the values
reported in the literature (James et al., 2013; Moon et al., 2013; Braun Galleani et al.,
2015). This demonstrates that although C. reinhardtii can be cultivated
heterotrophically, it is not optimal for cell growth without the energy supply from
photosynthesis. According to the acetate consumption profile in Figure 4.1, the amount
of acetate in the TAP medium was quickly consumed after 72 h cultivation under the
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heterotrophic conditions. As a result, the growth of heterotrophic cultures was further

limited by the availability of acetate.

As for the phototrophic cultures, they relied only on an inorganic carbon source (CO3)
and light, for growth. In fact, Soletto et al. (2008) have investigated the effects of
different concentrations of CO; on phototrophic growth. They found that phototrophic
growth is limited by the amount of inorganic carbon source supplied. Therefore, cell
growth was restricted as the CO; concentration (0.039% (v/v)) in the atmosphere is

insufficient during phototrophic growth (Zhu et al., 2016).
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Figure 4.1: Growth Kkinetics and acetate consumption of the C. reinhardtii psaA
transformant strain grown under phototrophic, heterotrophic and mixotrophic conditions
with a starting OD7sonm of 0.03. Error bars represent the range of duplicate points (n=2).
Experiments performed as described in Section 2.3.2 and analysis performed as described in
Section 2.3.3 and Section 2.5.1.

Table 4.1: Specific growth rate and maximum biomass accumulation obtained for the C.

reinhardtii psaA transformant strain grown under phototrophic, heterotrophic and
mixotrophic conditions. Values calculated from data presented in Figure 4.1.

Cultivation Specific growth rate (h) | Maximum biomass accumulation (gL?)
mode

Phototrophy 0.02 0.07

Heterotrophy 0.03 0.32

Mixotrophy 0.08 0.71
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Mixotrophic cultivation was the most suitable method to grow C. reinhardtii with the
highest growth rate and best biomass productivity among the three cultivation modes.
Some studies have suggested that both phototrophic and heterotrophic metabolic
processes function independently during mixotrophic cultivation, meaning the overall
growth rate could be the sum of these two individual processes (Marquez-Rocha 2004;
Martinez & Orus 1991). Furthermore, the final metabolite of the heterotrophic growth
is CO2 which can be recycled for phototrophic growth (Wan et al. 2011). In fact, the
maximum biomass concentration in mixotrophic condition was higher than the sum of
those obtained in the other two cultivation modes which was in agreement with the
results presented in Cheirsilp and Torpee, (2012). Therefore, mixotrophic cultivation

was chosen for the subsequent growth investigation.

Cell growth will also be reflected in the culture pH profiles as demonstrated in Figure
4.2. In general, the media used for microalgae cultivation have limited buffering
capacity (Ojo et al., 2014, 2015). The starting pH for both TAP and HSM media was
7.0. In mixotrophic cultivation, there was a rapid increase in the pH from 7.0 to
approximately 8.5 when the cells were in the exponential growth phase. The increase
in pH was due to the photosynthetic consumption of dissolved CO; and the utilization
of acetate (Huang et al., 2017). Then, the pH began to plateau when acetate was
completely used up during the stationary phase. Similarly, there was a steady increase
in pH from 7.0 to around 8.4 in heterotrophic cultures as the consumption of acetate
was slightly slower compared to that of the mixotrophic cultures. In contrast, the pH
remained unchanged under phototrophic conditions as the growth rate was relatively

slow with minimal utilisation of the dissolved CO».
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Figure 4.2: pH profile of the C. reinhardtii psaA transformant strain grown under
phototrophic, heterotrophic and mixotrophic conditions. Error bars represent the range of
duplicate points (n=2). Experiments performed as described in Section 2.3.2.

In addition to cell growth, HBc150 HA accumulation under different cultivation modes
was also examined. The algal samples were harvested at different time points and
subjected to western blot analysis using anti-HA antibodies. As shown in Figure 4.3,
the expression level of HBcl150 HA was highest under mixotrophic conditions.
However, rapid degradation was also observed after 48 h of cultivation in all modes as
discussed in Section 3.5.1. Both phototrophic and heterotrophic cultures produced a
minimal amount of HBc150 HA at the time points sampled. It has been suggested that
heterotrophic cultivation supports higher protein accumulation compared to the
mixotrophic and phototrophic conditions mainly due to the inactivation of certain light-
induced proteases present in the chloroplast (Braun Galleani et al., 2015). However,
such effects were not observed for HBc150 HA in this study. It is believed that the
inactivation of certain light-induced proteases present in the chloroplast is protein-

specific.
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Figure 4.3: Western blot analysis of the HBc150_HA expressed in the C. reinhardtii psaA
transformant strain under mixotrophic, heterotrophic and phototrophic conditions at
different time points. Cells cultured as described in Figure 4.1 and analysis performed as
described in Section 2.5.5.

4.2.2 Cultivation at different initial acetate concentrations

Under mixotrophic conditions, the organic carbon source plays an important role in
algal growth and protein accumulation. In fact, Moon et al. (2013) have demonstrated
that the lipid accumulation profile and growth kinetics of C. reinhardtii are greatly
influenced by the initial concentration of acetate under mixotrophic conditions. They
concluded that the optimum biomass accumulation (2.15 gL!) and lipid yield (16.4%
(w/w) of biomass) were achieved when 10 gL' acetate was supplied in mixotrophic cell
cultures. The results in Figure 4.4 show that the acetate concentration in the standard
TAP medium was approximately 1.7 gL' measured by HPLC. It was completely
consumed within 72 h of cultivation and the cell growth was thought to be limited
afterwards. As a result, higher initial acetate concentrations (10 gL™! and 20 gL!) were

prepared by the addition of sodium acetate into the standard TAP medium.

As shown in Figure 4.4 and Table 4.2, increasing the initial acetate concentration to 10
gL' did not improve the specific growth rate but it did double the maximum cell density
(1.43 gL'!) compared to the standard TAP medium (0.71 gL!). This was explained by
the acetate consumption profile in which the amount of acetate was sustained for more
than 120 h with a higher initial acetate concentration (10 gL!) as opposed to only 72 h
in the standard TAP medium. However, severe inhibitory effects on cell growth
(specific growth rate: 0.01 h'') were observed when the acetate concentration was

further increased to 20 gL', It was suggested that C. reinhardtii growth inhibition was
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mainly due to the high salt concentration rather than the high acetate concentration in
the medium (Chen and Johns, 1996). In addition, the growth profiles were correlated
with the pH changes (Figure 4.5). In general, the higher the acetate consumption rate,
the higher the pH increase. pH values began to plateau around 8.7 and 9.4 when cells
reached to the stationary phase in the standard TAP medium and the medium with 10

gLl initial acetate concentration, respectively.
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Figure 4.4: Growth Kinetics and acetate consumption of the C. reinhardtii psaA
transformant strain grown under mixotrophic conditions with different initial acetate
concentrations with a starting OD7sonm of 0.03. Error bars represent the range of duplicate
points (n=2). Experiments performed as described in Section 2.3.2 and analysis performed as
described in Section 2.3.3 and Section 2.5.1.

Table 4.2: Specific growth rate and maximum biomass accumulation obtained for the C.
reinhardtii psaA transformant strain grown under mixotrophic conditions with three
different initial acetate concentrations. Values calculated from data presented in Figure 4.4.

Initial acetate concentration (gL?) Specific growth Maximum biomass
under mixotrophic conditions rate (h?) accumulation (gL
1.7 0.08 0.71
10 0.06 1.43
20 0.01 0.05
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Figure 4.5: pH profile of the C. reinhardtii psaA transformant strain grown under
mixotrophic conditions with different initial acetate concentrations. Error bars represent
the range of duplicate points (n=2). Experiments performed as described in Section 2.3.2.

It is concluded that increasing the initial acetate concentration to 10 gL' could further
support cell growth even at the stationary phase with no inhibitory effects on specific
growth rate. This is in accordance with the literature in which mixotrophic cultivation
with 10 gL ! acetate supported the highest biomass accumulation and lipid production
in C. reinhardtii (Moon et al., 2013). Moreover, HBc150 HA accumulation with three
different starting acetate concentrations was assessed by western blots. However,
protein bands were very faint due to the low expression obtained and are not presented

here.

4.2.3 Cultivation at different light intensities

Light intensity is one of the key physical parameters that has been extensively
investigated to improve microalgal growth and lipid production (Cheirsilp and Torpee,
2012; Zhu et al., 2016; Severes et al., 2017). There is, however, a range of light intensity
that is suitable for microalgal growth and protein production. If the light intensity is too
low, for example, below the compensation point, then cell growth is severely limited,
as is the protein yield (Zhu et al. 2016). After the compensation point, the specific
growth rate is generally proportional to the light intensity for photosynthetic cultures.
However, there is a maximum threshold for the light supply as light saturation occurs

in C. reinhardtii when the intensity exceeds 400 pmolm™s™! (Janssen et al., 2000). In
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this study, the growth kinetics of the psaA4 transformant strain were evaluated under the
mixotrophic conditions with low (50 umolm™s™), standard (200 pmolm™s™) or high

(400 pmolms™") white light intensities.

The results shown in Figure 4.6 and Table 4.3 revealed very similar maximum biomass
accumulation under three different light intensities with the highest value in the low
light condition (0.71 gL!). However, it was interesting to see that the higher the light
intensity, the lower the specific growth rate and the lower the acetate consumption rate.
This was probably associated with photoinhibition occurring under high light
conditions (Janssen et al., 2000). When the rate of photosynthesis becomes saturated at
a light intensity of 400 pmolm™s™!, the excess light absorbed by C. reinhardtii will cause
photo-oxidative damage to the photosynthetic reaction centres (Erickson ef al., 2015).
This will in turn reduce the rate of photosynthesis and the specific growth rate.
Furthermore, the pH profiles shown in Figure 4.7 also supported the trends observed in

growth kinetics.
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Figure 4.6: Growth Kkinetics and acetate consumption of the C. reinhardtii psaA
transformant strain grown under mixotrophic conditions at different light intensities with
a starting OD7sonm of 0.03. Error bars represent Error bars represent the range of duplicate
points (n=2). Experiments performed as described in Section 2.3.2 and analysis performed as
described in Section 2.3.3 and Section 2.5.1.
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Table 4.3: Specific growth rate and maximum biomass accumulation obtained for the C.
reinhardtii psaA transformant strain grown at three different light intensities under
mixotrophic conditions. Values calculated from data presented in Figure 4.6.

Light intensity (umolms?) Specific growth rate (h™) Maximum biomass
under mixotrophic conditions accumulation (gL™?)
50 0.08 0.69
200 0.08 0.71
400 0.06 0.69
10
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Figure 4.7: pH profile of the C. reinhardtii psaA transformant strain grown under
mixotrophic conditions with different light intensities. Error bars represent the range of
duplicate points (n=2). Experiments performed as described in Section 2.3.2.

In terms of protein production, HBc150 HA accumulation under the three different
light conditions was assessed by western blots. However, the same problem was
encountered again as mentioned in Section 4.2.3. The protein bands were very faint due

to the low level of HBc150 HA and are not presented here.

4.2.4 Cultivation at different temperatures

Temperature is another important cultivation parameter since it affects metabolic rates
such as the photosynthetic rate and the specific growth rate in microalgae. It is
suggested that the specific growth rate doubles for every 10 °C increase in temperature
(Doran, 1995, p. 285). Moreover, hepatitis B viruses infect humans and nonhuman

mammals so the temperature around 37 °C is predicted to be suitable for survival and
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propagation of the virus (Bonvicino et al., 2014). However, Harris (1989) has shown
that the maximum photosynthetic rate and maximum carbon concentrating mechanism
(CCM) activity in C. reinhardtii were detected at 15 °C and 20 °C, respectively.
Therefore, cultivation at high (37 °C), standard (25 °C) and low temperatures (18 °C)

was investigated in terms of cell growth and Hbc150 HA accumulation.

As shown in Figure 4.8 and Table 4.4, very similar specific growth rates were observed
under standard and high temperatures. Cells grown at standard temperature showed a
steep exponential growth phase. Despite a very similar specific growth rate when cells
were grown at the higher temperature, there was a gradual decline during the stationary
phase. This was in agreement with the declining growth profiles of C. reinhardtii at
37 °C or 38 °C reported in the literature (James et al., 2013; Braun Galleani et al., 2015).
The phenomenon was probably associated with the heat shock response after prolonged
cultivation at high temperatures. Although C. reinhardtii cells can tolerate a maximum
temperature of 43.5 °C, they usually start to produce heat shock proteins and reduce the
production of biomass-related proteins when the temperature exceeds 37 °C (Schroda

etal., 2015).

In contrast, there was a 2.5-fold reduction in cell growth at 18 °C with a specific growth
rate of only 0.03 h'!. It also took the cells much longer to reach the stationary phase at
the lower temperature due to the reduced metabolic rate. Overall, the results were also
in accordance with the values reported in the literature (James et al., 2013; Braun

Galleani et al., 2015).

The growth kinetics at different temperatures were also reflected by the rate of acetate
consumption (Figure 4.8) and pH changes (Figure 4.9). Acetate was consumed quickly
and used up completely after 72 h for cultivation under standard and high temperature
conditions. In contrast, the acetate concentration only dropped by a third at the lower
temperature as cells had a slower growth rate. As for the pH profile, the higher the
acetate consumption rate, the higher the pH increase. Therefore, pH values steadily
increased from 7.0 to 8.5 and began to plateau around 8.7 and 8.5 when cells reached
to the stationary phase at the standard temperature and high temperature, respectively.
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In contrast, the pH value gradually increased from 7.0 to 8.0 during the whole course

of growth under low temperature conditions.
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Figure 4.8: Growth Kkinetics and acetate consumption of the C. reinhardtii psaA
transformant strain grown under mixotrophic conditions at different temperatures with
a starting OD7sonm of 0.03. Error bars represent range of the duplicate points (n=2).
Experiments performed as described in Section 2.3.2 and analysis performed as described in
Section 2.3.3 and Section 2.5.1.

Table 4.4: Specific growth rate and maximum biomass accumulation obtained for the C.
reinhardtii psaA transformant strain grown at three different temperatures under
mixotrophic conditions. Values calculated from data presented in Figure 4.8.

Temperature (°C) under
mixotrophic conditions

Specific growth rate (h™)

Maximum biomass
accumulation (gL™?)

18 0.03 041
25 0.08 0.71
37 0.08 0.53
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Figure 4.9: pH profiles of the psad transformant strain grown under mixotrophic
conditions at different temperatures. Error bars represent the range of duplicate points (n=2).
Experiments performed as described in Section 2.3.2.

The effects of different temperatures on HBc150 HA expression were examined.
Samples were harvested at different time points and subjected to western blot analysis
with anti-HA antibodies. As shown in Figure 4.10, the accumulation level of
HBc150 HA increased from 24 h to 72 h at 18 °C whereas it degraded over time at the
other two temperatures. During this time period, cells were at early exponential growth
phase at 18 °C whereas they reached the stationary phase at higher temperatures. Based
on Figure 4.8, although the OD750um after 48 h cultivation at 18 °C was lower than that
of the readings after 24 h cultivation at 25 °C and 37 °C, HBc150 HA expression
seemed to accumulate more with a stronger band in the former condition. This may
suggest the potential benefits of lowering the temperature in HBcAg expression in algae.
However, due to the limited data available and long cultivation time at lower

temperature, this temperature was not further changed in subsequent studies.
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Figure 4.10: Western blot analysis of HBc150 HA accumulation in C. reinhardtii at
different temperatures under mixotrophic conditions. Cells cultured as described in Figure
4.8 and analysis performed as described in Section 2.5.5.

4.2.5 Summary

In this section, the effects of different bioprocess conditions on C. reinhardtii growth
and protein accumulation were explored for the psa4 transformant strain. Based on the
results obtained in Section 4.2.1, mixotrophic cultivation was the preferred method to
grow C. reinhardtii with the highest specific growth rate and biomass concentration
among the three cultivation modes. Moreover, different initial acetate concentrations
(Section 4.2.2), light intensities (Section 4.2.3) and temperatures (Section 4.2.4) were

further evaluated in mixotrophic cell cultures.

First, increasing the initial acetate concentration from 1.7 gL to 10 gL' did not
influence specific growth rate but supported a much higher biomass accumulation
during the stationary phase (Figure 4.4). This was mainly due to the availability of
acetate at a later growth phase. However, there was a severe growth inhibition when the
salt concentration exceeded the maximum threshold of C. reinhardtii. Second, varying
light intensities from 50 to 400 pymolm™s™! hardly influenced the growth rates or the
biomass production of C. reinhardtii (Figure 4.6). In general, the higher the light
intensity, the slower the growth rate and acetate consumption. It is possible that the light
intensity is not as crucial as organic carbon source for cell growth and biomass
accumulation under mixotrophic conditions as long as the amount of light supplied
exceeds the compensation point of C. reinhardtii. On the contrary, temperature played
a crucial role in cell growth and biomass production. The higher the temperature, the
higher the specific growth rate. However, heat shock responses reduced the biomass

concentration at high temperatures such as 37 °C used in Section 4.2.4.

Overall, the improved cultivation conditions were 120 rpm, 25 °C and 200 pmolm™2s
white light in standard TAP medium under mixotrophic conditions. Due to the low
HBc150 HA level in all experiments, it was difficult to analyse the shift of heterologous

protein accumulation under different culture conditions in the psaA transformant strain.
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Nevertheless, the growth study presented in this section deepened the understanding of
C. reinhardtii growth requirements and facilitated the identification of suitable

cultivation method for future work.

4.3 Expression of the truncated monomer HBc150 HA in the C.
reinhardtii chloroplast under the control of the 16S rRNA

promoter

The net accumulation of a heterologous protein is a balance between protein production
and protein degradation. Protein degradation has been observed in algal chloroplasts
but the addition of protease inhibitors into liquid cell cultures directly did not mitigate
this complicated phenomenon (Section 3.5.3). It is known that chloroplast gene
expression is controlled at the post-transcriptional level in which several CREs within
5’ UTRs are found to be essential for mRNA stability and translation efficiency
(Eberhard et al., 2002; Zou et al., 2003; Barnes et al., 2005). However, the control of
transcription rate by another group of CREs called promoters is also crucial for

chloroplast protein accumulation (Michelet et al., 2011; Rasala et al., 2011).

To date, one of the most robust promoters supporting heterologous protein expression
in plant chloroplasts is the 16S rRNA promoter. For example, a foreign gene encoding
the membrane protein, plastid terminal oxidase, was successfully expressed in the
tobacco chloroplast under the control of the chimeric 16S rRNA promoter/5’UTR of
gene 10 from phage T7 regulatory elements (Ahmad et al., 2012). In addition, the same
chimeric elements were used to drive the over-expression of a gene for a highly stable
phage lytic protein, yielding up to 70% (w/w) TSP in the tobacco chloroplasts (Oey et
al., 2009).

Furthermore, the 16S rRNA is among the most actively transcribed RNAs in the C.
reinhardtii chloroplasts (Blowers et al., 1990). Rasala et al. (2011) fused the 16S
promoter with the 5’UTR of either psb4 or atpA to drive heterologous protein
expression in the C. reinhardtii chloroplasts. The fusion of 16S promoter/atpA 5’UTR

significantly boosted mRNA levels and heterologous protein expression, but little
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improvement was observed for the combination of 16S promoter/psbA 5’UTR over the
psbA promoter (Rasala et al., 2011). It was speculated that there was a limiting supply
of nuclear-coded psaAd-specific translation factors in this case. Therefore, a further
increase in mRNA levels driven by the 16S promoter did not contribute to the rate of

protein translation.

The psaAd and psbA genes encode the PsaA and D1 proteins in photosystem II and
photosystem I, respectively. Both of these proteins are highly expressed in the C.
reinhardtii chloroplasts as they are critical for photosynthesis (Michelet et al., 2011).
Although psa4 and psbA 5’UTRs are believed to be similar in strength, the combination
of the C. reinhardtii 16S rRNA promoter/psad 5’UTR regulatory element was

examined here in terms of HBc150 HA expression levels.

4.3.1 Construction of plasmid p16SHA using Gibson assembly

The strategy to construct the new plasmid pl6SHA was to replace the original psa4
promoter region in the existing chloroplast expression vector pHBc150 HA

(constructed in Section 3.4.3) by the endogenous C. reinhardtii 16S rRNA promoter.

As shown in Figure 4.11, the Gibson assembly strategy used in this study was to
combine three fragments (16S rRNA promoter, Backbone 1 and Backbone 2) with
complementary overhangs (a’, b, ¢’, d and €’) during the isothermal single-step reaction.
The sequence of the endogenous 16S rRNA promoter region (219 bp) (Appendix 5 (AS5))
was amplified from the C. reinhardtii TN72 genome by colony PCR. Meanwhile, the
pHBc150 HA backbone was amplified with a split within the bla (Amp®) gene to give
two shorter PCR fragments (Backbone 1 and Backbone 2). Following Gibson assembly
of the three parts, only colonies transformed with correctly-assembled p16SHA could

grow on the LB (Amp®) agar plates.
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Figure 4.11: Schematic representation of the Gibson assembly strategy to replace the psaA
promoter region by the 16S rRNA promoter region. The sequences of primers used (a-e and
a’-e’) are shown in Appendix 5 (AS5).

As shown in Figure 4.12 (a), the 16S rRNA promoter was first amplified by the primer
set a and b’ with a predicted band size of 219 bp. Then, the resulting PCR fragment was
further amplified to include 40 bp overhangs (d and c’) designed for seamless annealing

during Gibson assembly (Figure 4.12 (b)).

@ 1 2 3 (b)

219 bp

Figure 4.12: Gel electrophoresis results of (a) PCR amplification of 16S rRNA promoter
region from TN72 genomic DNA. (b) PCR amplification of 16S rRNA promoter with
overhangs designed for Gibson assembly. Lane 1: GeneRuler™ DNA Ladder Mix (Thermo
Fisher Scientific, UK); Lane 2-3: duplicate PCR reactions. Analysis performed as described in
Section 2.2.2 and Section 2.2.5.
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Both Backbone 1 and Backbone 2 were amplified using the pHBc150 HA as the
template with primers indicated in Figure 4.11. The amplified PCR fragments were
monitored by gel electrophoresis. Amplification of Backbone 1 was not successful in
the first attempt as the expected bands (4116 bp) did not appear in Lane 2 and 3 in
Figure 4.13 (a). Annealing temperature is probably the most important factor when
optimizing the specificity of a PCR reaction (Lorenz, 2012). Therefore, gradient PCR
with a range of temperatures (59 °C + 5 °C) was tested to find the optimum annealing
temperature during amplification (Figure 4.13 (b)). It was suggested that annealing

temperatures above 58.5 °C were suitable to amplify Backbone 1 in the PCR reaction.
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Figure 4.13: Gel electrophoresis results of (a) PCR amplification of pHBc150 HA
Backbone 1 and Backbone 2 with a split within the AmpR gene. Lane 1: GeneRuler™ DNA
Ladder Mix (Thermo Fisher Scientific, UK); Lane 2-3: amplification of Backbone 1 with an
expected band size of 4116 bp; Lane 4-5: amplification of Backbone 2 with an expected band
size of 2570 bp. (b) Gradient PCR to optimise annealing temperature to amplify this fragment.
Lane 1: GeneRuler™ DNA Ladder Mix (Thermo Fisher Scientific, UK); Lane 2-9:
amplification of Backbone 1 with an expected band size of 4116 bp. The annealing temperature
in Lane 2: 55.5 °C; Lane 3: 56.5 °C; Lane 4: 57.5 °C; Lane 5: 58.5 °C; Lane 6:59.5 °C; Lane
7:60.5 °C; Lane 8:61.5 °C; Lane 9:62.5 °C. Analysis performed as described in Section 2.2.2
and 2.2.5.

All amplified DNA fragments were extracted and purified for Gibson assembly. The
detailed components of Gibson assembly were explained in Section 2.2.11. In brief, the
reaction mixtures with three fragments (2.35 ng 16S rRNA promoter, 37.4 ng Backbone

1 and 23.3 ng Backbone 2) were incubated in a thermocycler at 50 °C for one hour.
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Then, the mixtures were used to transform E. coli TOP10 cells as described in Section
2.2.8. Two colonies were isolated on LB ampicillin agar plates after overnight
incubation at 37 °C. DNA sequencing results confirmed that the 16S rRNA promoter
was precisely inserted into the correct position to replace the psad promoter region.
The HBc150 HA gene was also sequenced to make sure that no errors were introduced
during PCR amplification. The correctly assembled plasmid pl16SHA was used for

subsequent algal transformation.

4.3.2 Integration of HBcl50 HA into the chloroplast genome under 16S

promoter

The details of the transformation strategy and glass bead transformation method used
were as described in Section 2.2.8. After a four-week incubation in the light, six
colonies were isolated and re-streaked onto HSM agar plates several times to achieve

plastome homoplasmy.

Transgene (HBcl50 HA) insertion was confirmed as described in Section 3.2.3. The
integrity of the gene construct was further confirmed by DNA sequencing. As for the
homoplasmy check, a band of 850 bp was seen for the TN72 recipient strain. In contrast,
transformant lines gave a band of 1135 bp as shown in Figure 4.14. As before, the
absence of any detectable 850 bp band strongly indicated the homoplasmy of the
transformant plastomes. These homoplasmic transgenic lines were named

TN72_16S_HBc150 HA T1-T6.
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Figure 4.14: Gel electrophoresis of colony PRC products to verify the homoplasmy of the
chloroplast genome in six transgenic lines (T1-T6). M: GeneRuler™ DNA Ladder Mix
(Thermo Fisher Scientific, UK); —: TN72 genome was the negative control; +: TNE genome
was the positive control; H,O served as the negative control of PCR reactions. Analysis
performed as described in Section 2.2.2 and Section 2.2.5.

4.3.3 Expression of HBc150 HA in the 16S fusion transformant strain

According to Section 3.4.4, a protein band at 18 kDa was expected for HBc150 HA in
western blot analysis. As shown in Figure 4.15 (a), all transgenic lines (T1-T6)
generated a band at 18 kDa, confirming the expression of the truncated HBcAg
monomers in the C. reinhardtii chloroplasts driven by the 16S rRNA/psad 5’UTR
regulatory element. Although different transgenic lines seemed to express HBc150 HA
at different levels based on the densitometric analysis, the differences could actually be
attributed by limited data available and experimental errors introduced during western
blot. In theory, all transgenic lines should be genetically identical after homologous
recombination. Therefore, TN72 16S _HBc150 HA TS5 with the highest HBc150 HA
expression level (Figure 4.15 (b)) in this blot was chosen as the representative
transgenic line and was named as the 16S fusion transformant strain for subsequent

studies.
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Figure 4.15: Accumulation and relative quantification of HBc150 HA in six transgenic
lines (T1-T6). (a) Accumulation of HBc150 HA in six transgenic lines (T1-T6). +: HA-tagged
Pal was the positive control; —: TN72-empty was the negative control. Non-specific bands (25
kDa and 40 kDa) served as a loading control. (b) Relative quantification of HBc150 HA in six
transgenic lines (T1-T6) in Odyssey® Infrared Imaging System (Li-Cor Biosciences, UK).
Cultivation conditions were 120 rpm, 25 °C and 200 pmol ms™! white light in standard TAP
medium under mixotrophic conditions. The cells were harvested after 48 h of cultivation.
Analysis performed as described in Section 2.5.5.

In order to determine the immunoreactivity of the algal-based HBc150 HA, crude
protein lysates of the 16S fusion transformant strain harvested at different time points
were tested. Two anti-HBcAg antibodies were used in this study. One was the mouse
anti-HBcAg monoclonal antibody [10E11] (ab8639) that recognises the first 10 amino
acid residues of HBcAg, and the other was the rabbit anti-HBcAg polyclonal antibody
(ab115992) that recognise multiple epitopes on the HBcAg polypeptide (Table 2.18).
The P. pastoris-produced hetero-tandem HBcAg dimer (K1.K1) was used as the
positive control in which a protein band around 39 kDa should be expected (Peyret et

al., 2015).
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The results presented in Figure 4.16 show that strong signals from HBc150 HA were
revealed at all harvest time points despite a declining trend from 72 h to 144 h when
probed with the polyclonal anti-HBcAg antibodies. In contrast, HBc150 HA could only
be detected in the 72 h-sample when the monoclonal antibody [10E11] was used. In
general, polyclonal antibodies have high sensitivity as they usually bind multiple
epitopes on the same antigen to amplify the detection signal (Saper, 2009). However,
this can also result in non-specific binding, leading to low specificity. On the contrary,
monoclonal antibodies usually recognise one main epitope on the antigen that is highly
specific, but with a low sensitivity (Saper, 2009). Moreover, the primary peptide
sequence of the HBc150 HA was modified by inserting an additional amino acid
residue, Valine, in the penultimate N-terminal position as explained in Section 3.3.1.
This could potentially influence the antibody-antigen interaction since [10EI1]

recognises the first 10 amino acids of HBcAg, leading to a reduced sensitivity.

However, the opposite results were observed for the P. pastoris-produced K1.K1 in
which monoclonal antibodies were more sensitive in terms of picking up the signal.
Indeed, different antibodies usually have distinct sensitivities and specificities towards
the same antigen (Saper, 2009). Nevertheless, HBc150 HA was successfully
recognised by both anti-HBcAg antibodies. This analysis indicates that the algal-
expressed HBc150 HA was correctly translated in the chloroplasts and retained its

antigenic immunoreactivity (Huang et al., 2006).
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Figure 4.16: Detection of HBc150_HA under the control of 16S rRNA promoter by (a)
rabbit anti-HBcAg polyclonal antibodies and (b) mouse anti-HBcAg monoclonal
antibodies [10E11] in Western blot analyses. +: K1.K1 was the positive control; —: TN72-
empty was the negative control. Cultivation conditions were 120 rpm, 25 °C and 200 pmol m
2g"! white light in standard TAP medium under mixotrophic conditions. Analysis performed as
described in Section 2.5.5.

4.3.4 Summary

The new algal expression vector pl6SHA harbouring the chimeric 16S rRNA
promoter/psaA 5’UTR regulatory element has been successfully constructed by Gibson
assembly. Despite low efficiency after E. coli transformation, plasmids isolated from
two colonies both had the correct sequences (Section 4.3.1). It was then successfully
introduced into the C. reinhardtii chloroplast genome (Section 4.3.2). After
confirmation of HBc150 HA production in six transgenic lines, the 16S fusion
transformant strain with the highest expression level was chosen for subsequent studies
in western blot analyses probed with anti-HBcAg antibodies (Figure 4.15). This was
the first time that the algal-produced HBc150 HA could be recognised by polyclonal
anti-HBcAg antibodies, and to a lesser extent, by monoclonal anti-HBcAg antibodies.
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Overall, these results not only confirmed the expression of HBc150 HA in the C.
reinhardtii chloroplasts but also demonstrated its immunoreactivity under denaturing

conditions.

In Section 3.4.4, the expression of HBc150 HA in the psaA transformant strain has
already been confirmed by anti-HA antibodies in western blot analysis. As a result, it
was possible to investigate the effects of different promoters on HBc150 HA
expression in the C. reinhardtii chloroplasts. Further analysis of the HBc150 HA in

these transgenic lines is presented in the next section.

4.4 Further analysis of HBc150 HA expressed in the 16S fusion

transformant strain

In this section, the effects of promoter strength on heterologous protein expression were
investigated by comparing HBc150 HA production in both the psad4 and 16S fusion
transformant strains. Further comparisons between growth kinetics and protein
degradation were also made between these transgenic lines. In addition, HBc150 HA
produced in the 16S fusion transformant strain was quantified based on densitometric

analysis and compared to that of the P. pastoris-produced K1.K1.

4.4.1 Comparison of HBc150 HA expression using the psa4 and 16S rRNA

promoters

The expression of HBc150 HA is compared here in the psad transformant strain and
the 16S fusion transformant strain. Crude protein samples from both strains were
transferred onto the same nitrocellulose membrane and probed with anti-HA antibodies.
As shown in Figure 4.17 (a) and (c), there was approximately a 26-fold increase in
HBc150 HA accumulation level in the 16S fusion transformant strain based on the
densitometric analysis of protein bands in the western blot analysis. In addition, the
same protein samples were probed with polyclonal anti-HBcAg antibodies. The results

in Figure 4.17 (b) showed that the HBcl150 HA produced in the 16S fusion
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transformant strain was successfully recognised by anti-HBcAg antibodies whereas no

signal was revealed in the protein sample of the psaA4 transformant strain.
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Figure 4.17: Accumulation and relative quantification of HBc150_HA in psa4 and 16S
fusion transformant lines. Western blot analysis of whole cell extracts probed with (a) anti-
HA antibodies and (b) anti-HBcAg antibodies to compare HBc150 HA expression levels in
psaA (left) and 16S fusion transformant (right) strains. (c) Relative average quantification of
HBc150 HA in the psaA transformant strain and the 16S fusion transformant strain shown in
(a) in Odyssey® Infrared Imaging System (Li-Cor Biosciences, UK). Cultivation conditions
were 120 rpm, 25 °C and 200 umol m?s! white light in standard TAP medium under
mixotrophic conditions. Analysis performed as described in Section 2.5.5.

The improvement in protein expression is believed to be due to the increase in
transcription rates and steady-state mRNA levels under the control of a stronger
promoter. This has confirmed the benefits of using the strong 16S rRNA promoter with
the psad 5’UTR to support heterologous protein expression in the C. reinhardtii
chloroplasts. This contrasts with the results obtained in a previous study (Rasala et al.
2011), in which the heterologous protein expression level was not improved when
combining the 16S promoter with the psb4 5’UTR which has a similar strength to the
psaA 5’UTR. Therefore, it is hypothesized that the supply of nuclear-encoded psaA-
mRNA translational factors is not limited in this case. Overall, the results obtained in
this section have shed light on the rational design of combining strong promoters with
strong 5’UTRs to control heterologous protein expression in the C. reinhardtii

chloroplast.

Furthermore, when comparing the immunoblot results, it was suggested that polyclonal

anti-HA antibodies had a higher sensitivity towards HBc150 HA than that of the
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polyclonal anti-HBcAg antibodies. The specificity of the anti-HA antibodies was
slightly lower as they revealed non-specific bands in the blots. Nonetheless, these
results demonstrated the benefits of using well-established affinity tags to facilitate

heterologous protein detection.

4.4.2 Growth Kkinetics and HBc150_HA degradation in the 16S fusion

transformant strain

Sometimes, the production of recombinant proteins can severely burden cell
metabolism, leading to series of cellular stress responses (Carneiro et al., 2013). One
of the main stress responses is usually characterised by the decrease of overall cell
fitness with a reduced biomass production. This is usually caused by a shift of host
metabolism in which less biomass precursors and biomass-related proteins are
produced due to the unequal competition for the translation apparatus during high-level
heterologous protein production (Carneiro et al., 2013). Since both product quality and
yield are critical when choosing suitable production hosts, it is important to investigate
the effects of protein accumulation on algal growth (Porro et al., 2005).

It was interesting to see whether a 26-fold higher protein expression would burden the
cell metabolism and growth. Based on the results of the growth kinetics investigation
in Section 4.2, the improved condition to grow C. reinhardtii was 120 rpm, 200 pmolm"
257! (white light) and 25 °C under mixotrophic conditions. As a result, both the 16S
fusion transformant strain and the psaA transformant strain were grown under the pre-
determined conditions in the well-controlled Algem® photobioreactor (Section 2.3.2).
OD740nm Was automatically measured in situ every half an hour to monitor the growth
profiles whereas OD750nm Was measured manually every day to calculate specific

growth rates.

As shown in Figure 4.18 and Table 4.5, the psad transformant strain had a higher
specific growth rate (0.08 h!') and maximum biomass concentration (0.71 gL!) than
that of the 16S fusion transformant strain (0.07 h™' and 0.53 gL!). This demonstrated

that the increase in HBc150 HA accumulation by 26-fold exerted minor negative
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effects on cell growth and biomass accumulation. However, it should be noted that the
protein expression in the 16S fusion transformant strain is not comparable to the greater
over-expression of heterologous proteins that cause severe growth inhibition in E. coli

or tobacco chloroplasts (Oey et al., 2009; Rosano and Ceccarelli, 2014).

2
| /'?l=-
T —a—psaA strain
g 100 150 P
“E’ —e— 16S fusion strain
(@)
=
Time (h)

Figure 4.18: Growth kinetics of the transgenic line expressing HBc150_HA (T5) and the
control strain (TNE). Cell cultures were grown under mixotrophic conditions (120 rpm, 25 °C
and 200 pmolm?s? white light) in TAP medium in the Algem® photobioreactor. Starting
OD740nm Was 0.20. Error bars represent the range of duplicate points (n=2). Experiments
performed as described in Section 2.3.2 and Section 2.3.3.

Table 4.5: Specific growth rate and maximum biomass accumulation of the psaA
transformant strain and the 16S fusion transformant strain grown in standard
mixotrophic conditions. Values calculated from data presented in Figure 4.18.

Transgenic strain Specific growth rate (h?) Maximum biomass
accumulation (gL™?)
16S fusion strain 0.07 0.53
psaA strain 0.08 0.71

In Section 3.5.1, it was shown that HBc150 HA produced in the psad transformant
strain degraded quickly after 48 h of growth and diminished in the stationary growth
phase. In order to compare the accumulation of HBc150 HA at different growth stages
in the 16S fusion transformant strain, cells were harvested at different time points and
analysed by western blots probed with anti-HA antibodies. As shown in Figure 4.19 (a),
the accumulation of HBc150 HA in the 16S fusion transformant strain was very robust
with a strong protein band detectable in the 120 h sample. However, there was still some

degradation in the 144 h sample. It has been suggested that the net protein production
162



is the balance between protein production and protein degradation (Potvin and Zhang,
2010). In this case, HBc150 HA accumulation driven by the stronger 16S rRNA
promoter has compensated for the loss of proteins due to proteolytic degradation. But
the compensation effects start to wane after 120 h of cultivation as demonstrated in

Figure 4.19.

Overall, despite the slight reduction of specific growth rate and maximum biomass
accumulation of the 16S fusion transformant strain, the chimeric 16S rRNA
promoter/psaA 5’UTR regulatory element supported robust HBc150 HA accumulation

in the C. reinhardtii chloroplasts.
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Figure 4.19: Accumulation of HBc150_HA in the 16S fusion transformant strain and the
growth Kinetics of the 16S fusion transformant strain. (a) Accumulation of HBc150_HA in
the 16S fusion transformant strain at different time points. Non-specific bands (25 kDa and 40
kDa) served as a loading control. (b) Growth kinetics of the 16S fusion transformant strain with
a starting OD750nm 0f 0.03. Error bars represent the range of duplicate points (n=2). Experiments
performed as described in Section 2.3.2 and analysis performed as described in Section 2.3.3
and 2.5.5.

4.4.3 Quantification of HBc150_HA in the 16S fusion transformant strain and
comparison to the yield of K1.K1 in P. pastoris

In order to examine the potential of the C. reinhardtii chloroplast as an alternative
expression platform for HBcAg to other established platforms, it was imperative to
determine the yields of HBc150 HA produced in the 16S fusion transformant strain. In

this study, protein quantification was based on densitometric analysis of the western
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blots. This method has been proved to be an efficient and reliable way to quantify

proteins (Wang et al., 2007; Thomson et al., 2011; Zedler et al., 2014).

The detailed quantification protocol is described in Section 2.5.5. In brief, nitrocellulose
membranes were probed with polyclonal anti-HBcAg primary antibodies followed by
the anti-rabbit IRDye® secondary antibodies. Since the secondary antibodies were
linked with the NIR fluorescent dyes, the NIR fluorescent signals could be detected
using the Odyssey® Infrared Imaging System. The integrated imaging and analysis
software Image Studio™ then recorded the total fluorescent signals. Background
subtraction in an area of 2 pixels above and under the signal was selected to give more

accurate results.

In order to establish the standard curve between the NIR fluorescent signals and protein
concentration, a purified E. coli-based HBcAg with known concentrations was used
(Bio-Rad, Watford, UK). According to Figure 4.20 (a) and (c), there was a linear
correlation between the NIR fluorescent signals and the standard protein concentrations

(250-1000 ng), with an R? value of 0.992 for the experimental data.

Based on the results obtained in Section 4.2, the 16S fusion transformant strain was
grown under standard mixotrophic conditions (120 rpm, 200 pmol m™2s™! and 25 °C).
Once the cell cultures reached an OD7s50nm 0f 1, 2 10 mL sample was harvested to prepare
the whole cell extract for western blot analysis. Different dilutions of samples were
loaded to find the linear range of detection in the imaging system. It was found that
dilutions of 0.25-1X were proportional to the NIR fluorescent signals detected (Figure
4.20 (b) and (d)), with an R? value of 0.998 for the experimental data. Based on the
correlation (y=10.93x-2466) obtained between the NIR signal and the standard protein
concentration, it was estimated that the yield of HBc150 HA was 4.9 mg per gram of
dry cell weight. The detailed calculations are presented in Appendix 6 (A6).
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Figure 4.20: Densitometric analysis for HBc150 HA quantification in the 16S fusion
transformant strain. (a): Western blot analysis of the purified E. coli-produced HBcAg at
different protein amounts (250-1000 ng). (b): Western blot analysis of algal extracts with
HBc150 HA in 16S fusion transformant strain with different protein loading volumes (0.25-
1X). Membranes were probed with polyclonal anti-HBcAg primary antibodies and secondary
antibodies linked to NIR fluorescent dyes. (c¢): Plot of total NIR fluorescent signal of the bands
in (a) against standard protein amounts. (d): Plot of total NIR fluorescent signal of the bands in
(b) against different protein loading volumes. Linear relationships were found in both (c) and
(d) and used the slopes of the lines to calculate HBc150 HA expression level in the 16S fusion
transformant strain. Analysis performed as described in Section 2.5.5.

In addition, another 10 mL crude protein extracts were also harvested and clarified by
centrifugation (13,000 g, 15 min, 4 °C). The TSP concentration was determined using
the Bradford assay (Bio-Rad, Watford, UK). The standard curve was established using
known concentrations of BSA (Figure 2.3). It was estimated that the TSP of the crude
extract was approximately 1 mg mL™'. Based on the above calculations, HBc150 HA
produced in the 16S fusion transformant strain represents approximately 2.34% (w/w)
TSP. This result was in accordance to the protein yields reported in the literature for C.
reinhardtii chloroplasts as demonstrated in Table 4.6. The detailed calculations are
presented in Appendix 6 (A6). In fact, the yield of HBc150 HA obtained in this study

is estimated to be sufficient for commercial production (Rasala et al., 2010).
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Table 4.6: Heterologous protein yields reported for expression in the C. reinhardtii
chloroplasts.

Heterologous protein Yield Reference
(% (wiw)
TSP)
Fusion protein comprising FMDV VP1 protein 3-4 Sun et al., 2003
and the cholera toxin B subunit (CtxB)
Mammary-associated serum amyloid (M-SAA) 5 Manuell et al., 2007
Human vascular endothelial growth factor 2 Rasala et al., 2010

(VEGF) isoform 121

D2 fibronectin-binding domain of 0.7 Dreesen et al., 2010
Staphylococcus aureus fused with the cholera
toxin B subunit (CTB)

Plasmodium falciparum surface protein (Pfs25) 0.09 Gregory et al., 2013
fused to the CtxB
Human Papillomavirus 16 E7 0.12 Demurtas et al., 2013
Variable domain of camelid heavy chain-only 1.4-4.6 Barrera et al., 2014
antibodies
Endolysins identified from Streptococcus 0.9-1.2 Stoffels et al., 2017

pneumoniae-infecting phages: Cpl-1, a lysozyme
hydrolysing the polysaccharide chains in the

bacterial cell wall; Pal, an amidase cleaving the
linker peptides in the peptidoglycan network

Truncated HBcAg monomer (HBc150_HA) 2.34 This study

In order to compare HBcAg yields in different expression systems, the same
quantification strategy was used to examine the yield of K1.K1 produced in P. pastoris.
The same E. coli-derived HBcAg standard was used to establish the standard curve
between the NIR fluorescent signals and the protein concentrations. As shown in Figure
4.21 (a) and (c), there was a linear correlation between the NIR fluorescent signals and
the standard protein concentrations (250-1000 ng), with an R? value of 0.999 for the
experimental data. In addition, Figure 4.21 (b) and (d) shows that different dilutions

(4.5-18X) of crude extracts were within the linear detection range of the Odyssey®™
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Infra-red signal system. Based on the assumptions that the wet weight of P. pastoris
was 30 mg mL! and 1g wet weight was estimated to be equivalent to 0.3 g dry weight
(Glazyrina et al., 2010), the yield of K1.K1 was estimated to be 1.3 mg per gram of dry
cell weight.

250 ng 500 ng 1000 ng 45X 9X 18X

v E.coli-based b
a
(@) —* HBcAg (b) S B B | K1.K1

c d
( ) 16000 ( ) 1800 o
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Figure 4.21: Densitometric analysis for K1.K1 in P. pastoris. (a): Western blot analysis of
the purified E. coli-produced HBcAg at different protein amounts (250-1000 ng). (b): Western
blot analysis of crude protein extracts of K1.K1 with different protein loading volumes (4.5-
18X). Membranes were probed with polyclonal anti-HBcAg primary antibodies and secondary
antibodies linked to NIR fluorescent dyes. (c¢): Plot of total NIR fluorescent signal of the bands
in (a) against standard protein amounts. (d): Plot of total NIR fluorescent signal of the bands in
(b) against different protein loading volumes. Linear relationships were found in both (c) and
(d) and used the slopes of the lines to calculate the expression level of K1.K1. Analysis
performed as described in Section 2.5.5.

It was interesting to observe that the production yield of HBc150 HA produced in the
algal chloroplast was almost four-fold higher than that of the K1.K1 produced in the P.
pastoris. However, it should be noted that K1.K1 was a hetero-tandem HBcAg dimer
whereas HBc150 HA was a truncated monomer. Indeed, antibodies will have different
affinities towards the same antigen even due to the slight sequence change (Saper, 2009).
Moreover, Li et al. (2007) have shown that the yield of the P. pastoris-based HBcAg
monomer was 64 mgL™! which was estimated to be 7.1 mg per gram of dry cell weight.
This was also five-fold higher than the yield of K1.K1, suggesting that K1.K1 was
difficult to be expressed in yeast. In addition, the biomass accumulation of P. pastoris

167



was usually more than that of C. reinhardtii. Nevertheless, the production of
HBc150 HA in the 16S fusion transformant strain lays a solid foundation for the
successful assembly and detection of HBcAg VLPs.

4.4.4 Summary

The HBc150_HA expression level was increased by 26-fold by replacing the original
psaA promoter (Figure 4.17) with a stronger 16S rRNA promoter (Section 4.4.1). This
was mainly due to the increase in transcription rate and steady-state mMRNA levels
driven by the stronger promoter. In addition, there seemed to be no supply limit of the
nuclear-coded psaA-specific factors as opposed to the results demonstrated in the
literature (Rasala et al., 2011).

Growth kinetics for both the psad4 and the 16S fusion transformant strains were
performed in the well-controlled Algem® photobioreactor under standard mixotrophic
conditions (Section 4.4.2). Based on the growth kinetics profiles, it was concluded that
high HBc150 HA expression levels in the 16S fusion transformant strain exerted only
minor metabolic burdens on C. reinhardtii growth and biomass accumulation (Figure
4.18). Therefore, the C. reinhardtii chloroplast is regarded as a feasible platform to
produce HBcAg in the future.

Based on the densitometric analysis, HBc150 HA in the 16S fusion transformant strain
accumulated to approximately 2.34% (w/w) TSP and 4.9 mg per g of dry cell weight.
The yield of the P. pastoris-produced K1.K1 was estimated to be 1.3 mg per gram of
dry cell weight using the same quantification strategy. It was interesting to see that there
was a four-fold higher level of protein in the microalgal chloroplast. It is also suggested
that protein yield above 2% (w/w) TSP in microalgae is sufficient for commercial
production as evaluated in Rasala et al. (2010). Since the production yield of
HBc150 HA is 2.34% (w/w) TSP in the 16S fusion transformant strain, it is a promising

alternative protein expression host for commercial HBcAg production.
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4.5 Overall summary

In this chapter, two strategies to improve HBc150 HA expression in the C. reinhardtii
chloroplast were explored. From the bioprocessing aspect, the effects of cultivation
mode, acetate concentration, light intensity and temperature on cell growth and protein
expression were examined (Section 4.2). It was noted that the changes of acetate
consumption and pH values were in line with changes in the measured growth kinetics.
After comparing the growth parameters (specific growth rate and maximum biomass
concentration, Table 4.1-Table 4.5), it was concluded that standard mixotrophic
conditions are the most suitable way to cultivate transgenic C. reinhardtii. Moreover, it
was difficult to identify the most suitable cultivation condition for HBc150 HA
expression due to the limited amount of proteins expressed in the psad transformant

strain.

In Section 4.3, low protein expression was addressed from the genetic engineering
perspective. Since the promoter plays a critical role in terms of transcription initiation
and mRNA accumulation, a well-known strong endogenous promoter, the 16S rRNA
promoter, was incorporated into the existing algal vector pHBc150 HA to form the new
vector pl6SHA. The 16S fusion transformant strain T5 with the highest HBc150 HA
expression in this experiment was selected among six transgenic lines (Figure 4.15).
There was a 26-fold increase in HBc150 HA accumulation driven by the stronger 16S
promoter as evidenced in Section 4.4.1. It was suggested that the rate of transcription
or the steady-state mRNA level were further improved when a stronger promoter was
in use (Rasala ef al., 2011). In addition, HBc150 HA expressed in the 16S fusion
transformant strain was detected by both polyclonal and monoclonal anti-HBcAg
antibodies (Figure 4.16), confirming its immunoreactivity under denaturing conditions

(Soria-Guerra et al., 2013).

Apart from heterologous protein expression, protein degradation and growth kinetics
were also compared between the 16S fusion transformant and the psa4 transformant
strain. The results in Section 4.4.2 demonstrated that there was a slight reduction in

growth rate and biomass concentration in the former strain (Figure 4.18). This was
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probably due to the increase in HBc150 HA expression, leading to a competition of
translation factors between heterologous proteins and the biomass-related proteins. In
addition, HBc150 HA in the 16S fusion transformant strain was much more stable even
during the stationary growth phase. This was probably due to the rate of protein

accumulation outperforming the rate of degradation.

The production yields of HBc150 HA in the 16S fusion transformant strain and the
HBcAg dimer K1.K1 produced from P. pastoris were quantified using densitometric
methods of western blots probed with polyclonal anti-HBcAg antibodies. It was
interesting to see that the yield of HBc150 HA was almost four-fold higher than K1.K1
on the basis of dry cell weight (Figure 4.20 and Figure 4.21). In addition, the protein
yield obtained in the C. reinhardtii chloroplast was consistent with the values reported

in the literature (Table 4.6).

Overall, the yield of HBc150 HA was significantly increased by using a stronger
chimeric regulatory element such as the combination of the 16S rRNA promoter and
the psad 5’UTR in this study. These data also shed light on the new design of
promoter/S’UTR regulatory elements towards high level recombinant protein
production in microalgal chloroplasts. The final step in this work is verification of
HBcAg VLP formation in the C. reinhardtii chloroplasti.e. self-assembly of the HBcAg

monomers into structural VLPs. This is examined in Chapter 5.
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5 Partial purification of HBc150 HA and verification of
algae-based VLP

5.1 Introduction and aim

Good expression of the HBc150 HA protein was demonstrated in Section 4.4 with an
estimated yield of 2.34% (w/w) of TSP or equivalently 4.9 mg per g pcw. In fact, the
protein yield obtained in this study has met the suggested requirement for commercial
protein production in microalgae (Rasala et al., 2010). To date, commercially relevant
products derived from the C. reinhardtii chloroplasts include, amongst others, full-
length human antibodies, oral vaccine candidates and immunotoxins (Tran et al., 2009,
2013; Demurtas et al., 2013; Specht and Mayfield, 2014; Dyo and Purton, 2018). This
suggests that it might also be possible to correctly assemble more complex VLP
structures in the C. reinhardtii chloroplast as an alternative to conventional protein

production platforms.

Currently, there is only one published work that has exploited C. reinhardtii to produce
HBcAg-based antigens but this was based on nuclear expression (Soria-Guerra et al.
2013). Not only were low protein expression levels (0.02-0.05% (w/w) of TSP)
obtained, but the site positional effect of transgene integration in the nuclear genome
was also observed to affect expression levels. Additionally, the authors did not
demonstrate the formation of VLPs from the expressed HBcAg protein. Another study
used the diatom Phaeodactylum tricornutum to express the hepatitis B surface antigen;

this also did not visually demonstrate the formation of VLPs (Hempel et al., 2011).

Therefore, the aim of the experiments carried out in this chapter was to explore the
HBcAg VLP formation in the C. reinhardtii chloroplasts for the first time. Specific

objectives were:

e To generate both positive and negative controls for TEM analysis. The positive
control involved the use of E. coli-expressed AHBc150 HA which had the

identical protein sequence to the algal-based HBc150 HA. In addition, two
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algal transgenic lines (TNE and TN72_SR_pal-HA) without HBcAg expression
were used as the negative controls;

e To identify suitable VLP clarification methods using the bacterial protein lysates
and to establish a standard clarification protocol of the algal-based VLPs for
TEM observations;

e To confirm VLP formation in the HBcl50 HA-expressing 16S fusion
transformant strain by TEM. An immunogold labelling technique was also
employed to further verify the presence and immunoreactivity of algal-based

HBcAg VLPs.

5.2 Expression of HBc150 HA and assembly of VLPs in E. coli

In order to verify HBcAg VLP formation in the C. reinhardtii chloroplast, it was
necessary to generate positive controls for TEM analysis. As a result, a transgene
sequence encoding the truncated HA-tagged HBcAg monomer (HBc150 HA) was
codon-optimised and expressed in E. coli BL21 (DE3) as described in Section 2.3.1.
Two conventional VLP clarification methods, namely sucrose gradient
ultracentrifugation (Section 2.4.3) and gel filtration (Section 2.4.4), were examined and
compared in terms of isolation ability and sample purity in TEM analysis. The
experimental conditions established in this section facilitated the subsequent algal-
based VLP clarification and identification. More importantly, this study also served as
the positive control to examine if the inclusion of an HA-tag and primary sequence

manipulation would influence capsid assembly.

5.2.1 Expression of the AHBc150_HA in E. coli BL21 (DE3)

The transgene sequence encoding the truncated HA-tagged HBcAg monomer
(HBc150 _HA) (Section 3.4.1) was codon-optimised to the codon usage preference of
E. coli. Tt was then synthesized de novo by ATUM (Section 2.2.10) and cloned into a
bacterial plasmid (pD454-SR) such that the gene was downstream of an IPTG-inducible

T7 promoter as illustrated in Figure 5.1. The core protein encoded by this E. coli gene
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construct was named AHBc150 HA (the full codon-optimised sequence is given in

Appendix 4 (A4)) to differentiate it from the algal-expressed HBc150 HA.

E. coli BL21 (DE3) cells were transformed with pD454-SR as described in Section
2.2.8. Three colonies were selected and propagated in LB medium for plasmid isolation
and protein expression. The insertion of the transgene was confirmed by sequencing the
isolated plasmids with the universal forward T7 primer (Section 2.2.10). Glycerol

stocks were made after sequence confirmation. These transgenic lines were named

BL21 HBc150 HA TI-T3.

pD454-SR
4508 bp

Figure 5.1: The simplified diagram of the bacterial plasmid pD454-SR synthesized by
ATUM (Section 2.2.10). The HBc150 HA gene was placed under the control of the IPTG-
inducible T7 promoter with a strong ribosome binding site (RBS).

The detailed protein induction protocol is described in Section 2.3.1. In brief, glycerol
stocks of three transgenic lines were inoculated into LB medium to grow for five hours.
Subsequently, they were inoculated into three shake flasks containing LB medium and
grown at 37 °C for three hours. 1 mM IPTG was added to the cell cultures when they
reached to the exponential growth phase (ODgsoonm at 0.6-0.8). It has been suggested that
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reducing the temperature during the protein production phase can avoid the aggregation
of the protein in vivo (Groot and Ventura, 2006). Therefore, the cultivation temperature

after IPTG induction was lowered from 37 °C to 18 °C.

E. coli cells were harvested 16-18 h after induction and re-suspended in the bacterial
lysis buffer. The cells were completely broken by the homogeniser as described in
Section 2.4.2. In order to check the expression and solubility of AHBc150 HA in E.
coli, both the supernatant and the cell pellet were analysed by SDS-PAGE. Figure 5.2
demonstrates that there was a high expression of AHBc150 HA that was mainly
recovered in a soluble form in the supernatant. As a result, the supernatant was

subjected to subsequent partial purification and TEM analysis.

SI 82 83 Cl1 C2 C3
o ) - i

Figure 5.2: Coomassie® blue stained SDS-PAGE gel showing the over-expression of
AHBc150 HA in E. coli BL21 (DE3). S1-S3: supernatant in transgenic lines
BL21 HBcl150 HA TI1-T3; C1-C3: cell pellet in transgenic lines BL21 HBc150 HA T1-T3.
Experiments performed as described in Section 2.5.3 and Section 2.5.4.

5.2.2 Sucrose gradient ultracentrifugation of the E. coli-produced
AHBc150_HA

Continuous sucrose gradient ultracentrifugation is one of the most commonly used
separation methods for VLPs (Section 1.4.1). One of the main factors influencing the
successful separation of VLPs from other contaminants is the quality of the continuous

sucrose gradient. Two common gradient preparation methods were compared in order

174



to determine the best technique for subsequent investigations. The gradient was
prepared by either manual loading or by using a gradient maker. Bromophenol blue was
added as a colour indicator to examine the linearity of the sucrose gradient. The amount
of blue dye added was proportional to the sucrose gradient concentration ranging from
10% to 50% (w/v). Once the gradients were formed, 24 aliquots from the top to the
bottom of the ultracentrifuge tube were taken. The concentration of the blue dye was

analysed by spectrophotometry at a wavelength of 598 nm.

As shown in Figure 5.3 (a), the blue dye concentration reflecting the target sucrose
concentration was not linear in the manually loaded gradient especially in fractions 1-
12 and 19-20. In contrast, there was a strong linear relationship (R?=0.993) between the
blue dye concentration and the fractions prepared using the gradient maker (Figure 5.3
(b)). Therefore, all of the continuous sucrose gradients in this study were prepared using

the gradient maker.
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Figure 5.3: Correlation between the concentration of blue dye reflected by ODsognm
readings and the gradient fractions formed by (a) manual loading and (b) using a SG15
Gradient Maker. Experiments performed as described in Section 2.4.3. Solid line fitted by
linear regression.

Since the expression of AHBc150 HA in E. coli was confirmed, the supernatant
obtained in a BL21 HBc150 HA T1 culture (Section 5.2.1) was subjected to
ultracentrifugation using a 10-50% (w/v) continuous sucrose gradient. From the top to
bottom, 18 fractions were sampled and labelled as 1 to 18 sequentially. Figure 5.4 shows
the SDS-PAGE analysis of the 18 gradient fractions following Coomassie® blue
staining. Protein bands with the correct molecular weight of AHBc150 HA (18 kDa)
were mainly detected in fractions 7 to 12, corresponding to 25-35% (w/v) sucrose

concentration. This was in accordance with the migration pattern (25-32% (w/v)
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sucrose) reported for VLPs formed by the truncated HBcAg monomers in E. coli (Wooi
and Siang, 2008). In addition, there were faint bands in fractions 1 and 2, indicating the
presence of lower molecular-weight-forms such as monomers and dimers. The bands
detected in fractions 16 and 18 were most likely to be larger aggregates of core protein
material. Hence, fractions 7 to 12 were pooled, dialyzed against 50 mM HEPES bufter
(pH 7.5) and subjected to TEM analysis as described in Section 5.2.4.

Sucrose concentration

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

18 kDa — — I-—-—— - - > . AHBel50_HA

Figure 5.4: Coomassie® blue stained SDS-PAGE gel showing 18 gradient samples of
BL21_HBc150_ HA T1 after continuous 10-50% (w/v) sucrose gradient
ultracentrifugation. Experiments performed as described in Section 2.5.3 and Section 2.5.4.

5.2.3 Gel filtration of the E. coli-based AHBc150_HA

Gel filtration is another frequently used technique for VLP separation (Li et al. 2007;
Sominskaya et al. 2013). The detailed protocol for the gel filtration process used here
is explained in Section 2.4.4. In brief, 2 mL crude protein lysate of
BL21 HBcl150 HA TI containing AHBc150 HA was run through a Sepharose® CL-
4B column in an AKTA pure chromatography system. Elution profiles were monitored

by UV absorbance at a wavelength of 280 nm.

During the process, 14 elution fractions (3-16) were collected automatically as shown
in Figure 5.5. Fraction 2 was not collected due to the absence of protein. As shown in
Figure 5.5, separation of the bacterial protein lysate of BL21 HBc150 HA TI resulted
in two major peaks in the chromatogram, representing large and small molecules,
respectively. However, due to sample overload, the two major peaks were merged
together between fractions 7-12. Nonetheless, based on the characteristics of the
Sepharose® CL-4B column, HBcAg VLPs were predicted to be eluted in fractions 5 to
8. Therefore, these fractions were pooled and subjected to TEM analysis as presented

in Section 5.2.4. It should be noted that dialysis was not carried out in this study as the
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elution buffer used in gel filtration was compatible with the negative staining procedure
for TEM analysis.

Figure 5.5: Chromatogram of the UV absorbance at 280 nm for 14 elution fractions of the
crude protein lysate of BL21 HBcl150 HA T1. Fraction numbers are labelled in red.
Experiments performed as described in Section 2.4.4.

5.2.4 TEM analysis

The clarified bacterial protein samples obtained by sucrose gradient ultracentrifugation
(Section 5.2.2) and gel filtration (Section 5.2.3) were negatively stained with 2% (w/v)

uranyl acetate and visualized under TEM.

The micrographs in Figure 5.6 show the presence of isometric particles with a diameter
of 25-30 nm for both sample preparation methods. Their morphologies with small
spikes on the particle surfaces were also typical for HBcAg particles produced in E.
coli as reported in the literature (Holmes ef al., 2015; Peyret et al., 2015). As a result,

both clarification techniques were considered sufficient to isolate VLPs from the crude

178



bacterial lysate. It was interesting to observe that there were fewer impurities when the
protein samples were processed by gel filtration. These results demonstrated that the
both the addition of an N-terminal HA-tag and the insertion of additional amino acids
into the penultimate N-terminal and C-terminal positions of the truncated HBcAg

monomer (Section 3.4.1) did not influence correct assembly of the capsid.

Figure 5.6: Example electron micrographs of AHBc150_HA particles produced in protein
lysate of BL21 _HBc150_ HA_T1 and clarified by either (a)-(b) sucrose gradient
ultracentrifugation (fractions in 7 — 12 in Figure 5.4) or (c¢)-(d) gel filtration (fractions 5 -
8 in Figure 5.5). Size bars, 100 nm. Magnification, 180 k. TEM performed as described in
Section 2.5.6.
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5.2.5 Summary

In this section, a positive control for the algae-based HBc150 HA, AHBc150 HA, was
successfully produced in E. coli. Its accumulation was confirmed by SDS-PAGE
analysis (Figure 5.2) followed by Coomassie® blue staining and gave the predicted

molecular weight of 18 kDa.

After clarification by either continuous sucrose gradient ultracentrifugation or gel
filtration, the formation of HBcAg VLPs in E. coli was confirmed by TEM analysis
(Figure 5.6). These capsids were in the correct size range (25-30 nm) and showed
typical morphologies of VLPs formed by the core protein. This showed that the
inclusion of an HA-tag and slight manipulations of the core protein sequence did not
impede its ability to form VLPs. Moreover, the techniques and conditions established
in this section served as useful techniques for the preparation and visualisation of the

algal-based VLPs.

5.3 Partial purification of the microalgal cell cultures

In order to facilitate the isolation and visualisation of the algal-based VLPs, it was
imperative to establish an efficient and robust clarification process for the algal material.
In Section 5.2, the combination of low-speed centrifugation with either sucrose gradient
ultracentrifugation or gel filtration was sufficient to clarify bacterial cultures for VLP
visualisation. However, after algal cell disruption, thylakoid membrane fragments
containing proteins, lipids and chlorophylls are known to remain in the supernatant after
low-speed centrifugation (Stoffels, 2015). Based on previous experience, these host
impurities tended to clog the 0.22 pm syringe filters and interfere with the performance
of subsequent purification operations. Therefore, three methods to remove these

impurities were examined.

The proposed protocol for the preparation of algal material for TEM analysis is shown
in Figure 5.7. Three methods, namely heat treatment, double sucrose cushion and

ultracentrifugation, were assessed and compared in order to remove the thylakoid
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membrane fragments present in the algal samples. The most suitable method was
selected and incorporated into the standard VLP clarification protocol. Moreover, two
transgenic C. reinhardtii lines without HBcAg expression were partially purified based

on the proposed protocol, serving as negative controls in the TEM analysis.
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Figure 5.7: Schematic diagram of the primary clarification protocols evaluated for the
isolation and visualisation of VLPs from the protein material in the C. reinhardtii
chloroplasts.

5.3.1 Heat treatment

Heat precipitation is a simple and effective technique to purify thermostable proteins in
which most host heat-labile proteins and proteases are denatured during the treatment
(Ng et al., 2006). Studies have shown that HBcAg VLPs possess good thermal stability
in which their antigenicity is still detectable after heat-treatment at 80 °C and can only
be denatured at 85 °C (Dyson and Murray, 1995; Ng et al., 2006). Their good thermal
stability is mainly due to the formation of disulphide bonds between cysteine residues
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of two monomers within the capsid structure. In fact, both Rolland et al. (2001) and
Freivalds et al. (2011) have shown that heat treatment at 65 °C for 1 h is a suitable
condition to isolate HBcAg from host contaminants in bacterial and yeast expression

systems.

In this study the 16S fusion transformant strain (Section 4.3.3) was initially grown
mixotrophically as described in Section 4.2.5. After harvesting by centrifugation and
cell disruption using a homogeniser, the whole cell homogenate was initially clarified
by low-speed centrifugation. Then, the supernatant was incubated in a heat block at 65
°C for 1 h. After centrifugation at 13,000 rpm for 25 minutes, both supernatant and
precipitate were collected and subjected to western blot analysis probed with anti-HA
antibodies. HBc150 HA was only detectable in the supernatant prior to heat treatment
(data no shown). Unfortunately, no protein bands were observed for the heat-treated
samples, including both the supernatant and the precipitation. The results demonstrated
that the heat treatment method was not suitable for the isolation of HBc150 HA from

the C. reinhardtii contaminants.

5.3.2 Double sucrose cushion

As mentioned in the previous section, heat treatment seemed to denature the
HBc150 HA from the 16S fusion transformant strain. Another gentler method to
remove the algal-related impurities was to load protein samples onto a double sucrose
cushion during ultracentrifugation. The assumption here is that the correctly-assembled
VLPs with particulate nature will migrate through the first sucrose cushion layer with
a lower density but will sediment on the second layer with a higher density. Peyret
(2015) has previously combined the double sucrose cushion method with continuous
sucrose gradient ultracentrifugation to successfully isolate plant-expressed HBcAg

VLPs with high recovery yield.

The detailed protocol of setting up the double sucrose cushion is explained in Section
2.4.4. In brief, 1 mL 75% (w/v) sucrose solution, 4 mL 20% (w/v) sucrose solution and

7.5 mL crude protein lysate of the 16S fusion transformant strain were sequentially
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loaded into the ultracentrifuge tube without causing disturbance of each layer. The
samples were then run in a Beckman SW41Ti ultracentrifuge rotor at 39,000 rpm for
2.5 h at 4 °C. Once the gradient was formed 12 fractions, as illustrated in Figure 5.8,
were taken from the top to the bottom of the tube and subjected to western blot analysis

probed with anti-HA antibodies.

—

~ Crude protein lysate

— 20 % (w/v) sucrose

— 70 % (w/V) sucrose

IZ_Q,JJ

Figure 5.8: White light photograph of a 14 x 89 mm ultracentrifuge tube after double
sucrose cushion ultracentrifugation. Gradient fraction numbers are labelled from 1 to 12 on
the left. The positions of crude protein lysate, 20% (w/v) and 70% (w/v) sucrose solutions were
labelled on the right. Experiments performed as described in Section 2.4.4.

The western blot results shown in Figure 5.9 revealed protein bands for HBc150 HA
at 18 kDa 1n all of the fractions collected. As expected, the majority of HBc150 HA
accumulated at the interface of the 20% (w/v) and 70% (w/v) sucrose cushions
(fractions 10-11). In addition, there was no protein detected in fraction 12, meaning 70%
(w/v) sucrose was dense enough to serve as a protective cushion at the bottom of the
ultracentrifuge tube. This was in line with the migration pattern of particulate HBcAg
VLPs, in which they were shown to settle at sucrose concentrations between 25-35%
(w/v) (Wooi and Siang, 2008). It was interesting to note, however, that there was

significant protein loss into all of the upper fractions (1-9). This might suggest the
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presence of HBcl150 HA monomers or dimers in the solution or the incomplete

assembly of capsids.

1 2 3 4 5 6 7 8 9 10 11 12

18 kDa .- HBc150_HA
0 \ )

f ‘ f w
0 % (w/v) sucrose 20 % (w/v) sucrose 70 % (w/v) sucrose

Figure 5.9: Western blot analysis of HBc150_HA in 12 fraction samples after double
sucrose cushion ultracentrifugation of protein samples prepared in the 16S fusion
transformant strain. The positions of 0% (w/v), 20% (w/v) and 70% (w/v) sucrose solutions
are labelled under the immunoblot. Samples taken from ultracentrifuge tube shown in Figure
5.8. Analysis performed as described in Section 2.5.5.

Protein samples in fractions 10-11 were pooled, dialyzed against 50 mM HEPES buffer
to remove sucrose and loaded onto a 10-50% (w/v) continuous sucrose gradient for
further VLP separation from host contaminants. As shown in Figure 5.10, very faint
protein bands in fractions 6-8 were detected in the western blot. This again has
confirmed the particulate nature of the HBc150 HA expressed in the 16S fusion
transformant strain. However, there was a slight shift towards the lower concentration
of sucrose (23-28% (w/v)) compared to the 25-32% (w/v) in the bacterial material
(Section 5.2.2). Fractions 6 to 8 were pooled and dialyzed against 50 mM HEPES buffer
before TEM observations. Unfortunately, it was not possible to detect any VLP
structures in the electron micrographs owing to the very low HBcl150 HA

concentration.

Sucrose concentration

18 kDa p HBc150_HA

Figure 5.10: Western blot analysis of HBc150_HA in 18 fraction samples of the 16S fusion
transformant strain after continuous sucrose gradient ultracentrifugation of protein
samples taken in fractions 10 and 11 in Figure 5.9. Analysis performed as described in
Section 2.5.5.
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5.3.3 Ultracentrifugation

Ultracentrifugation is another efficient method of removing the thylakoid membranes.
Unlike the double sucrose cushion, it does not involve the use of any cushion, which
can be potentially harsh to particulate structures such as VLPs during pelleting (Peyret,
2015). Ultracentrifugation refers to the very high speed employed during differential
centrifugation. In general, low-speed centrifugation is carried out to remove unbroken
whole cells, cell debris and large insoluble fragments whereas high-speed
centrifugation is used to pellet smaller impurities such as membrane-bound
chlorophyll-protein complexes in algal samples (Stoffels, 2015). However, there is a

tendency for loss of products such as VLPs with a known particulate nature.

In order to assess protein loss during ultracentrifugation, cell cultures of the 16S fusion
transformant strain grown to the exponential growth phase in mixotrophic cultures were
harvested. After cell disruption, the whole cell homogenate was first subjected to low-
speed centrifugation (5,000 rpm), and then the resulting supernatant was subjected to a
second round of high-speed centrifugation (ultracentrifugation, 38,000 rpm) to remove
the thylakoid membranes. The resulting supernatant and precipitate were collected and
subjected to western blot analysis to monitor potential HBc150 HA loss during

clarification.

As shown in Figure 5.11, approximately a quarter of the HBc150 HA material was lost
in the sediment after ultracentrifugation. This was likely due to the particulate nature of
HBc150 HA as demonstrated in Figure 5.10 and Figure 5.11. In addition, trapping of
the HBc150 HA by the membrane vesicles could be another reason as there are reports
of soluble protein loss after ultracentrifugation (Stoftels, 2015). However, compared to
the double sucrose cushion, the concentration of HBc150 HA was sufficient to carry

out subsequent studies.
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Figure 5.11: Western blot analysis of HBc150_HA in protein samples that were collected
in (1) low-speed centrifugation supernatant, (2) ultracentrifugation sediment and (3)
ultracentrifugation supernatant. Analysis performed as described in Section 2.5.5.

5.3.4 Proposed algal-based VLP clarification protocol

Unlike the successfully removal of host contaminants by heat treatment in bacterial and
yeast cultures, HBc150 HA expressed in the C. reinhardtii chloroplasts was probably
denatured during the heat treatment. As for the double sucrose cushion method, there
was considerable product loss mainly due to the successive dialysis and concentration
steps involved. This also complicated the whole procedure and prolonged the total
clarification time. In contrast, direct ultracentrifugation was quick to apply and was
found to be a suitable method to remove thylakoid membranes with an acceptable
product loss at this stage. Hence, ultracentrifugation was incorporated in the final
clarification protocol after low-speed centrifugation. The proposed clarification process
to prepare HBcAg VLPs from the C. reinhardtii chloroplasts is illustrated in Figure
5.12.
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Figure 5.12: Schematic diagram of the final clarification protocol used for the isolation
and visualisation of VLPs from the clarified protein materials in the C. reinhardtii
chloroplasts.

5.3.5 Generation of negative controls for TEM analysis

In Section 5.2, E. coli-based HBc150 HA were successfully expressed and visualized
by TEM. This served as a positive control to demonstrate the morphologies of VLPs
formed by the same core protein monomer. Meanwhile, it was crucial to generate
negative controls to further understand the background of algal material in the TEM
analysis. Hence, two additional transgenic C. reinhardtii lines without HBcAg
expression were grown and their crude protein lysates were clarified according to the
proposed flowsheet (Figure 5.12). Then, partially purified protein lysates were

subjected to TEM analysis to monitor the background of algal material.
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The first transgenic line was TNE in which TN72 was transformed with the empty
pSRSapl vector (Table 2.1). Despite the fact that there was no heterologous protein
accumulation in TNE, the gradient fractions were collected and analysed by Western
blot using anti-HA antibodies. The results in Figure 5.13 demonstrated the presence of
non-specific bands at approximately 38 kDa and 48 kDa in fractions 2-3 in algal-based

materials. These probably corresponded to the remaining thylakoid membrane fragment.

1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18
55 kDa .
Lo
40 kDa
- —
35kDa
25kDa

15kDa s SR e v ik

Figure 5.13: Western blot analysis of 18 fraction samples after continuous sucrose
gradient ultracentrifugation of protein samples prepared in TNE. Protein markers are
labelled on the left. Analysis performed as described in Section 2.5.5.

Since HBcAg VLPs usually migrate and settle at 25-30% (w/v) sucrose concentration,
fractions 8-11 were collected and subjected for TEM analysis. As shown in Figure 5.14,
morphologies of the impurities in the algal host were clearly demonstrated. The
irregular vascular structures with a size around 100 nm in (a) were probably the debris
of thylakoid membranes. In addition, smaller structures (5-10 nm) found in (b) were
most likely to be the lipid bodies in algae. In general, they showed entirely different
characteristics to that of the isometric HBcAg VLPs shown in Figure 5.6.
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Figure 5.14: Example electron micrographs of particulate material present in
TN72_SR_pal-HA clarified by continuous sucrose gradient ultracentrifugation (fractions
8-11 in Figure 5.13) (a)-(b). Size bars, 100 nm. Magnification, 93 k. TEM performed as
described in Section 2.5.6.

Meanwhile, a second transgenic line TN72_SR_pal-HA expressing an endolysin was
grown and processed based on the same protocol illustrated in Figure 5.12. Instead of
using ultracentrifugation on sucrose, gel filtration was carried out. As demonstrated in
Section 5.2.3, E. coli-expressed AHBcAg VLPs were detected in the eluates in fractions
5-8 based on the particle size distribution packed inside of the Sepharose® CL-4B

column. Therefore, these fractions were pooled and subjected to TEM analysis.
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Figure 5.15: Chromatogram of the UV absorbance at 280 nm for 14 elution fractions for
the clarified protein lysate of TN72_SR pal-HA. Fraction numbers were labelled in red.
Experiments performed as described in Section 2.4.4.

The micrographs in Figure 5.16 clearly demonstrated the morphologies of the algal-
based material. This was very similar to that obtained in Figure 5.14 (a), whereby
irregular vascular structures with a size around 100 nm were observed. It could be
confirmed that they showed distinctly different characteristics to that of the isometric
HBcAg VLPs seen in Figure 5.6. As a result, the HBcAg VLPs expressed in the C.

reinhardtii chloroplasts should be easily identified from the background.
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Figure 5.16: Example electron micrographs of particulate material present in
TN72_SR_pal-HA by gel filtration (fractions 5-8 in Figure 5.15) (a)-(b). Size bars, 100 nm.
Magnification, 180 k. TEM performed as described in Section 2.5.6.

5.3.6 Summary

Unlike bacterial cultures (Section 5.2), an additional purification step after low-speed
centrifugation was necessary to remove thylakoid membranes containing proteins,
lipids and chlorophylls in microalgae. Therefore, heat treatment, double sucrose
cushion and ultracentrifugation were examined and compared. Ultracentrifugation was
the most suitable method in terms of shorter preparation time, lower complexity and
less product loss. Thus, this step was incorporated into the standardized VLP

clarification protocol (Figure 5.12).

Two transgenic C. reinhardtii lines TNE and TN72 SR pal-HA without HBcAg
expression were clarified based on the proposed protocol. The resulting clarified protein
lysates were used for electron microscopic observations. The TEM results have
confirmed the presence of thylakoid membranes that could be easily distinguishable

from that of VLP structures. This served as a negative control for the analysis of algal-

based VLPs.

5.4 Assembly of HBc150 _HA VLPs in the C. reinhardtii chloroplast

With the establishment of the standard clarification protocol and the generation of both

positive and negative controls for TEM analysis, the potential formation of VLPs in the
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C. reinhardtii chloroplasts was examined. Ultracentrifugation-processed protein
samples of the 16S fusion transformant strain, cultured mixotrophically, were clarified
by either sucrose gradient ultracentrifugation or gel filtration. The resultant clarified
protein samples were visualized by TEM. Moreover, immunogold labelling was
performed in order to further confirm the presence and immunoreactivity of the algal-

based HBc150 HA VLPs.

5.4.1 Sucrose gradient ultracentrifugation of HBc150 HA expressed in the
psaA transformant strain and the 16S fusion transformant strain

It has been suggested that capsid assembly is a highly cooperative but concentration-
dependent process (Wingfield et al., 1995). In order to test this hypothesis, HBc150 HA
expressed from both the psad transformant strain (that expresses HBc150 HA at low
levels, Figure 3.18) and the 16S fusion transformant strain (that expresses HBc150 HA
at higher levels, Figure 4.15) was analysed in terms of its particulate nature through the
sucrose gradient ultracentrifugation step. Cultures of both strains were broken by the
homogeniser and clarified by ultracentrifugation as presented in Figure 5.12. The
resulting supernatant was then loaded on to a 10-50% (w/v) continuous sucrose gradient.
From the top to the bottom, 18 fractions were sampled and then assayed in western blot

analysis probed with anti-HA primary antibodies.

As shown in Figure 5.17 (a), the majority of the HBc150 HA expressed in the psaA
transformant strain was detected at the top of the gradient (10-17% (w/v) of sucrose
concentration), indicating the presence of monomers or dimers. In contrast,
HBc150 HA produced in the 16S fusion transformant strain was mainly observed in
fractions 8-11, and to a lesser extent, in fractions 1-3. The fact that most proteins were
detected in 23-28% (w/v) sucrose demonstrated the particulate nature of the
HBc150 HA expressed in the 16S fusion transformant strain. Therefore, cultures of the
16S fusion transformant strain were used for subsequent studies. Fractions 8-11 in
Figure 5.17 (b) were pooled and dialyzed against 50 mM HEPES buffer overnight to
remove sucrose. Then, the dialyzed protein sample was concentrated and negatively

stained for TEM analysis.
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Figure 5.17: Western blot analysis of HBc150 HA in 18 fraction samples after continuous
sucrose gradient ultracentrifugation of protein samples prepared in the psaA
transformant strain (a) and the 16S fusion transformant strain (b). Analysis performed as
described in Section 2.5.5.

This study further proved the importance of monomer concentration for VLP formation
when compared to the data obtained with HBc150 HA accumulated in the psad
transformant and the 16S fusion transformant strains. Alexander et al. (2013) have
suggested that the capsid assembly from truncated HBcAg monomers follows a three-
state folding mechanism. First, dimerization takes place where two truncated monomers
associate to form partially structured, dimeric and o-helical intermediates. These
intermediates can then form multiple native conformers in which only some of them
can form capsids. Therefore, it was suspected that the concentration of HBc150 HA in
the psaA transformant strain was below the threshold concentration either for the initial
formation of dimeric intermediates or the subsequent capsid-assembly-competent

conformers.

5.4.2 Gel filtration of HBc150 HA expressed in the 16S fusion transformant
strain

Apart from ultracentrifugation on sucrose, gel filtration is another commonly used
technique to purify VLPs based on their sizes. In Section 5.2.3, the E. coli-expressed
HBc150 HA had been successfully detected in fractions 5-8 using a Sepharose® CL-
4B column. The same protocol was applied to the clarified protein lysate of the 16S
fusion transformant strain. Elution profiles were monitored by UV absorbance at a

wavelength of 280 nm.

During the filtration, 14 elution fractions (3-16) were collected as shown in Figure 5.18.

Separation of the algal protein lysate resulted in two distinct peaks in the chromatogram,
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separating the high-molecular-mass components (first peak) from the low-molecular-
mass ones (second peak). All of the fractions were assayed by western blot probed with
anti-HA antibodies (Figure 5.19). HBc150 HA was found in fractions 3 to 12, proving
the presence of monomers as well as the high-molecular-mass multimers formed by
core proteins. Based on the characteristics of the Sepharose® CL-4B column, bacterial
AHBc150-HA VLPs were eluted in fractions 5-8. Therefore, these fractions were
pooled and subjected to TEM analysis. It should be noted that dialysis was not carried
out in this study as the elution buffer in gel filtration was compatible with the negative

staining procedure for TEM analysis.
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Figure 5.18: Chromatogram of the UV absorbance at 280 nm for 14 elution fractions for
the clarified protein lysate of the 16S fusion transformant strain. Fraction numbers were
labelled in red. Experiments performed as described in Section 2.4.4.
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Figure 5.19: Western blot analysis of HBc150 HA in 14 fraction samples after gel
filtration (Figure 5.18) prepared in the 16S fusion transformant strain. Analysis performed
as described in Section 2.5.5.

5.4.3 TEM analysis

Clarified algal protein samples of the 16S fusion transformant strain prepared by
sucrose gradient ultracentrifugation (Section 5.4.1) and gel filtration (Section 5.4.2)

were negatively stained with 2% (w/v) uranyl acetate and visualized by TEM.

Despite low abundance, isometric particles of 25-30 nm diameter with a morphology
typical for HBcAg VLPs were seen in algal samples prepared by either
ultracentrifugation (Figure 5.20 (a) and (b)) or gel filtration (Figure 5.20 (c) and (d)).
Hence, both clarification techniques in conjunction with ultracentrifugation were
sufficient to isolate VLPs from the crude algal lysate. However, it was interesting to
observe that there were fewer impurities when the algal materials were processed by
gel filtration, similar to what was observed for the bacterial samples (Section 5.2.4).
Moreover, the micrographs of the negative controls (Figure 5.14 and Figure 5.16)
demonstrated that there were no such isometric morphologies present in the algal

samples without HBcAg accumulation.
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Figure 5.20: Example electron micrographs of HBc150_HA particles produced in the 16S
fusion transformant line clarified by either (a)-(b) sucrose gradient ultracentrifugation
(fraction 8-11 in Figure 5.17 (b)) or (c)-(d) gel filtration (fraction 5-8 in Figure 5.19). Size
bars, 20 nm. Magnification, 245 k. TEM performed as described in Section 2.5.6.

Direct comparisons were made between bacterial and algal expression systems in
Figure 5.21, in which isometric particles of 25-30 nm diameter with a morphology
typical for HBcAg VLPs in algal samples (Figure 5.21 (b)-(d)) were similar to that
produced in E. coli (Figure 5.21 (a)). Despite the fact that there were more impurities
in the ultracentrifugation-processed sample, it was possible to capture more
HBc150 HA VLPs in a single micrograph as demonstrated in Figure 5.21 (b). However,
due to the low number, it was difficult to determine the structural details of these capsids.
Nonetheless, this was the first study to successfully demonstrate the formation of

HBcAg VLPs in the C. reinhardtii chloroplast.
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Figure 5.21: Assembly of HBc150_HA VLPs expressed in E. coli and C. reinhardtii 16S
fusion transformant strain. (a). Example electron micrographs of HBc150 HA particles
produced in protein lysate of E. coli clarified by sucrose gradient ultracentrifugation. Size bar,
100 nm. (b). Example electron micrographs of HBc150 HA particles produced in the 16S
fusion transformant strain clarified by sucrose gradient ultracentrifugation. Size bar: 100 nm.
(c)-(d). Example electron micrographs of HBc150 HA particles produced in the 16S fusion
transformant strain clarified by sucrose gradient ultracentrifugation. Size bar: 20 nm. TEM
performed as described in Section 2.5.6.

5.4.4 Immuno-gold labelling of HBc150 HA VLPs expressed in the 16S fusion
transformant strain

Immunogold labelling is a powerful staining technique that enables the localisation of
antigens within an electron microscope sample (Section 1.4.2). In order to further
confirm the formation of algal-based HBcAg VLPs, the immunogold labelling
technique was applied to the TEM in this work. The rabbit polyclonal anti-HBcAg
primary antibody and an anti-rabbit secondary antibody with 5 nm gold particles were
used. In order to determine the labelling capacity of the secondary antibody, a negative

control without primary antibody binding was also carried out.
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The results of the negative control are shown in Figure 5.22 (a) and (b) in which gold
particles (‘dark spots’) were scattered evenly in the electron micrographs. This was
expected as the primary antibody incubation step was omitted. With the absence of
primary antibodies, gold-labelled secondary antibodies were not able to aggregate and

were dispersed evenly throughout the sample.

(@)

(b)

Figure 5.22: Example electron micrographs of the immunogold labelled protein samples
of the 16S fusion transformant strain clarified by sucrose gradient ultracentrifugation
(fraction 8-11 in Figure 5.17 (b)) without primary antibody incubation to serve as the
negative control (a)-(b). Size bars, 20 nm. Magnification, 245 k. Analysis performed as
described in Section 2.5.6 and Section 2.5.7.
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In contrast, Figure 5.23 demonstrates the aggregation of gold particles around the
structures that were concluded to be the HBcAg VLPs observed in Figure 5.20 and
Figure 5.21. This finding is also in accordance with the immunogold labelling results
reported in (Millan et al., 2008), whereby particles with a size of around 30 nm were
observed with electron-dense rings enclosing a lighter central region. However, it was
not possible to further visualize the surface characteristics of these particles due to the
attachment of gold particles. Such aggregation was never observed in the samples
prepared without primary antibody incubation (Figure 5.22). In addition, previous
western blot results have shown that the use of anti-HBcAg primary antibodies hardly
resulted in any non-specific bands, unlike the anti-HA antibodies. Therefore, the

possibility of non-specific binding was low during the immunogold labelling.
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Figure 5.23: Example electron micrographs of the immunogold labelled protein samples
of the 16S fusion transformant strain clarified by sucrose gradient ultracentrifugation
(fraction 8-11 in Figure 5.17 (b)) with both primary and secondary antibody incubation
(a)-(b). Size bars, 20 nm. Magnification, 245 k. Red arrows show the positions of HBc150 HA
VLPs. Analysis performed as described in Section 2.5.6 and Section 2.5.7.

5.4.5 Summary

By comparing the migration pattern of the HBc150 HA expressed in the psad
transformant strain and the 16S fusion transformant strain in the sucrose gradients, it
was concluded that the particulate nature (VLP formation) was concentration-
dependent. If the concentration was below the level needed for initial formation of
dimeric intermediates or the subsequent capsid-assembly-competent conformers, such
as the HBc150 HA expressed in the psaAd transformant strain, the protein was unable
to form VLPs. As a result, the clarified protein samples in the 16S fusion transformant

strain were used for subsequent VLP verification studies.

TEM results shown in Section 5.4.3 confirm the formation of HB¢c150 HA VLPs in the
C. reinhardtii chloroplast (Figure 5.20 and Figure 5.21). In addition, immunogold
labelling was employed to further confirm the presence of VLPs (Figure 5.23). To date,
this was the first study to show that HBcAg VLPs can be synthesized and correctly

assembled in microalgal chloroplasts.

5.5 Overall Summary

In Section 5.2, AHBc150 HA, having the same protein sequence as the algal-based
HBc150 HA, was successfully expressed in E. coli BL21(DE3) cells and served as the
positive control in TEM analysis. Morphologies typical for HBcAg VLPs were
observed in the bacterial protein lysates (Figure 5.6). The positive results demonstrated
the design of an N-terminal HA-tag and the manipulation of the core protein sequence
did not influence the process of capsid assembly. Moreover, both sucrose gradient
ultracentrifugation (Figure 5.6 (a)) and gel filtration (Figure 5.6 (b)) produced
satisfactory results for clarifying bacterial lysates for VLP visualisation, in which the

latter had relatively few impurities.
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In Section 5.3, the purification steps were modified to mainly target the removal of the
algal-based thylakoid membranes containing proteins, lipids and chlorophylls. Three
methods (heat treatment, double sucrose cushion ultracentrifugation and direct
ultracentrifugation) were assessed and compared using the protein samples prepared in
the 16S fusion transformant strain. Ultracentrifugation was the most suitable method in
spite of some product loss. Hence, a standard clarification protocol for the isolation and
visualisation of VLPs from the microalgal materials was proposed in Figure 5.12.
Subsequently, the clarification protocol was applied to two transgenic lines (TNE and
TN72 SR pal-HA) without HBcAg accumulation in order to obtain clarified algal
protein samples for electron microscopy observations as negative controls. The large
vascular (100 nm) and small round structures (5-10 nm) obtained in these algal samples
(Figure 5.14 and Figure 5.16) were easily differentiated from the typical morphologies
of HBcAg VLPs.

Finally, the formation of VLPs by HBcl50 HA expressed in the 16S fusion
transformant strain was confirmed by TEM analysis in Figure 5.20 and Figure 5.21.
Isometric particles with a size range of 25-30 nm and surface spikes were observed.
Due to limited numbers available, it was difficult to determine the detailed structural
characteristics of these particles. Moreover, the immunogold labelling technique was
applied to further support the evidence of capsid assembly in the HBc150 HA-

expressing protein samples (Figure 5.23).

Overall, the results presented in this chapter clearly demonstrated the capacity of the C.
reinhardtii chloroplasts to synthesize and assemble complex protein structures such as
HBcAg VLPs. Currently, no other published studies have demonstrated the formation
of HBcAg VLPs in microalgal chloroplasts. The work highlights the unexplored
potential of this novel protein expression platform for producing complex protein
structures, such as VLPs. Moreover, it also supports the use of eukaryotic algae as a
versatile platform for the rapid and cost-effective production of recombinant

therapeutic proteins.
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6 General discussion and future work

6.1 Summary of findings

6.1.1 Expression of the truncated HBcAg monomer in the C. reinhardtii
chloroplasts

The research presented in Chapter 3 describes the successful expression of the truncated
HBcAg monomer in the C. reinhardtii chloroplast (Figure 3.18). For the past decades,
efforts have been put into producing HBcAg in various prokaryotic and eukaryotic
expression systems. In particular, HBcAg has been produced with relatively high yield
(7.14% (w/w) TSP by Huang et al., (2006)) and assembled correctly in plant
chloroplasts (Huang et al., 2006; Peyret et al., 2015). However, this is the first study to
demonstrate the feasibility of expressing the truncated HBcAg monomer in an algal
chloroplast. This served as the basis for the HBcAg VLP assembly investigation in

subsequent studies.

In Section 3.2, the first attempt was to express the non-tagged full-length HBcAg
monomer (HBc183) in the C. reinhardtii chloroplast. Although both the transgene
insertion and the plastome homoplasmy were confirmed, it was not possible to detect
HBc183 in western blot analysis (Figure 3.8). Therefore, strategies to improve
heterologous protein production and detection were explored in Sections 3.3-3.4. It was
suggested that the truncated HBcAg accumulates at higher levels than that of the full-
length counterparts in bacterial expression systems (Stahl and Murray, 1989; Tan et al.,
2003; Sominskaya et al., 2013; Peyret et al., 2015). Moreover, the inclusion of well-
established short affinity tags was also helpful in terms of protein detection (Brizzard,
2008). Bearing this background literature in mind and with suitable molecular biology
techniques established in Section 3.2, the codon-optimised transgene coding for the
truncated monomer with an N-terminal HA-tag (HBc150 HA) was designed (Figure
3.16). The expression of HBc150 HA in the psaA transformant strain was confirmed

by western blot analysis using anti-HA antibodies (Figure 3.18).
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However, the expression of HBc150 HA was still below the detection limit of anti-
HBcAg antibodies (Figure 3.19). Protein stability tests revealed proteolytic degradation
of HBc150 HA at the late exponential growth phase (Figure 3.20 and Figure 3.21). The
solution was to add protease inhibitors into the liquid cultures to reduce the proteolytic
activities of certain proteases as demonstrated by Michelet et al. (2011). However,
results presented in Figure 3.24 and Figure 3.25 revealed a negative impact of protease
inhibitor addition on cell growth and protein accumulation. This led to the continued
exploration of new strategies to improve HBc150 HA expression level in the C.

reinhardtii chloroplast in Chapter 4.

6.1.2 Strategies to improve heterologous protein accumulation in the C.
reinhardtii chloroplast

In Chapter 4, strategies from both the bioprocessing (Section 4.2) and genetic
engineering (Section 4.3) aspects were addressed in order to boost HBc150 HA
expression in the chloroplast. Despite the importance of cultivation modes and
operational conditions on cell growth, it was difficult to identify the most suitable
cultivation condition for HBc150 HA expression due to the low protein production
observed in the psaA transformant strain (Figure 4.3 and Figure 4.10). However, the
improved growth conditions established in Section 4.2.5 was useful for subsequent
algal biomass preparation. Since the CREs within promoters play a critical role in
transcription initiation and mRNA accumulation, a new transgenic line harbouring the
chimeric 16S rRNA promoter/psad 5’ UTR regulatory element was created in Section
4.3.2. As a result, the yield of HBcl150 HA was dramatically increased by
approximately 26-fold (Figure 4.17) through this use of a stronger promoter that drives
higher transcription rates or supports higher steady-state mRNA-levels (Rasala ef al.,
2011). These data shed light on the design of novel combinations of chimeric
promoter/5’UTR regulatory elements towards high level recombinant protein

production in microalgal chloroplasts.

More importantly, HBc150 HA expressed in the 16S fusion transgenic strain was
detected by both polyclonal and monoclonal anti-HBcAg antibodies (Figure 4.16),

confirming immunoreactivity of the recombinant protein under denaturing conditions
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(Soria-Guerra et al. 2013). Additionally, the HB150 HA accumulated in the 16S fusion
transgenic strain was more stable with relatively less degradation during the stationary
growth phase compared to the psa4 transformant strain (Figure 4.18 and Figure 4.19).
This was probably due to the fact that the rate of protein accumulation outperformed
the rate of degradation. Furthermore, it was interesting to observe that the yield of
HBc150 HA (4.9 mg) was almost four-fold higher than the yeast-derived HBcAg (1.3
mg) on the basis of dry cell weight in densitometric analysis (Figure 4.20 and Figure
4.21). Equivalently, it was estimated to accumulate to 2.34% (w/w) of TSP in the C.
reinhardtii chloroplast (Section 4.4.3). The yield obtained in this study was
hypothesized to be sufficient for commercial production (Rasala et al., 2010). Overall,
the results presented in Chapter 4 not only facilitated the quantification of HBc150 HA
but also laid a foundation for the verification of HBcAg VLP formation in the C.
reinhardtii chloroplast in Chapter 5.

6.1.3 Formation of HBcAg VLPs in the C. reinhardtii chloroplast

Following the establishment of the 16S fusion transformant strain with relatively
reasonable HBc150 HA expression level (2.34% (w/w) of TSP), the formation of VLPs
in the C. reinhardtii chloroplasts was investigated in Chapter 6. No published works
have previously demonstrated the correct assembly of HBcAg VLPs in microalgal
chloroplasts. In order to facilitate the verification of algal-based VLPs, both positive

(Section 5.2) and negative (Section 5.3) controls for TEM analysis were established.

AHBc150 HA, having the same protein sequence as the algal-based HBc150 HA, was
successfully expressed in E. coli BL21 (DE3) cells (Figure 5.2) and morphologies
typical for HBcAg VLPs were observed in TEM analysis (Figure 5.6). These results
confirm that the design of an N-terminal HA-tag and the manipulation of the core
protein sequence did not influence the process of capsid assembly. Moreover, both
sucrose gradient ultracentrifugation and gel filtration produced satisfactory results for
clarifying bacterial lysates for electron microscopic observations, in which the latter
method demonstrated fewer impurities (Figure 5.6). In Section 5.3, the purification

steps were modified and an additional ultracentrifugation step was incorporated into the
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standard clarification protocol for isolation and visualisation of VLPs from the
microalgal material (Figure 5.12). Subsequently, the clarification protocol was applied
to two C. reinhardtii transgenic lines (TNE and TN72 SR pal-HA) without HBcAg
accumulation in order to obtain clarified algal protein samples as negative controls for
TEM analysis (Section 5.3.5). The large vesicular (100 nm) and small round structures
(5-10 nm) obtained in these algal samples (Figure 5.14 and Figure 5.16) were easily
differentiated from the typical morphologies of HBcAg VLPs.

Finally, the formation of VLPs by HBcl150 HA expressed in the 16S fusion
transformant strain was confirmed by TEM analysis in Section 5.4. Isometric particles
with a size range of 25-30 nm and characteristic surface spikes were observed (Figure
5.20 and Figure 5.21). Due to the limited number of particles available, it was difficult
to determine the detailed structural characteristics of these VLPs. Immunogold labelling
technique was applied to further support the evidence of capsid assembly in the
HBc150 HA-expressing protein samples as demonstrated in Figure 5.22 and Figure
5.23. Overall, the results presented in this chapter show that the original aim of this
work was achieved i.e. the capability of the C. reinhardtii chloroplast to synthesize and

assemble complex protein structures such as HBcAg VLPs.

Although the yield of HBc150-VLP produced in C. reinhardtii was much lower than
that of E. coli in this work, it should be noted that E. coli is a well-established protein
expression system with numerous molecular tools and protocols at hand for the high-
level protein production. However, despite C. reinhardtii being the most widely
researched microalga for heterologous protein production, more resources and research
are still needed in order to fully optimise microalgae as a protein factory. Since C.
reinhardtii is a GRAS organism that does not produce any endotoxins and infectious
agents, it should not raise any health risk or environmental contamination concerns as
opposed to bacterial cultures. In addition, phototrophic microalgae can convert energy
obtained from natural sunlight and carbon dioxide to heterologous proteins with
therapeutic potential, contributing to the global sustainable development. Therefore, the
potential of C. reinhardtii as a valuable VLP production platform in the future should

not be neglected. This work serves as an initial “prove-of-concept” study and further
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supports the continued exploration of eukaryotic microalgae as a system for the rapid
and cost-effective production of VLP-based vaccine candidates for therapeutic

purposes.

6.2 Future work
6.2.1 Short-term experiments

Due to the time constraints, there are further experiments that needed to be carried out
in order to fully understand the immunogenic properties and structural characteristics

of the algal-derived HBcAg VLPs produced in this study.

First, the antigenicity of the algal chloroplast-derived HBc150 HA could be examined
by ELISA (Huang et al., 2006). Despite the positive results obtained in the immunogold
labelling (Section 5.4.4), it is still beneficial to carry out ELISA using monoclonal
primary antibodies that can recognise HBc150 HA under native conditions. Meanwhile,
ELISA could also be used to quantify the yield of HBcl150 HA. Hence, the
quantification results could be compared to that of the densitometric analysis
demonstrated in Section 4.4.3 in order to have a thorough understanding of recombinant
protein accumulation in microalgal chloroplasts. In addition, it would be interesting to
see if the new 16S rRNA promoter supports the expression of non-tagged full-length or
truncated HBcAg monomers. This could facilitate the understanding of protein yields

obtained and VLP morphology formed by different transgenic constructs.

Second, the yield of HBc150 HA could be further improved thorough experimenting
with different cultivation conditions. Although the western blot results obtained in
Section 4.2.4 were not conclusive, lowering cultivation temperature could potentially
play a crucial role in HBcAg production in microalgal chloroplasts. Therefore, it would
be sensible to repeat such work using the 16S fusion transformant strain under low
temperature (18 °C) and to observe any improvement in protein accumulation. Another
potential method is to use a fed-batch fermentation regime (Cheirsilp and Torpee, 2012).
As demonstrated in Section 4.2.2, the organic carbon source in TAP medium, acetate,

was quickly used up when cells reached the early stationary phase. Feeding acetate
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before the stationary phase could potentially extend the exponential growth phase and
provide sufficient organic nutrients for sustained HBc150 HA accumulation (Cheirsilp
and Torpee, 2012). Once the desirable yield is achieved, additional purification steps
such as ion-exchange and affinity chromatography could be selected, optimised and
incorporated into the existing VLP clarification protocol to further isolate HBc150 HA
from algal impurities. Once a purified and concentrated HBc150 HA sample is
obtained, a more powerful visualisation technique cryo-EM could be applied to
determine the detailed 3D structure of the algal chloroplast-derived HBcAg VLPs using
single particle analysis. The information obtained on the structural characteristics such
as symmetry and integrity could be compared to that of existing HBcAg VLP structures

resulting from conventional expression systems.

Since the main application of the algal-based HBcAg VLP is to carry and present
heterologous epitopes, it is crucial to understand immunological properties of these
particles. This will inevitably involve the systemic immunization of animals using the
purified HBcAg protein samples. As a result, the non-tagged HBcAg will be preferred
to the HBcl150 HA expressed in the 16S fusion transformant strain, further
demonstrating the necessity to express non-tagged full-length and truncated HBcAg in
the microalgal chloroplasts. Subsequently, standard western blot and ELISA analyses
could be carried out to detect specific serum antibody response against HBcAg in blood
samples. Hence, the immunogenicity of algal-derived HBcAg VLPs could also be
compared to that of the core proteins expressed in other expression systems. This will
further evaluate the capability of microalgal chloroplasts to produce complex and

functional therapeutic proteins.

6.2.2 Long-term prospects

HBcAg VLP is an excellent particulate carrier for the presentation of foreign epitopes
(Roose et al., 2013). Insertion of suitable epitopes in the MIR is usually preferred as it
is the most exposed region on the VLP surface and the most optimal locus for antigen-
presentation cell (APC) recognition (Grgacic and Anderson, 2006). Since C. reinhardtii
is a GRAS organism (Murbach et al., 2018), the concept of a bio-encapsulated oral
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vaccine derived from the dried algal biomass has attracted much attention in recent
years (Dyo and Purton, 2018). One of the most significant advantages of an oral vaccine
is the ability to elicit not only mucosal but also systemic immune responses (Huang et
al., 2006; Specht and Maytfield, 2014). In addition, the number of costly purification
steps will be dramatically reduced, making the production of oral vaccines more cost-
effective (Gregory et al., 2013). Algae-based oral vaccines are usually heat-stable with
a long shelf-life that reduces the need for cold storage (Dreesen et al., 2010). Last, but
not least, higher patient compliance is usually expected for oral vaccines compared to

parenteral administration (Aziz et al., 2007).

The research conducted in this study has confirmed the feasibility of using the
microalgal chloroplast as VLP production platform. However, protein yields need to be
further improved in order to match to that of conventional expression systems such as
E. coli and yeast. Apart from yield, finding heterologous epitopes suitable for oral
immunization would be the best approach to exploit the distinct advantages of
microalgae as a commercial vaccine production platform. This will involve the
selection of suitable epitopes against various human pathogens that can cause enteric,
respiratory or sexually transmitted diseases. For example, potential candidates may
include the FMDYV structural VP1 protein, P. falciparum surface proteins (Pfs25 and
P£s28) and HPV type 16 E7 protein (Specht and Mayfield, 2014). Subsequently, these
chimeric HBcAg VLP-based vaccine candidates can be expressed in C. reinhardtii
chloroplasts. Once desirable physio-chemical and structural results are obtained, both
mucosal and systemic immunization of animals can be performed with the lyophilized
algal biomass to analyse specific antibody responses. In addition, mucosal adjuvants
such as cholera toxin B subunit can be fed together (Kong et al., 2001), or produced in
the same chloroplast as a recombinant protein fused to the VLPs, to boost the immune

response (Dyo and Purton, 2018).

These results would then indicate the potential capability of microalgal chloroplast-
derived HBcAg VLPs as a particulate carrier for the immunogenic presentation and oral

delivery of foreign epitopes. With the continued exploration in this field, the microalgal
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chloroplast may become a prime VLP-based vaccine expression platform for the cost-

effective development and manufacturing of oral vaccines in the future.
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Appendix 1 (Al): Composition of buffers and stock solutions

Table Al. 1: Composition of 5X Beijerincks stock solution.

For preparation of 1L 5 x Mass (g) Molar concentration (mM)
Beijerincks stock solution
NH,CI 40.0 7.5
CaClz « 2H,0O 5.0 0.3
MgSQO, « 7H,0 10.0 0.4

Table Al1. 2: Composition of phosphate stock solution.

For preparation of 1L stock Mass (g) Molar concentration (mM)
phosphate solution stock
K>HPQ, (anhydrous) 14.3 0.7
KH,PQO, (anhydrous) 7.3 0.5

Table Al1. 3: Composition of tris-acetate stock solution.

For preparation of 1L Tris- Amount Molar concentration (mM)
acetate stock solution
Tris base 24209 20.0 mM
Glacial acetic acid 100.0 mL 17.0 mM

Table Al. 4: Composition of trace element stock solution.

For preparation of 1L trace elements solution | Mass (g)

EDTA-Na, 50.0

H3BOs 11.1

ZnS04 « TH,0 22.0

MnClz' 4H,0 5.1

FeSO, « 7TH.0O 5.0

CoCl; * 6H,0 1.6

CuSQO;4 « 5H,0 1.6
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Appendix 2 (A2): Primer sequences for PCR

Check for GOI insert by sequencing:

RY-psaSEQ = AACTATTTGTCTAATTTAATAACC (Tm: 53 °C)
rbcL.R = CAAACTTCACATGCAGCAGC (Tm: 67 °C)

Check for chloroplast homoplasmy:

FLANKI1 = GTCATTGCGAAAATACTGGTGC (Tm: 67 °C)
rbcL.Fn = CGGATGTAACTCAATCGGTAG (Tm: 63 °C)

RY-psaR = ataggctcttct CATGGATTTCTCCTTATAATAAC (binding region in capital)
(Tm: 57 °C)
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Appendix 3 (A3): DCW vs. OD calibration curves
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Figure A3. 1: The correlation between DCW (gL") and OD7spum for the psad transgenic
strain under standard mixotrophic conditions. Experiments performed as described in
Section 2.3.3. Error bars represent the range of duplicate points (n=2). Dashed line fitted by
linear regression.
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Figure A3. 2: The correlation between DCW (gL') and OD7sonm for the 16S fusion
transgenic strain under standard mixotrophic conditions. Experiments performed as
described in Section 2.3.3. Error bars represent the range of duplicate points (n=2). Dashed
line fitted by linear regression.
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Appendix 4 (A4): Transgene sequences

Gene sequence of HBc183:

ATGGATATTGATCCATACAAAGAATTCGGTGCTTCTGTTGAATTATTATCT
TTCTTACCATCTGATTTCTTCCCATCTGTTCGTGACTTATTAGATACTGCTT
CAGCTTTATACCGTGAAGCTTTAGAATCTCCAGAACACTGTTCACCACACC
ACACTGCTTTACGTCAAGCTATTTTATGTTGGGTTGAATTAATGAACTTAG
CTACTTGGGTAGGTTCTAACTTAGAAGATCCAGCTTCACGTGAATTAGTTG
TTTCTTACGTAAACGTAAACATGGGTTTAAAAATTCGTCAATTATTATGGT
TCCACATTAGCTGTTTAACATTCGGTCGTGAAACAGTATTAGAATACTTAG
TTTCTTTCGGTGTTTGGATTCGTACTCCACCAGCTTACCGTCCACAAAACG
CTCCAATTTTATCAACTTTACCAGAAACAACTGTTGTACGTCGTCGTTGTC
GTTCACCACGTCGTCGTACTCCATCTCCACGTCGTCGTCGTTCACAATCTC
CACGTCGTCGTCGTTCACAATCTCGTGAATCACAATGT

Gene sequence of HBc150 Strep:

ATGGTGGATATTGATCCGTATAAAGAATTTGGCGCGACCGTGGAACTGCTG
AGCTTTCTGCCGAGCGATTTTTTTCCGAGCGTGCGCGATCTGCTGGATACCG
CGAGCGCGCTGTATCGCGAAGCGCTGGAAAGCCCGGAACATTGCAGCCCG
CATCATACCGCGCTGCGCCAGGCGATTCTGTGCTGGGGCGAACTGATGACC
CTGGCGACCTGGGTGGGCAACAACCTGGAAGATGGCGGCTTTAAAGGCAG
CGCGTGGAGCCATCCGCAGTTTGAAAAAGGCGGCGGCAGCGGCGGCGGC
AGCGGCGGCAGCGCGTGGAGCCATCCGCAGTTTGAAAAAGGCGGCAGCG
GCGAATTTGGCGGCCCGGCGAGCCGCGATCTGGTGGTGAACTATGTGAAC
ACCAACGTGGGCCTGAAAATTCGCCAGCTGCTGTGGTTTCATATTAGCTGC
CTGACCTTTGGCCGCGAAACCGTGCTGGAATATCTGGTGAGCTTTGGCGTG
TGGATTCGCACCCCGCCGGCGTATCGCCCGCCGAACGCGCCGATTCTGAGC
ACCCTGCCGGAAACCACCGTGGTGTGC
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Gene sequence of HBc150 _HA:

ATGGTGTATCCGTATGATGTGCCGGATTATGCGGGCGGCGGCGGCGGCGATA
TTGATCCGTATAAAGAATTTGGCGCGACCGTGGAACTGCTGAGCTTTCTGC
CGAGCGATTTTTTTCCGAGCGTGCGCGATCTGCTGGATACCGCGAGCGCGC
TGTATCGCGAAGCGCTGGAAAGCCCGGAACATTGCAGCCCGCATCATACCG
CGCTGCGCCAGGCGATTCTGTGCTGGGGCGAACTGATGACCCTGGCGACC
TGGGTGGGCAACAACCTGGAAGATCCGGCGAGCCGCGATCTGGTGGTGAA
CTATGTGAACACCAACGTGGGCCTGAAAATTCGCCAGCTGCTGTGGTTTCA
TATTAGCTGCCTGACCTTTGGCCGCGAAACCGTGCTGGAATATCTGGTGAG
CTTTGGCGTGTGGATTCGCACCCCGCCGGCGTATCGCCCGCCGAACGCGCC
GATTCTGAGCACCCTGCCGGAAACCACCGTGGTGTGC

Gene sequence of AHBc150 HA:

ATGGTGTACCCTTATGATGTTCCTGATTATGCTGGCGGTGGTGGTGGTGATAT
TGACCCGTACAAAGAATTTGGCGCGACCGTTGAGCTGCTGTCGTTCCTGCC
GAGCGACTTCTTTCCGTCTGTGCGCGACTTGCTGGACACCGCAAGCGCGCT
GTATCGCGAAGCGCTGGAGAGCCCAGAGCATTGTAGCCCGCACCATACGGC
CCTGCGTCAAGCGATCCTGTGCTGGGGCGAGCTGATGACCCTGGCGACTTG
GGTGGGCAATAACCTGGAAGATCCGGCCTCCCGTGACTTGGTTGTTAACTA
CGTCAATACGAATGTCGGTCTGAAGATTCGCCAGCTGCTGTGGTTCCACAT
CAGCTGCCTGACCTTCGGTCGTGAAACGGTGTTGGAGTACCTGGTGAGCTT
TGGTGTTTGGATTCGTACCCCACCGGCATATCGTCCGCCGAACGCTCCGATC
CTGAGCACCCTGCCGGAAACCACGGTCGTCTGT
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Appendix 5 (A5): 16S rRNA promoter sequence and primers

used during Gibson assembly

Sequence of 16S rRNA promoter:

GGCAGGCAACAAATTTATTTATTGTCCCGTAAGGGGAAGGGGAAAACAATT
ATTATTTTACTGCGGAGCAGCTTGTTATTGAAATTTTATTAAAAAAAAAATA
AAAATTTGACAAAAAAAAATAAAAAAGTTAAATTAAAAACACTGGGAATG
TTCTACATCATAAAAATCAAAAGGGTTTAAAATCCCGACAAAATTTAAACTT
TAAAGAGT

Primers used during Gibson assembly (Figure 4.11):

d: GGCAGGCAACAAATTTATTT (Tm: 63 °C)

¢’ ACTCTTTAAAGTTTAAATTTTGTCGG (Tm: 62 °C)

a: AAAGTGAGCTATTAACGCGT (Tm: 63 °C)

b’: AATAGTTTTTTTTACATCAT (Tm: 49 °C)

btc: AAATTTAAACTTTAAAGAGTATGATGTAAAAAAAACTATTTGTCTAATT
(Tm: 69 °C)

d’+a’: AAATAAATTTGTTGCCTGCCACGCGTTAATAGCTCACTTT (Tm: 79 °C)

e’: ACTTTCACCAGCGTTTCTG (Tm: 63 °C)

e: GCCTTCCTGTTTTTGCTCA (Tm: 65 °C)
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Appendix 6 (A6): Calculations of the specific product yield
and % TSB

Given that the correlation between NIR (y) and protein accumulation (x) was y =
10.93x-2466, when the NIR was 2650 at one-fold dilution, the amount of HBc150 HA

accumulated was 468 X 107® mg.

10 ml cell culture was harvested. Since the OD750nm at harvest was 1, the volume of
resuspension buffer added during SDS-PAGE was 500 puL. Each well was loaded with
20 pL of protein sample. In addition, since the correlation between DCW (y) and
OD750nm (x) was y=0.2373x, DCW was 0.2373 g/L when the OD750nm Was 1. Therefore,

the amount of cells within 10 ml cell culture was 2.373 x 1073 g.

amount of HBc150_HA inthe SDS — PAGE well
amount of cells loaded in the SDS — PAGE well

468 X 10~ ® mg ~ 29™ pow
20l ~ T g

500uL

specific product yield =

2.373 x1073g %

It was estimated that the TSP of the crude algal extract was 1mg mL™".

468 X 10~° mg
HBc15 HA concentration _ 20x 103 mL

% TSP = ~ 2.34% TSP

TSP of crude algal extract ~ 1mg/mL
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