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Abstract 

Group A Streptococcus (GAS) infections can result in a multitude of health problems ranging from 

systemic invasive infections such as necrotising fasciitis to immune-mediated diseases, including acute 

rheumatic fever (ARF) and rheumatic heart disease (RHD). These health issues disproportionately 

affect people with lower socioeconomic status due to the effects of poverty and consequently are 

found at higher levels among Maori and Pasifika. Globally, the disease burden of GAS is high with over 

34 million cases of RHD each year resulting in over 345,000 deaths. The development of a GAS vaccine, 

however, has long been impeded by high strain diversity as well as concerns they could trigger the 

very diseases a vaccine aims to reduce.  

The objective of this project was to develop a novel self-assembling GAS vaccine based on a protein 

scaffold which “glues” antigens together. Under specific conditions, these scaffold proteins ligate to 

each other via ester bond crosslinking to form a covalently linked stalk like structure. The antigens 

selected for display radiate from this trunk like the branches of a tree, such that we have named the 

designed vaccine “TreeVax”. TreeVax is a multivalent vaccine comprised of highly immunogenic pilin 

proteins from GAS. The bacterial pili are formed from the polymerisation of multiple copies of pilin 

proteins, referred to as T-antigens. These T-antigens elicit no known immune cross-reactivity with host 

tissues, and because they are present in multiple copies elicit a strong immune response. However, 

because of the high strain diversity and antigenic drift, an immunogenic response against a T-antigen 

from one strain is not necessarily protective against another. This is why a multivalent vaccine is 

needed to protect against the many circulating strains of GAS. We selected six T-antigens for our trial 

vaccine, T1, T5, T11, T12, T18.1 and T28.1, which include three of the most common strains found in 

NZ.  

Each of the selected T-antigens was expressed as a fusion protein with a self-assembling protein 

scaffold domain. When mixed, these fusion proteins spontaneously ligated together via the formation 

of ester bond cross-links between the “glue” domains, in a specific order and geometric arrangement 

to form an assembly that displays one copy of each T-antigen. As an extension of this in vitro work, an 

expression system was developed whereby the assembly of these larger vaccine structures takes place 

within the E. coli expression host. This in vivo expression, or auto-assembly of vaccine components 

has the potential to greatly simplify the production of multi-valent vaccines that are both economically 

viable and highly efficacious. 
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1. Introduction 
 

 

1.1 Streptococcus A 
 

1.1.1 Health risks and demand for a vaccine 
 

 

Streptococcus pyogenes, commonly referred to as Group A Streptococcus (GAS) is a 

facultative anaerobic Gram-positive bacterial pathogen associated with a multitude of 

diseases, resulting in a substantive global morbidity and mortality burden. In 2005, the 

World Health Organisation (WHO) classified GAS as one of the top 10 infectious diseases 

worldwide with an estimated 18.1 million people affected by a severe GAS related disease, 

and in 2014 made the development of a GAS vaccine a priority (Sheel et al., 2016). GAS 

displays incredible strain variation allowing it to exploit both commensal and many 

pathological niches. For example some GAS strains appear to be harmless and 12% of 

people harbouring GAS are asymptomatic (Martin et al., 2015), while multiple virulence 

factors also allow GAS diseases to display a diverse range of pathological clinical 

presentations. The majority of these virulence factors were acquired in horizontal gene 

transfer events, where two phages and 36 kb of chromosomal DNA were incorporated into 

the GAS genome in the 1970s (Nasser et al., 2014). Following this, a hyper-virulent form of 

GAS rapidly spread across the world, resulting in the multiple epidemics reported in the 

1980s and 1990s. These virulence factors aid in the adhesion and propagation of GAS as 

well as enabling immune evasion within the host. Pathological GAS strains can be food-

borne, but are primarily transmitted through person-to-person contact or via respiratory 

droplets (Walker et al., 2014). The primary infection sites for GAS are the skin and the 

nasopharyngeal mucosa of the upper respiratory tract (Steer et al., 2016).  

 

Colonisation of the skin begins as a superficial infection (pyoderma/impetigo; commonly 

referred to as school sores), which can then proceed to local invasive infections such as 

skin abscesses; erysipelas (infection in the upper dermal layers), cellulitis (infection in 
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lower dermal layers), and lymphadenitis (enlargement of lymph nodes due to infection). 

Colonisation of the upper respiratory tract (pharyngitis) can also lead to local invasive 

conditions like tonsillitis. These invasive infections can progress to toxin mediated diseases 

like toxic shock syndrome (TSS), sepsis, pneumonia and scarlet fever which can be deadly 

(Cannon et al., 2018). Between 8 and 23% of people die within a week of developing an 

invasive infection (Walker et al., 2014) and TSS, though rare, has very severe mortality 

rates exceeding 50% (Steer et al., 2016). When caught in the superficial stage, these 

infections are relatively easy to treat as GAS remains susceptible to penicillin and other β-

lactam drugs despite many years of use as the primary method of treatment (Walker et al., 

2014). Some strains have, however, developed a tolerance to penicillin, requiring a 32-fold 

higher dosage (Cunningham, 2000).  

 

Although primary GAS non-invasive infections are relatively easy to manage when treated 

in a timely fashion, successive infections can lead to immune-mediated diseases including 

acute rheumatic fever (ARF), rheumatic heart disease (RHD) and the rarer acute post 

streptococcal glumeronephritus (APSGN) (Cannon et al., 2018). The general consensus 

among academics is that successive GAS infections “prime” the immune system and can 

result in an autoimmune response against various tissues within the body. This is widely 

accepted to be due to structural similarity between certain epitope motifs found in GAS 

proteins and host proteins, aptly named molecular mimicry (Carapetis et al., 2016). 

 

There are many molecular culprits in this GAS pathology. These include cross-reactivity 

between the group A carbohydrate epitope (N-acetyl-beta-d-glucosamine) found on GAS 

and human cardiac myosin (Cunningham, 2014), as well as heat shock protein 70 and 

streptopain found in GAS with the human type III intermediate filament protein vimentin 

(Delunardo et al., 2013). Most research however has been targeted at the α-helical cell 

surface M-protein (a GAS virulence factor), which is thought to have structural similarity 

to the S2 fragment of the cardiac myosin heavy chain in humans (Carapetis et al., 2016). 

This is corroborated by a study finding that antibodies recognising cardiac myosin and 

native GAS M-protein had no cross reactivity with an M-protein mutated to destabilize the 

α-helical coiled-coil (McNamara et al., 2008). Another study found that cross-reactive T-
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cells from affected heart valves recognised three regions of the M-protein (residues 1-25, 

81-103 and 163-177) (Guilherme L. et al., 1995). There is also evidence that some GAS 

strain M-proteins cross-react with type IV collagen, triggering an autoimmune response 

against collagen (Dinkla et al., 2009). These interactions involved in the progression of 

acute rheumatic fever (ARF) to rheumatic heart disease (RHD) are outlined in figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multiple pharyngitis episodes specifically trigger ARF which can develop into RHD, 

although there are a few cases where GAS pyoderma (skin infections) and even group G 

streptococcus have resulted in ARF (O’Sullivan et al., 2017). Progression to chronic RHD 

occurs in roughly 0.05% of pharyngitis cases or around 60% of ARF patients and is thought 

to have a genetic component (Bright et al., 2016). Twin studies on ARF development also 

indicate this, with a 44% concordance between monozygotic twins while dizygotic twins 

showed a 12% concordance (Engel et al., 2011). Many immune-related molecules have 

been implicated, but the best characterised genetic risk factor is the class II human 

leukocyte antigen (HLA) found on antigen presenting cells (APCs). The DR7 allele of HLA 

has been associated with RHD and ARF in all ethnic groups (Carapetis et al., 2016). 

Additionally, a genome-wide association study undertaken in the endemic regions of 

Repeated/ongoing infections 
driving the valvular 

inflammatory response 

RHD 
First ARF 
episode 

Susceptible 
host 

Repeated GAS infections 

Molecular Mimicry 
GAS Heart Tissue 
M-protein Myosin  

Collagen IV 
Group A 
Carbohydrate 

Myosin 

Streptopain Vimentin 
Heat shock 
Protein 70 

Vimentin 

 

Exagerated T-cell 
mediated immune 

response 

Episodes of recurrent ARF 

Figure 1: The general disease progression of GAS infections to ARF and RHD. Modified from
Carapetis et al. 2005 
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Oceania has revealed a haplotype of the immunoglobulin heavy chain which is associated 

with a 1.4-fold increased risk of RHD (Parks et al., 2017).  

 

ARF typically manifests two weeks after GAS infection and is diagnosed according to 

presentation with two major symptoms (or one major and two minor symptoms) along 

with serological evidence of a previous GAS infection. Symptoms include inflammatory 

arthritis, endocarditis of the heart valves, chorea, subcutaneous tissue nodules and 

erythema marginatum (rash) (Carapetis et al., 2016; Martin et al., 2015). Around 60% of 

ARF patients display carditis of the heart and once chronic valvulitis is present the patient 

is considered to have RHD (Martin et al., 2015). Damage to the heart valves results in mitral 

and/or aortic regurgitation of blood into the atria during systole and further damage can 

result in stenosis (when the valves are narrowed and cannot open fully). Ultimately this 

can lead to heart failure, atrial fibrillation and embolic stroke (Carapetis et al., 2016). The 

progression from ARF to RHD is poorly understood, but appears to be associated with both 

the frequency of recurring episodes of ARF and the intensity of the ARF attack (Carapetis 

et al., 2016). Secondary treatment with penicillin can help to prevent further ARF episodes 

and therefore progression to RHD, but this treatment requires monthly injections over a 

minimum of 10 years, contributing to a significant burden on the health care system (Sheel 

et al., 2016; Steer et al., 2016).  

 

A global disease burden report conducted in 2010 estimated that there were 

approximately 34 million cases of RHD worldwide and that more than 345,000 deaths 

globally were attributed to this disease. This report is likely to under-estimate the true 

burden of disease as reporting from low to middle income countries (LMICs) is poor (Sheel 

et al., 2016). In fact, some estimates put the total mortality rate for GAS infections at 1.4 

million deaths annually, just below the HIV burden of disease (1.5 million deaths) (Bright 

et al., 2016). RHD also remains the leading cause of heart disease in young adults, as ARF 

primarily affects those aged 5 to 14 years (Steer et al., 2016; Walker et al., 2014). As a 

result the WHO has made the development of a GAS vaccine a priority as of 2014 (Sheel et 

al., 2016). 
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Unfortunately, in low to middle income countries there are many barriers to both 

successfully identifying and treating GAS, including overcrowding and poor living 

conditions, which are major risk factors (Carapetis et al., 2016; Martin et al., 2015). In 

Africa for example, acute rheumatic fever (ARF) is often misdiagnosed as malaria due to 

the corresponding fever and lethargy (Good et al., 2013). In addition to misdiagnosis of 

pharyngitis/ARF due to the primary symptoms (sore throat, fever) being similar to other 

bacterial/viral infections, penicillin treatment is resource intensive and there are issues 

with the global supply and quality of penicillin which primarily disadvantages developing 

countries (Sheel et al., 2016). Incidentally, there is no evidence to suggest that the disease 

burden of GAS in low to middle income countries has been decreasing (Steer et al., 2016). 

 

However, there is also a significant burden of disease on high income countries (HICs) that 

have reliable access to healthcare and penicillin. In 2015 there were scarlet fever outbreaks 

in Hong Kong (Davies et al., 2015), and surges in scarlet fever and impetigo outbreaks in 

the UK, Canada and the US in 2018 (Vekemans et al., 2019). There have also been 

increasing rates of severe disease in Ireland, Sweden and New Zealand (Cannon et al., 

2018). GAS infections and related diseases disproportionately affect groups that are 

socioeconomically disadvantaged within high income countries like Australia and New 

Zealand (Carapetis et al., 2005). A 2005 study found that the Pacifica and indigenous 

populations of Australia and New Zealand have the second highest rate of ARF in the world 

(3.5 cases per 1000), just behind Sub-Saharan Africa (5.7 cases per 1000) (Walker et al., 

2014).  

 

Due to comparatively high rates of disease within these communities, NZ and Australia 

alone account for the majority of RHD cases in high income countries (Sheel et al., 2016). 

In Australia, the total annual economic burden of GAS diseases was estimated to be AU 

$185.1 million, and the estimated disability-adjusted life years totalled 23,528 (Cannon et 

al., 2018). Preventative intervention programs of screening and testing of sore throats 

have been implemented in at-risk New Zealand primary schools, but an analysis of a 

randomized trial showed no statistically significant evidence that these initiatives have 

reduced the rates of ARF (Lennon et al., 2009). As a result of the combined effects of GAS 
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in Australia and New Zealand, both governments pledged $3 million towards vaccine 

development in 2014 under the initiative CANVAS (Coalition to Advance New Vaccines 

against group A Streptococcus) (Steer et al., 2016). 

 
1.1.2 Current vaccine development 
 

 

There are multiple difficulties in designing a vaccine for GAS. These can be broadly grouped 

into: the high number of GAS strains and their widespread geographical distribution, 

questions of safety due to the aforementioned auto-immune responses, and a lack of both 

animal models of GAS and robust experimental infection models to assess efficacy (Dale et 

al., 2013). There is also a lack of private sector involvement due to uncertainties about the 

market for a GAS vaccine combined with the design and testing difficulties (Vekemans et 

al., 2019). 

 

GAS strain variation is typically defined using the emm gene which encodes the M-protein, 

a cell wall anchored virulence factor involved in the adherence of GAS to the host epithelial 

layer and evasion of the host immune system (Frost et al., 2018). The M-protein exists as 

an α-helical dimer with three regions: a highly variable extracellular N-terminal region (~50 

amino acids) (Buffalo et al., 2016), a conserved intermediate region comprising four repeat 

motifs, and a third region that anchors to the peptidoglycan of the cell wall and to the cell 

membrane. (Brahmadathan, 2017). Various host proteins (fibrinogen and collagen) bind to 

the M-protein, for example, C4b binding protein and Factor H, masking it from the immune 

system and preventing complement-activated phagocytosis via the innate immune system 

(Buffalo et al., 2016; Martin et al., 2015). The hyper-variable N-terminus is highly 

immunogenic and has been the main target of vaccine development thus far. However, 

typing this region results in classifying GAS into over 220 GAS serotypes, and the immune 

protection afforded by immunizing against epitopes in this variable region is very specific, 

offering little cross-protection against other strains (Buffalo et al., 2016). Another 

complication arising from emm typing and any subsequent vaccines developed from the 
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emm system is the widespread differences in the geographical distributions of GAS strains 

worldwide.  

 

A global study conducted in 2009 found that in most high-income countries there is low 

diversity among the circulating strains, with only a small number dominating the disease 

landscape (25 GAS strains account for 90.3% of all circulating isolates). In low to middle 

income countries and in the pacific nations of NZ and Australia, there is much greater strain 

diversity (Steer, Law, et al., 2009). In Africa and the Pacific 26 strains make up only ~60% 

of the circulating isolates, with another 65 (Africa) and 74 (Pacific) emm types making up 

the remaining ~40%. Additionally, the circulating strains are geographically dependent: in 

North America and Europe, emm types M1 and M12 are the most common strains, 

accounting for ~30% of the circulating strains, while in Africa and the Pacific, these two 

strains account for only 3.6% and 2%, respectively. The Middle East, Latin America and Asia 

also display a significantly different mix of circulating strains when compared to Europe 

and North America, but unlike the profile in Africa and the Pacific, show a trend toward 

only a small number of dominating strains (Steer, Law, et al., 2009). The difference in strain 

distribution is further demonstrated by the differing prevalence of disease manifestations 

geographically; pharyngitis is much more common in temperate regions, while impetigo is 

more common in tropical regions (Steer, Law, et al., 2009). 

 

A phylogenetic analysis of the emm protein from 2014 grouped the M-protein into 48 

clusters, and showed the existence of some cross-reactivity of opsonising antibodies 

against strains within the same cluster (Sanderson-Smith et al., 2014). This suggests a 

potential M-protein vaccine may be protective against more strain types than those which 

it includes. The front-running M-protein based vaccine is the 30-valent vaccine developed 

in North America which completed a stage one clinical trial in 2015 (Pastural et al., 2019). 

This vaccine is peptide based, consisting of 4 fusion constructs of 7 or 8 different emm 

peptide epitopes (Dale et al., 2011). The component strains were chosen after evaluating 

epidemiology studies from the US, Canada and Europe, and as such is biased towards 

coverage in these regions (Pastural et al., 2019). In North America this vaccine is expected 

to protect against ~90% of the circulating strains, and also generates opsonic antibodies 
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against an additional 24 serotypes not included in the vaccine (Song et al., 2013). However, 

this vaccine still has limited coverage in areas outside North America: only 37% of the 

strains in New Zealand are included in this vaccine, although cross-reactivity might allow 

protection against 70% of the circulating strains (Williamson et al., 2014). Another vaccine 

in the pipeline, J8, is derived from a conserved region of the M-protein, and can be grouped 

into just 22 alleles when 175 emm types are considered (Sanderson-Smith et al., 2014). 

Questions of efficacy are being raised however, as antisera against the J8 vaccine are only 

effective against stationary phase GAS, possibly due to the lack of a thick hyaluronic 

capsule that is present in log phase bacteria which masks the highly conserved region of 

the M-protein (Good et al., 2015). 

 

In GAS vaccine discovery, safety concerns are also paramount due to the afore-mentioned 

ability of GAS infections to generate an auto-immune response against human tissues. In 

1968 a crude preparation of the M-protein was used as a vaccine in a human trial where 

three patients went on to develop ARF, resulting in the US Food and Drug Administration 

banning the clinical testing of any GAS products in humans (Sheel et al., 2016). This ban 

was only lifted in 2006. As mentioned in Section 1.1.1, multiple components of GAS are 

suspected of eliciting cross-reactive autoimmune antibodies. These include streptopain, N-

acetyl-β-D-glucosamine, heat shock protein 70 and the M-protein (Bright et al., 2016). 

Regions of the M-protein that are cross-reactive with human cardiac tissue have been 

identified and include various epitopes in the highly conserved region (Gorton et al., 2009). 

The current M-protein-based vaccines in the pipeline do not contain these epitopes, 

mitigating the safety concerns regarding cross-reactivity. It is however still common to 

administer echocardiograms during phase 1 trials to screen participants for heart disease 

development (Schödel et al., 2017). 

 

Another issue with regards to getting a GAS vaccine to market is the lack of high-

throughput, reliable tests to assess the protective efficacy of the prototype vaccine 

throughout its development, especially in early trials. GAS is an exclusively human 

pathogen, and so animal models of disease are hard to develop and remain less robust as 

their results have little transferability to the expected response in humans. Challenge 
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assays can be done in mice, although the amount of GAS required to colonise the nasal 

tract of mice (typically 106 – 107 CFU) is far greater than the bacterial burden of an infection 

in humans and quite often requires multiple passages to fully establish an infection (Dale 

et al., 2013). These multiple passages mean that potentially virulence-altering mutations 

can occur (Sheel et al., 2016). Currently, the most reliable test is the Lancefield whole blood 

killing assay. This requires whole blood from a non-immune individual (no-prior exposure 

to GAS) to mount an immune response against GAS in the presence of vaccine-generated 

anti-GAS sera. Difficulties with this assay include the requirement of whole blood from a 

non-immune donor (rare as GAS is relatively ubiquitous), low reproducibility and high 

variability. An opsonophagocytic assay has been developed and described in 2018 that 

utilizes an established human cell line (promyelocytic leukaemia cells HL-60), removing the 

need for non-immune human whole-blood donations (Jones et al., 2018). This can be 

expected to significantly increase the ability of researchers to efficiently evaluate and 

accelerate through the vaccine development pipeline. 

 

1.1.3 GAS pilins as a vaccine target 
 
 

For an effective vaccine the target must display some level of initial immunogenicity 

without the presence of adjuvants, be accessible (i.e. exposed on the bacterial cell surface) 

and preferably well expressed (Rodríguez-Ortega et al., 2006). The Lancefield assay 

developed in 1946 has been used extensively to type GAS according to serum recognition 

of T-antigens and M-antigens. While the M serotype target has long been known to be the 

M-protein, the target of anti-T sera remained unknown until 2005 when it was determined 

to be the GAS pilus (Mora et al., 2005). Pili are well-known virulence factors involved in 

host tissue adherence, colonization, the formation of biofilms and are often immunogenic 

(Kreikemeyer et al., 2011). As such, any antibodies against GAS pili can be expected to both 

block the binding of the adhesin to host tissues, preventing infection as well as mounting 

an opsonising immune response against GAS (Raynes et al., 2018). Opsonising antibodies 

recognise GAS, triggering the activation of the complement system which recruits  
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phagocytes and other inflammatory/immune components to the GAS bacteria (Aderem & 

Underhill, 1999). 

The GAS pilus (shown in figure 2) consists of repeating backbone subunits joined by 

intermolecular isopeptide bonds that make up the majority of the pilus and two accessory 

proteins (APs), the adhesin AP1 at the tip of the pilus and AP2 at the base anchoring the 

pilus to the peptidoglycan of the cell wall (Falugi et al., 2008). As is the case with other 

Gram-positive pilins, the GAS backbone subunit can have either 2, 3 or 4 domains that 

predominantly comprise β-sheet secondary structure in the form of an immunoglobulin 

(Ig)-like fold (Young et al., 2014). The entire pilus apparatus is encoded in the FCT 

(fibronectin-binding, collagen-binding, T-antigen) region of the genome, which shows 9 

different types of organisation (Loh et al., 2017). In 2008 it was found that the specific 

target of anti-T sera from the Lancefield assay is the repeating backbone subunit (bp) and 

not the ancillary proteins (Falugi et al., 2008). As such, the bp is likely the most 

immunogenic portion and the ideal vaccine candidate.  

Sortase Backbone pilin Basal pilin Tip pilin 

Backbone pilin 

Basal pilin 

Tip pilin/adhesin 

Sortase 

Pilis 
Polymerisation 

Peptidoglycan 
Extracellular 

B  Sortase-mediated pilin assembly

A 

Figure 2: (A) Typical gene structure of a GAS pilus. (B) Simplified diagram showing the formation of 
a Gram-positive pilus. The pilin-specific sortase (pink) recognises the LPXTG motif found on the 
tip, backbone and basal pilin proteins and catalyses the formation of covalent bonds between the 
pilins by cleaving between the Thr and Gly of the LPXTG motif to make an acyl-enzyme 
intermediate which reacts with the lysine side chain found on the attaching pilin protein. Adapted 
from Krishnan (2015). 
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Compared to the >200 emm strains recorded, there are currently only 18 different tee 

types described when grouped according to sequence identity (>90% ) (Falugi et al., 2008). 

The relationship between emm typed strains and their corresponding bp pilus type reveals 

less sequence diversity among tee types compared to the emm typing system, a 

considerable advantage when developing a vaccine that is globally relevant (Figure 3). The 

T-antigen appears to be under less selective pressure and therefore shows less variation

when compared with the M protein. Since the FCT locus is located ~0.3 Mb away from the 

emm region, they are not under linkage disequilibrium, and show different levels of 

variation (Kratovac et al., 2007).  

Another study surveying North American isolates found 21 distinct tee types, but used a 

different grouping or nomenclature method, highlighting the need for a universal T-typing 

system (Chochua et al., 2017). Furthermore, there is significant evidence that T-antigens 

are cross-protective, as is seen within emm clusters. For example, antisera against T18.1 

recognises T3.2, T13 and T18.2, all of which belong to FCT type 3/4/7 (Young et al., 2019). 

Another study expressed the pilins T18.1 and T28.1 separately on the food grade 

Figure 3: Overlap between emm types (M) and 16 investigated T-antigens (T). Taken from Falugi 
et al. 2008 
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bacterium Lactococcus lactis as a vector for mucosal vaccine delivery and found significant 

cross-reactive protection between the two in a mice challenge assay (Loh et al., 2017) . 

The cross-reactivity displayed is unusual as there is very little sequence similarity between 

bp/tee types. Bp/tee alleles from FCT types 2/3/4/7/8 share 30-40% sequence identity 

while types 1/5/6/9 are highly divergent, sharing less than 30% sequence identity among 

each other and with types 2/3/4/7/8 (Steemson et al., 2014). However, an analysis of three 

experimentally determined T-antigen structures with two Ig-like domains (CnaB type) 

reveals an incredibly similar fold, with a RMSD (residual mean square deviation) of only 

1.34 Å over 261 aligned residues (Young et al., 2019). The sequence identity among these 

three T-antigens is only 34-58%, and includes T-antigens from divergent FCT types 2 and 

3/4. Further analysis revealed that the hydrophobic core of the pilin is highly conserved 

while the surface-exposed residues are very diverse (23-41%). Despite this sequence 

variability at the solvent-exposed surface, there are conserved patches of sequence when 

comparing both experimentally solved and modelled structures of two-domain GAS pilin 

bps (Young et al., 2019). This lends credibility to the hypothesis that there may be cross-

protection across strains that possess the CnaB-like fold (two Ig-like domains) in a potential 

vaccine derived from T-antigens. 

The six T-antigens selected for this multivalent vaccine design project are T1, T5, T11, T12, 

T18.1 and T28.1, each possess the CnaB-fold comprising two β-sheet IgG-like domains. 

Table 1.1 lists the T-antigens used in this project, which FCT group they belong to and the 

emm type strain that is associated with the selected T-antigens. T1 makes up 

approximately 26% of the circulating strains in New Zealand, while T11, T12 and T28.1 

make up another ~28% (based on recent Auckland data) (Williamson et al., 2014). The 

relative proportion of circulating strains in Auckland, New Zealand can be found in Figure 

4. T1, T11, T12 and T28 also would be expected to cover around 45% of the circulating

strains in Europe/North America (not including any potential cross-reactivity) (Steer, Law, 

et al., 2009). Unfortunately, as the circulating strains in Africa are distinct and much more 

varied compared to developed countries, these T-antigens would only cover around 17% 
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of the circulating strains, again not accounting for any cross-reactivity (Steer, Law, et al., 

2009). This is expected to be similar in other developing nations.  

 

Table 1.1 The relationship between tee type, FCT type and emm type 

 

 
 

Figure 4: Data collected in 2013 showing the circulating pharyngitis-causing strains in Auckland, 
New Zealand, according to emm type. Where possible, the corresponding tee type for each strain 
is also listed. Blue bars indicate any emm-typed strains that do not have their corresponding tee 
type included in this project. Green bars indicate the emm-typed strains whose corresponding tee 
type is included in this project. The orange line represents the additive proportion of strains found 
in the sample. Source: Williamson et al. 2014 

 

Further research undertaken in this project and others will elucidate whether the cross 

protection afforded across the known ~21 T-antigens by a limited subsection is sufficient 

to develop a universal vaccine without necessitating the development of the incredibly 

tee type FCT type emm type 
tee 1 FCT 2 emm 1 
tee 5 FCT 3/4/7 emm 82 
tee 11 FCT 3/4/7 emm 89 
tee 12 FCT 3/4/7 emm 12 
tee 18.1 FCT 3/4/7 emm 18 
tee 28.1 FCT 3/4/7/8 emm 28 

Corresponding T-antigens 
used in this project 

Strains not included in this 
project 
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complex multivalent vaccines seen in current M-protein based research which is still 

limited to coverage of developed nations. Indeed, it has been postulated that a vaccine 

containing twelve T-antigen components would protect against 90% of circulating strains 

(Steer, Batzloff, et al., 2009). 
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1.2 The Scaffold 
 

1.2.1 The use of scaffolds in vaccine development 
 

 

Scaffolds have been of much interest in the past 20 years as vectors for the delivery and 

presentation of antigens and offer considerable advantages in comparison to subunit and 

peptide-based vaccines. In the early days of vaccine development, whole-cell deactivated 

bacteria were used that resulted in very strong immune responses, but are no longer used 

due to stricter safety regulations. This has led to the development of soluble single-subunit 

vaccines which are often comprised of various epitopes.  

 

Unfortunately these vaccines are less immunogenic, as they represent just a small part of 

the target pathogen while also being susceptible to proteolytic degradation (Thrane et al., 

2016). This has necessitated the use of adjuvants which heighten the immune response. 

Common adjuvants include aluminium, oil immersions, immunostimulating complexes and 

other biological materials. However, adjuvants introduce further regulatory hurdles as 

these materials are often heterogenous, making characterisation and mechanistic 

understanding difficult (Rudra et al., 2010). Currently only five adjuvants are approved by 

the Center for Disease Control (Adjuvants help vaccines work better. | Vaccine Safety | 

CDC, 2019). Mounting antigens on a scaffold, however, often results in a greater immune 

response compared to the same antigen free in solution, allowing less reliance on 

adjuvants (Rudra et al., 2010). Even scaffolds which are non-immunogenic themselves are 

able to induce heightened response to their displayed antigens (Rudra et al., 2010). 

Scaffolds used in vaccine research in recent years have been drawn from many sources: 

fibrillating peptides (Hotaling et al., 2015), carbon nanotubes (Scheinberg et al., 2013), 

various other self-assembling proteins (Wahome et al., 2012), and most often virus-like-

particles (VLPs) (Brune et al., 2016). 

 

VLPs have been explored due to their ability to form icosahedral structures composed of a 

single repeating subunit, allowing the regular display of multiple copies of the desired 
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antigen. This is advantageous as the very structure of the VLP acts as an adjuvant; the 

immune system is better able to recognise repetitive highly ordered structures via pattern 

recognition which triggers B-cell receptor clustering and complement fixation (Thrane et 

al., 2016). For example, the cowpea mosaic virus has 60 capsid subunits allowing the 

presentation of 60 antigenic particles when conjugated to the individual capsid protein 

(Lee & Wang, 2006). As well as allowing multivalent display, the viral capsid protein itself 

is also often immunogenic, further recruiting the immune system’s cellular machinery 

(Thrane et al., 2016). VLPs are also the ideal size (20-200 nm) for direct drainage into the 

lymph nodes (Brune et al., 2016).  

 

Initially, the development of VLPs as vaccine vectors was hindered by the inability to 

conjugate large antigenic peptides (exceeding 25-30 amino acids) due to the disruption of 

VLP assembly, often due to steric hindrance (Smith et al., 2006). These early methods 

involved making fusion proteins between the capsid protein and the antigen/epitope. In 

2006, the engineering of a surface-exposed lysine residue to the tobacco mosaic virus 

capsid protein allowed the attachment of larger antigens by conjugating a streptavidin-

antigen fusion protein to the biotinylated lysine of the capsid protein (Smith et al., 2006). 

Following this, Thrane et al., (2016) engineered another system to allow the attachment 

of large epitopes/antigens to VLPs. This utilised the split-intein system SpyTag/SpyCatcher, 

and was achieved by engineering either SpyTag (a peptide) or SpyCatcher (a protein) to 

the viral capsid protein of the Acinetobacter phage and to the desired epitope/antigen. 

SpyTag spontaneously forms an isopeptide bond with its partner protein SpyCatcher, 

thereby attaching the tagged epitope/antigen to the tagged capsid protein. This method, 

shown in figure 5, is less likely to result in misfolding of capsid proteins and missasembly 

of the VLP when compared to chemical modifications due to the greater clearance of the 

epitope/antigen and therefore less steric hindrance (Brune et al., 2016).  
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There are however limitations to these newly explored technologies. Both fibrillar protein 

assemblies and VLPs often only comprise 1-2 individual protein components; a VLP made 

from two repeating capsid proteins would only display two larger antigens without 

disrupting assembly (one per capsid protein, perhaps more if they were small fusion 

epitopes). Therefore, although both VLPs and fibrillar proteins allow multivalent display of 

one or two antigens, they are not as suited to displaying multiple antigens. Considering 

that a vaccine against GAS would realistically need to cover multiple strains and therefore 

be able to display multiple different antigens, the use of VLPs and other previously 

developed scaffolds might be limited. 

 

1.2.2 Development of a self-assembling protein scaffold 
 

 

The scaffold technology developed in the Squire/Young lab was inspired by the discovery 

of a host of cross-linking covalent bonds found within the proteins of Gram-positive 

bacterial pili and other cell surface adhesins known as microbial surface components 

recognising adhesive matrix molecules or MSCRAMMs (Kwon et al., 2014). The SpyTag/Spy 

Catcher technology described in the above section is also derived from intramolecular 

Capsid 
Assembly 

Addition of 
conjugated 
Spycatcher/

Antigen 

Capsid Protein SpyTag SpyCatcher Antigen 

Decorated 
VLP 

Figure 5: Overview of the engineering of VLPs to display antigens using the SpyTag/SpyCatcher 
system. 
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covalent bonds found in GAS pili, also considered MSCRAMMs. While other stabilising 

covalent bonds are prevalent in biology (such as disulphide bridges between cysteine 

residues) it is now known that the formation of intramolecular covalent bonds are crucial 

to the structure of Gram-positive bacterial pilins and other MSCRAMMs. These alternative 

crosslinks may have arisen due to many Gram-positive bacteria inhabiting hypoxic 

environments (hindering oxidation-reduction reactions required for disulphide bond 

formation) as well as lacking the cellular machinery to catalyse the formation of disulphide 

bonds (Veggiani et al., 2014). Both ester and amide (isopeptide) crosslinks have been 

identified thus far. Both of these intramolecular crosslinks have, to date, only been found 

in IgG-like b-clasp domains. Isopeptide bonds are found in either a CnaA or CnaB fold, 

which are distinguished by the number of  β-strands in each domain, and the position of 

the intramolecular isopeptide bond. In CnaA, the isopeptide links the first and second to 

last β-strand, while in CnaB it links the first and last β-strands (Krishnan, 2015). Like CnaB 

isopeptide bonds, ester bonds link the first and last β-strands of the IgG-like domain. The 

occurrence of both ester and amide cross-links suggests that these stabilising bonds have 

arisen through convergent evolution to meet a common structural need (Kwon et al., 

2014). These linkages impart considerable strength against shearing forces to the protein 

as well as thermal, proteolytic and pH stability consistent with the need to withstand the 

very harsh environmental conditions found outside the cell (Krishnan, 2015). 

 

MSCRAMMs are encoded in pathogenicity islands flanked by transposons, suggesting an 

origin via horizontal gene transfer (Krishnan, 2015). The pilins found in Gram-positive 

bacteria are the most well defined MSCRAMMs and their general structure is displayed in 

Figure 6. The repeating backbone pilin varies between Gram-positive bacterial species, 

having at least two but often more IgG-like domains held together with various covalent 

crosslinks (Krishnan, 2015). This phenomenon was first observed in the structure of the 

Streptococcus pyogenes (GAS) pilis backbone protein determined in 2007 at Auckland 

University, with isopeptide bonds connecting the first and last β-strands within domains of 

the adhesin protein (Kang et al., 2007). Then, in 2013, also at Auckland University, ester 

bond crosslinks were discovered in a Clostridium perfringens adhesin, another Gram-

positive bacterium (Kwon et al., 2014). The formation of the isopeptide bond occurs 
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between a lysine and an asparagine/aspartate, while the formation of an ester bond 

crosslink occurs between threonine and glutamine side chains (Fig. 6E). Both result in the 

elimination of either water (H2O) or ammonia (NH3) (Kang et al., 2007; Kwon et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: (A) Crystal structure of the backbone pilin protein Cpe0147 from C. perfringens showing 
two domains, each containing an ester bond. (B) Schematic diagram showing the formation of an 
ester crosslink (black line) between the first beta sheet, A, of one domain and the last beta sheet, 
G, of the neighbouring domain. (C-D) Calcium binding sites in Cpe0147. (E) The intramolecular ester 
bond (yellow) and accessory amino acids thought to coordinate the formation of the ester bond. 
Taken from Kwon et al., 2014. 

 

The discovery of both ester bond and isopeptide bond cross-links has enabled even more 

flexibility in biotechnology and protein engineering contexts. Ester bonds are normally 

susceptible to hydrolysis with changes in pH, producing an alcohol and a carboxylic acid. 

This allows the reformation of the two non-bonded side chains. In 2017, Young et al. 

replaced the ester cross-link forming Thr-Gln with Ser-Gln in the backbone pilin protein 
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Cpe0147. While the wild-type Thr-Gln esterbond is stable in a wide pH range, this mutant 

ester cross-link forms and is stable at pHs below 7.5, but is hydrolysed when the pH is 

increased to between 8 and 9, enabling exquisite control over the assembly/disassembly 

of the two domains (Young et al., 2017). This example and the wild-type Thr-Gln ester 

bonds from Gram-positive bacteria have been developed as protein ligation agents or 

molecular superglues. 

 

Bioinformatic analysis yielded the discovery of another Gram-positive bacterium, 

Mobiluncus mulieris, with a very large MSCRAMM protein (7651 amino acids) that 

contained multiple domains with both intra-molecular ester and isopeptide crosslinks 

(Yosaatmadja, 2018). A section of six IgG-like ester bond domains within this protein was 

selected as the template for the construction of an autocatalytically assembling scaffold 

developed in the Squire-Young lab. When each native domain is split into two components 

(a truncated domain and a complementing peptide) and mixed back together, the native 

domain structure will reform from the two parts. Upon reassembly an ester bond 

spontaneously forms between the two components to covalently ‘glue’ the complex 

together. This concept is coined strand complementation, outlined in Figure 7. 
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Figure 7: Schematic showing the concept of strand complementation in a single domain. A break 
is introduced between the last β-strand (G) and the second to last β-strand (F). The ester bond 
(black line) occurs between the first (A) and last (G) β-strands of the domain in the MSCRAMM/pilin 
protein. This results in two proteins (red and blue) that spontaneously reform the native structure 
of the full unbroken protein upon mixing. 
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2. Research objectives

2.1 Overview

The aim of this project is to develop a prototype multivalent vaccine against GAS with 

target T-antigens anchored to a novel autocatalytically-assembling scaffold which has been 

developed in the Squire/Young lab. This scaffold will ideally act as an adjuvant and 

heighten the immune response to the T-antigens, a point of difference between our 

prototype (coined “TreeVax”) and current GAS vaccines in the discovery pipeline that do 

not contain a scaffold element. Another novel aspect of this research is the focus on the T-

antigen that shows limited diversity across strains when compared to the M-protein. The 

T-antigen is comparatively under-studied, but shows promise as a vaccine target able to

generate opsonising antibodies (Loh et al., 2017). 

The assembly of the scaffold with its T-antigen cargo (the prototype vaccine) will be 

assessed both in vivo and in vitro. The in vitro assembly will be assessed by producing 

individually the six components of the vaccine scaffold (each with a different T-antigen 

cargo) and undertaking ligation reactions to assemble the full-size prototype vaccine. As 

there is prior evidence that ester bond crosslinking of the scaffold can occur natively in the 

cellular context (Young et al., 2017), the ability of the scaffold (along with its T-antigen 

cargo) to assemble in vivo will be assessed. An operon system will be designed to produce 

all six components of the vaccine in a single cell to determine if a full or partial vaccine is 

able to form in the cellular environment. This would be a considerable advantage in 

commercial vaccine production by eliminating the multiple expression/purification steps 

required to produce each component of the vaccine individually. The work associated with 

these aims is described in Chapter 6. 

A further aim for this project includes the testing of the fully-formed prototype scaffold in 

immunization trials with rabbits and eventually killing/opsonisation assays. The 

immunization trials would ideally confirm the generation of high antibody titres against 
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the T-antigens. A control immunization trial would include the T-antigens without the 

scaffold, to determine whether the scaffold is an effective adjuvant able to produce higher 

antibody titres than the T-antigens in free solution. Cross-reactivity with T-antigens not 

included in the prototype could also be assessed at this step. We are expecting at least 

some level of cross-reactivity due to previous findings of T-antigen cross-reactivity 

combined with evidence suggesting that the T-antigens are structurally very similar (Young 

et al., 2019). The immunization trials could not be actioned within the time frame of this 

MSc project, but the work presented in this thesis paves the way for these and other trials 

of immunogenicity in the future and are discussed in the final chapter. 

2.2 Design of fusion proteins for in vitro assembly 

The prototype vaccine scaffold was developed utilising strand complementation. Six 

consecutive ester bond domains selected from Mobiluncus mulieris were engineered as 

single constructs whereby the boundaries of the native IgG-like domain were shifted so 

that the complementation peptide of the preceding domain is at the N-terminus of the 

following truncated domain. When these six domain shifted constructs are mixed together, 

they reassemble into a stalk-like structure that is covalently linked by ester bonds between 

each construct (Figure 8). 

 

 

6 4 3 2 1 5 

Figure 8: Schematic showing the six split Mobiluncus mulieris (Mol) domains that make up the 
scaffold. The native protein has six domains, each represented by a different colour. A stabilising 
ester bond (black line) is located within each domain in the native structure. When the domains 
are split into discrete proteins, the last strand of the preceeding domain is included in the peptide 
sequence for the following domain. This enables the formation of ester bonds between the 
engineered proteins to reconstitute the full scaffold. 
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Utilising this previously developed core scaffold (Bramley, 2017; Choy, 2017; Kerridge, 

2017; Tulp, 2015) six constructs will be made by fusing a T-antigen (via a short peptide 

linker) to the N-terminus (i.e. complementation peptide) of each scaffold domain (Mol 

domain). A short helical linker between T-antigen “cargo” protein and scaffold mol 

domains has been found previously to be critical in avoiding steric hindrance between the 

assembly parts for efficient formation of the larger assemblies. Each construct consists of 

an N-terminal affinity tag, followed by an r-TEV cut site, the T-antigen cargo, a helical linker, 

and the scaffold mol domain (figure 9). 

With this system, when individual purified fusion proteins are mixed together in an 

appropriate buffer, each is expected to covalently ligate together with complementary 

partners to form an assembly product containing all six fusion proteins in a specific order. 

The assembly will be held together by covalent ester bonds forming between the last β-

strand of each mol domain and the complementation peptide of the following fusion 

protein. Figure 10 shows a schematic outline of this process.  

Affinity tag rTEV T-antigen Mol domain Helical linker N’ C’ 

Figure 9: Schematic of the general linear sequence of each fusion protein component of the 
proposed multivalent vaccine assembly. 
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2.3 Design of Operons for in vivo vaccine assembly 

We also aim to assemble complete vaccine assemblies within the E. coli expression host. 

This would greatly simplify the production of a vaccine commercially. Instead of 

individually purifying each of the domain constructs before mixing them together as for in 

vitro assembly, we will assemble each of the genes encoding the constructs into a synthetic 

operon. This operon will be expressed in E. coli with the goal of purifying a pre-assembled 

vaccine directly from the expression host. This part of the project has many unknowns. We 

will determine whether any or all of the ester bonds are able to form, and whether the 

specificity of each mol domain for its partner remains intact in this setting (i.e. will Mol 

domain 6 only crosslink with Mol domain 7?). There is also the question of whether the 

larger vaccine constructions can be purified or whether partially formed complexes can be 

purified and then ligated together. The operon(s) will be assembled on plasmids and will 

be outsourced to GenScript for synthesis. 

Mol 
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Figure 10: (A) shows one fusion protein consisting of a Mol domain, a helical linker and a T-antigen. 
(B) shows the formation of an ester bond between two fusion proteins via the Mol domains. (C) 
shows the sequential nature of the ligations that occur between mol domains in the formation of 
the full scaffold.
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2.4 Testing of the T-antigen vaccine prototype 

While the time constraints of an MSc project and the challenging nature of in vivo 

assembly did not allow vaccine testing to proceed, this project nonetheless, considered 

the steps involved in progressing vaccine development going forward. This will involve 

steps outlined below and discussed in the final chapter of the thesis. 

Once a prototype vaccine has been developed it will be tested for its ability to raise an 

immune response against the T-antigens. This involves an immunization trial in rabbits or 

mice. Sera extracted over the course of 1 month, after both the initial challenge and 

subsequent booster injections, will be tested for reactivity against the T-antigens included 

in the vaccine and for cross-reactivity against T-antigens not included in the vaccine. The 

sera would be assayed for the presence of antibodies against specific T-antigens with an 

ELISA (Enzyme-linked immunosorbent assay). Antibody titres would also be assessed using 

the ELISA. From this assay we could characterise the extent of the immune response 

generated as well as any cross-reacting antibodies generated against T-antigens not 

included in the vaccine.  
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3. Methods and Materials

3.1 Materials 

3.1.1 Media 

The following media were used in this project. LB agar was used to grow 

transformed colonies on plates, 2xYT medium was used for expression cultures and SOC 

medium was used in the transformation of cells. 

Table 3.1.1 Growth Media 

Media Composition (per litre) 
LB (Invitrogen™) 10 g peptone  

5 g yeast extract 
5 g NaCl  

2YT 16 g tryptone  
10 g yeast extract 
5 g NaCl  

SOC (TakaraBio™) 2% (w/v) vegetable peptone 
0.5% yeast extract  
10 mM NaCl  
2.5 mM KCl  
10 mM MgCl2  
10 mM MgSO4   
20 mM glucose  

3.1.2 Cells 

Escherichia coli strains were used as a vehicle for protein expression and plasmid 

production. Stellar™ chemically competent cells from TakaraBio™ were used for the initial 

transformation of plasmid DNA, subsequent colony screening and plasmid propagation 

due to their high transformation efficiency and high plasmid copy number. Chemically 

competent LoBStr cells (made in-house) were used for protein expression. Both were 

stored at -80 °C. 
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3.1.3 Protein Purification Buffers 

Table 3.1.2 Protein Purification Buffers

Buffer Composition 
Lysis Buffer 300 mM NaCl 

50 mM Tris-HCl pH 8.5 
2% (v/v) glycerol 

Wash Buffer 300 mM NaCl 
50 mM Tris-HCl pH 8.5 
20 mM sodium imidazole 

Elution Buffer 300 mM NaCl 
50 mM Tris-HCl pH 8.5 
500 mM sodium imidazole 

SEC Buffer 10 mM NaCl 
100 mM Tris-HCl pH 8.5 

IEx Wash Buffer 10 mM NaCl 
50 mM Tris-HCl pH 8.5 

IEx Elution Buffer 1 M NaCl 
50 mM Tris-HCl pH 8.5 

GST Wash Buffer 300 mM NaCl 
50 mM Tris-HCl pH 8.5 

GST Elution Buffer 10 mM Reduced glutathione 

3.1.4 Agarose Gel Electrophoresis 

Table 3.1.3 Materials used in Agarose Gel Electrophoresis

Component Composition 
Agarose gel 99% (v/v) Tris acetate-EDTA buffer (TAE buffer) 

1% (w/v) agarose  
0.001% (v/v) ethidium bromide (EtBr) 

DNA loading dye  
(6 concentration) 

30% (v/v) glycerol 
0.25% (w/v) bromophenol blue 
0.25% (w/v) xylene cyanol 

TAE Buffer 40 mM Tris-HCl 
20 mM acetic acid 
2 mM ethylenediaminetetraacetic acid (EDTA) 
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3.1.5 SDS-PAGE electrophoresis 

Table 3.1.4 SDS-PAGE reagents 

Reagent Composition 
Reducing SDS-loading Dye (6 
concentration) 

125 mM Tris-HCl, pH 7 
20% (v/v) glycerol 
5% (v/v) β-mercaptoethanol (BME) 
4% (w/v) SDS 
0.1% (v/v) bromophenol blue 

Coomassie stain 0.1% (v/v) Coomassie Blue G250 
10% (v/v) acetic acid 
40% (v/v) ethanol 

De-stain 10% (v/v) acetic acid 
10% (v/v) ethanol 

Table 3.1.5 SDS-PAGE gel composition 

Precast gel composition Running Buffer 

NuPAGE™ 3-8% Tris-Acetate Protein Gels 
from ThermoFisher Scientific™ 

MES running buffer (20 concentration) 
from ThermoFisher Scientific™ 

NuPAGE™ 4-12% Bis-Tris Protein Gels from 
ThermoFisher Scientific™ 

MOPS running buffer (20 concentration) 
from ThermoFisher Scientific™ 

3.1.6 Western Blotting 

Table 3.1.6 Western Blotting Materials 

Product Materials/Source 
Nitrocellulose membrane 0.45 µm pore 
size 

88018 (ThermoFisher Scientific™ 
catalogue) 

Ponceau Stain 0.5% (w/v) Ponceau S 
1% (v/v) acetic acid 

SuperSignal™ West Pico PLUS 
Chemiluminescent Substrate 

ThermoFisher Scientific™ 



~ 29 ~ 

Table 3.1.7 Western Blotting Buffers 

Buffers Composition 
TBS (10 concentration) 200 mM Tris Base 

1.5 M NaCl 
Blocking buffer TBS (10 mM Tris, 150 mM NaCl) 

5% (w/v) non-fat milk powder 
TBS + Tween TBS (10 mM Tris, 150 mM NaCl) 

0.05% (v/v) Tween 20 
Western Transfer buffer 3 g Tris per litre 

14.4 g glycine per litre 
20% (v/v) methanol 

Table 3.1.8 Antibodies used in Western Blots 

Antibody Primary/Secondary Code Target 
T1 Polyclonal (made in-
house - rabbit generated) 

Primary N/A T-antigen 1

Flag tag (mouse generated) Primary 14-6681-82 T-antigen 5
HA tag (mouse generated Primary 26183 T-antigen 11
Myc tag (mouse generated) Primary MA1-21316 T-antigen 12
Ty1 tag (mouse generated) Primary MA5-23513 T-antigen 18.1
V5 tag (mouse generated) Primary MA5-15253 T-antigen 28.1
Goat anti-mouse-HRP Secondary 34082 Mouse antibody 
Goat anti-rabbit-HRP Secondary A27036 Rabbit antibody 

All antibodies (except for the polyclonal T1 antigen) were purchased from ThermoFisher. 

The goat anti-mouse-HRP antibody is purchased as part of the SuperSignal™ West Pico 

Complete Mouse IgG Detection Kit purchased from ThermoFisher. 
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3.2 Methods 

3.2.1 Polymerase chain reaction (PCR) 

PCR was carried out to both amplify and modify constructs for cloning. The following table 

describes the general reaction components. Both iProof™ high fidelity polymerase from 

BioRad™ and PrimeSTAR from Takara Bio incorporated were used in PCR reactions. 

Table 3.2.1 PCR reaction mixture 

Component Volume per 50 µL reaction End concentration 
Buffer (5) 10 µL 1 
dNTP mix 1 µL 200 µM each of dNTP 
Forward Primer 0.25 µL 0.5 µM 
Reverse Primer 0.25 µL 0.5 µM 
DNA template 1 pg – 10 ng 
Polymerase 0.5 µL 0.02 U/µL 
H2O Up to 50 µL 

The PCR reaction was undertaken in a MasterCycler® pro from Eppendorf. The 

denaturation period was 10 seconds at 98 °C, followed by another 10 seconds at an 

annealing temperature calculated using Oligo Calc (Kibbe, 2007) and then an extension 

period of 1 min/kb of DNA at 72 °C. The cycler was set to run 25 times. 

3.2.2 Agarose gel electrophoresis 

TAE buffer was heated with agarose and mixed until the agarose was dissolved. The 

solution was then poured into a cast and put in a fume hood, where EtBr was added and 

mixed in. A toothed comb was added to create sample wells, and the mixture left to set. 

The set gel was then placed into a horizontal Mini-Sub® Cell GT Cell from BioRad™ and 

excess TAE buffer added to cover the gel. The 1 Kb plus DNA ladder from Invitrogen™ was 

added followed by DNA samples and run for approximately 45 minutes at 100 V. The 

agarose gel was then imaged using Gel Doc from Biorad™ 



~ 31 ~ 

3.2.3 Gel purification 

After PCR products were run on an agarose gel and imaged, the DNA bands of the desired 

size were gel purified. This was undertaken using the NucleoSpin® PCR clean-up kit from 

Macherey-Nagel. Bands were cut out of the gel and incubated with 200 µL of NTI solution 

per 100 mg of gel at 50 °C for 10 minutes. Dissolved gel was loaded onto a NucleoSpin® 

spin column and spun at 11,000  g for 30 seconds to bind DNA to the membrane of the 

silica column. The membrane was then washed, by loading 700 µL of NT3 solution onto 

the spin column and centrifuging at 11,000  g for 30 seconds. Following this the 

membrane was dried by a 1 minute spin at 11,000  g. DNA was eluted by loading 20 µL 

warm (70 °C) NE buffer and spinning for 1 minute at 11,000  g. 

3.2.4 DNA quantification 

After purification, DNA was quantified using a NanoDrop 1000 Spectrophotometer V3.7 

from ThermoFisher Scientific™. The 260/230 nm wavelength absorbance plot was used to 

assess the purity of the sample. 

3.2.5 Cloning 

Restriction/Ligation cloning 

The ordered operon plasmids were modified using restriction enzymes followed by 

ligation. The restriction digest reaction components are found below. The reaction mixture 

was left at 37 °C for one hour, and then the enzyme was denatured by heat denaturation 

at 65 °C for 15 minutes. 
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Table 3.2.2 Restriction digest reaction mixture 

Component Volume/Amount per 20 µL reaction 
DNA 1 µg 
Restriction enzyme 1 µL per enzyme (10 units) 
Buffer (10 concentration) 2 µL 
MQ H2O Up to 20 µL 

Following this, the ligation reaction was set up and left at 18 °C overnight before E. 

coli transformation. The ng amount of insert was calculated as follows: 

 

 
 × 100 𝑛𝑔 𝑣𝑒𝑐𝑡𝑜𝑟 × 3 = 𝑛𝑔 𝑖𝑛𝑠𝑒𝑟𝑡 𝑡𝑜 𝑎𝑑𝑑 

A control reaction without insert was also set up and plated to determine the 

background colonies originating from any parental plasmid. 

Table 3.2.3 Ligation reaction mixture 

Component Volume/Amount per 20 µL reaction 
Ligation buffer (10) 1 µL 
Vector 50 -100 ng 
Insert As calculated (~50 ng) 
T4 ligase 0.5 µL 
H2O Up to 10 µL 

In-Fusion Cloning 

In-Fusion cloning (using the HD In-Fusion® Cloning Kit from Clontech®) was used to 

generate the majority of the constructs used in this project. A 15 bp blunt end homologous 

sequence between the linearised vector and insert allowed the generation of the 

fusion proteins using synthesized gBlocks ordered from Integrated DNA Technologies 

and PCR products.  
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The amount of insert DNA to add was calculated as described above for ligation 

reactions. 

Table 3.2.4 In-Fusion reaction mixture 

Components Volume/Amount per 10 µL reaction 
5 In-Fusion HD Enzyme premix 1 µL 
Linearised Vector 50 - 100 ng 
Insert As calculated (~50 ng) 
MQ H2O Up to 5 µL 

Stellar™ cells were transformed with the mixture after an incubation period of 15 

minutes at 50 °C. A control reaction which had no added enzyme premix was used to 

transform E. coli Stellar™ cells to determine the background colonies originating from any 

parental plasmid. 

3.2.6 Cell transformation 

Aliquots of chemically competent Stellar™ or LoBStr cells (50 µL) were thawed on ice and 

then mixed with 1 – 2 µL (10 - 30 ng/µL) of plasmid DNA and left on ice for 30 minutes. 

Following this, cells were subjected to a brief heat-shock for 50 seconds at 42 °C 

and immediately returned onto ice. After a 2 minute incubation on ice, the ~50 µL aliquot 

of cells was mixed with 500 µL of SOC and left shaking (600 rpm) at 37 °C for ~50 

minutes. The cells were then pelleted at 4000  g for 2 minutes, and resuspended in ~250 

µL of LB and plated onto antibiotic spread plates that were incubated overnight at 37 °C. 

3.2.7 Antibiotic usage 

Ampicillin was kept frozen (-20 °C) at stock concentrations of 1000x and used at an end 

concentration of 100 µg/ml. Kanamycin was also kept frozen at stock concentrations 

of 1000x and used at an end concentration of 50 µg/ml. 
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3.2.8 Colony PCR 

Every new construct produced was tested for the anticipated insert by colony PCR and then 

the sequence verified by Sanger sequencing at Auckland Genomics, the University of 

Auckland. Around 6 colonies of transformed Stellar™ cells were selected for colony PCR. 

This involved growing up the colonies in 200 µl LB + antibiotic for 2 hours, followed by a 

PCR experiment using the forward and reverse primers of the insert. 

Table 3.2.5 Colony PCR reaction mixture 

Component Volume per 50 µL reaction End concentration 
Buffer (5) 10 µL 1 
dNTP mix 1 µL 200 µM each 
Forward Primer 0.25 µL 0.5 µM 
Reverse Primer 0.25 µL 0.5 µM 
Colony culture 0.5 µL 
Polymerase 0.5 µL 0.02 U/µL 
H2O Up to 50 µL 

Once the PCR was completed (Section 3.2.1) the samples were run on an agarose gel and 

imaged (Section 3.2.2). Clones that contained a band the size of the insert were amplified 

for plasmid purification (Section 3.2.9). The plasmids were then sequenced at the Auckland 

Genomics Facility to verify that the insert was correctly inserted with no frameshift, 

nonsense or missense mutations. The forward and reverse primers used were pProExHTA 

FwdSeq +50 and pProExHTA RevSeq. 

3.2.9 Plasmid purification 

Colonies were selected from plates incubated overnight and incubated with shaking at 180 

rpm overnight at 37 °C in 5 ml of LB + antibiotic. Following this, the Macherey-Nagel 

NucleoSpin® Miniprep Kit was used to purify whole plasmids. The 5 ml culture was pelleted 

at 4000  g for 10 min and the supernatant removed. Then, the cells were resuspended in 

150 µL of A1 buffer followed by 250 µL of A2 buffer. The tube containing this mixture was 
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then inverted 5 times and left to incubate at room temperature for two minutes. Following 

this, buffer A3 was added and the lysate inverted until it turned from blue to colourless. 

The sample was then centrifuged at 12,000  g for 5 minutes to pellet the precipitated 

nuclear DNA and protein. The clear supernatant was then pipetted onto a NucleoSpin® 

column which was centrifuged at 2,000  g for 1 minute to bind plasmid to the membrane. 

Two washing steps were performed by pipetting 450 µL of AQ buffer onto the spin column 

and centrifuging for 1 minute at 12,000  g each followed by a 1 minute spin at 12,000  g 

to dry the silica membrane. Elution buffer AE was heated to 70 °C and then pipetted onto 

the membrane and the spin column centrifuged at 12,000  g for 1 minute to elute plasmid 

into a fresh Eppendorf tube. 

3.2.10 Protein Expression 

Transformed LoBStr cell starter cultures of 2TY broth + antibiotic were incubated at 37 °C 

overnight, shaking at 180 RPM. The next morning, 10 ml of starter culture was used to 

inoculate each 1 litre flask of 2TY broth + antibiotic. The 1 litre cultures were grown at 37 

°C shaking at 180 RPM in baffled 2 litre conical flasks for ~3 hours, or until an OD600 

between 0.6 and 0.8 was reached. Then, the cultures were induced by adding 1 ml of 1 M 

IPTG to a final concentration of 1 mM. The temperature was then lowered to 18 °C and the 

cultures were left shaking overnight at 180 RPM. In some trouble-shooting cases the 

temperature and time periods for induction were altered, this will be mentioned within 

the results. 

After ~16 hours the 1 litre induced cultures were pelleted at 4000  g for 30 minutes, and 

the supernatant discarded. Cells were kept on ice from this point onwards. A solution of 

lysis buffer + protease inhibitors was used to resuspend the pellets. This was achieved by 

adding one cOmplete™ EDTA free protease inhibitor tablet (Roche) to 80 ml of lysis buffer. 

A volume of 10 ml of this mixture was used per litre of culture. The resuspended pellets 

were then immediately lysed as described in section 3.2.11. Protein Purification Buffers 

are described in Table 3.1.2. 
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3.2.11 Cell lysis 

Cell lysis was undertaken using the micro-fluidics cell disruptor (Model M110P1120CF). A 

pressure of 18,000 psi was used to lyse the cells, which were then collected and 

centrifuged at 30,000  g at 4 °C to pellet the insoluble fraction. In most cases, the soluble 

fraction was kept and the insoluble pellet was discarded as the proteins had been 

previously worked on and were known to be soluble. 

3.2.12 Immobilised metal affinity chromatography (IMAC) purification 

A 5 ml or 1 ml HiTrap® IMAC HP column from GE Lifesciences was used for this purification 

step. First, the column was loaded by passing a column volume of 100 mM NiCl2, followed 

by several column volumes of MQ water. Columns were finally equilibrated with several 

volumes of wash buffer. Soluble lysate was then passed through a 0.8 µm filter (Millipore) 

and onto the column using a peristaltic pump. After all the lysate had been passed through 

the column, it was washed with ~10 ml of wash buffer and then attached to an ÄKTA pure 

(GE Healthcare) fast protein liquid chromatography (FPLC) instrument and washed with an 

additional 80 ml of wash buffer at 1 ml per minute to eliminate non-specific binding 

species. The target protein was then eluted by passing elution buffer through the column 

at a gradient increasing by 2.5% per minute up to 100% elution buffer. Collection of 1 ml 

fractions was automatically triggered when the UV (280 nm) absorbance reached 50 mAU. 

These fractions were then assessed for protein size and purity using SDS-PAGE analysis. 

Columns were stored in 20% (v/v) ethanol/water. 

3.2.13 GSH affinity purification 

For this purification procedure all steps are identical to the IMAC purification (Section 

2.2.12), but using GST buffers and a glutathione sepharose column. A 5 ml GSTrap™ HP 

column (GE Lifesciences) was equilibrated with MQ water followed by GST wash buffer 

using a peristaltic pump. Soluble lysate was then passed through a 0.8 µm filter (Millipore) 

and onto the column. The column was washed with ~10 ml of GST wash buffer before being 
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attached to an ÄKTA pure (GE Healthcare) FPLC instrument and a further 80 ml of wash 

buffer applied. A gradient of GST elution buffer was passed through the column at an 

increasing concentration of 2.5% per minute up to 100% elution buffer. Samples were 

again collected in 1 ml factions using the auto-triggering function of the instrument. 

Fractions were then assessed for protein size and purity using SDS-PAGE analysis (section 

3.2.15). Columns were stored in 20% (v/v) ethanol. 

3.2.14 Ion exchange chromatography (IEx) purification 

For this purification procedure all steps are identical to the GSH and IMAC purification 

experiments (Section 3.2.12 and 3.2.13) but using IEx buffers and an IEx column. Briefly, a 

5 ml HiTrap SP HP column (GE Lifesciences) was washed with water and IEx wash buffer, 

and the soluble lysate loaded using a peristaltic pump. The column was washed with 10 ml 

of wash buffer and was attached to a ÄKTA pure (GE Healthcare) FPLC instrument before 

a final wash of ~80 ml IEx wash buffer.  The target protein was eluted using a gradient of 

0-100% IEx elution buffer. Fractions where collected in 1 ml volumes using the auto-

triggering protocols of the instrument and were assessed for protein identity and purity by 

SDS-PAGE analysis (Section 3.2.15). Columns were stored in 20% (v/v) ethanol. 

3.2.15 SDS-PAGE analysis 

Pre-cast SDS page gels were purchased and electrophoresis carried out in a Mini Gel Tank 

from ThermoFisher Scientific™ at 160 V and 260 mA for ~1 hour. Reducing SDS loading dye 

was added to all protein samples before heating for two minutes at ~90 °C before loading 

into wells. The Precision Plus Protein™ ladder was used to indicate the relative size of 

protein samples. Bis-Tris 4-12% gradient gels were electrophoresed in MOPS buffer while 

the 3-8% Tris-Acetate gels were run in MES buffer. Following electrophoresis, proteins 

were resolved by submersion in coomassie stain for ~1 hour followed by de-staining 

overnight in a buffer comprising 30% (v/v) ethanol, 10% (v/v) acetic acid in water. 
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3.2.16 rTEV digest 

For fusion proteins requiring the removal of the affinity tag (His6 or Zbasic tag), an 

overnight rTEV digestion and buffer exchange by dialysis was carried out. Site specific 

cleavage occurs between Gln and Gly residues in the sequence ENLYFQ/GA immediately 

before the mature protein of interest. Briefly, purified protein of interest (as indicated by 

SDS-PAGE analysis section 3.2.15) were pooled and decanted into a cellulose dialysis 

membrane (CelluSep® T2 membrane) with a nominal MWCO (molecular weight cut off) 

rating of 6 kDa. A 1 mg aliquot of recombinant Tobacco Etch Virus protease (rTEV) made 

in house was added to the protein solution and the membrane sealed and suspended in 1 

litre of SEC buffer containing 1 µM β-mercaptoethanol and left at 4 °C overnight with 

stirring. 

3.2.17 HRV 3C protease digest 

Occasionally the affinity tag had a different cleavage sequence. In this case the digest 

protocol above (Section 3.2.16) used 1 mg of recombinant Human Rhinovirus 3C (HRV 3C) 

protease instead of rTEV. HRV 3C recognises the sequence LEVLFQ/GP and cleaves 

between Gln and Gly. 

3.2.18 Reverse IMAC (subtractive IMAC) 

After rTEV protease digest to cleave the His6 tag (Section 3.2.16), the protein and rTEV 

solution was once again passed over a HiTrap® IMAC HP column equilibrated with wash 

buffer to capture cleaved His6 tag, rTEV (rTEV has a non-cleavable His6 tag) and any 

uncleaved fusion protein. The cleaved fusion protein is not captured as it no longer has an 

affinity tag and passes through the column during the wash phase; its presence is indicated 

by the Bio-Rad assay (Section 3.2.19). Pooled cleaved protein was then either concentrated 

with a spin concentrator (Amicon®) with a 10 kDa MWCO and immediately loaded onto a 

SEC column (Section 3.2.20), or was flash cooled in liquid N2 and stored at -80 °C. 
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3.2.19 Bio-Rad assay 

The Bio-Rad assay (Bradford, 1976) was used as a crude visual measure to indicate the 

presence and concentration of protein during reverse IMAC. Coomassie blue reagent 

(ThermoFisher Scientific™) G250 binds to basic and aromatic residues within proteins, 

staining the brown solution blue in the presence of protein. 

3.2.20 Size Exclusion Chromatography (SEC) 

SEC was used as the final purification step for all fusion proteins. A Superdex™ Increase 

10/300 column from GE Healthcare was used in conjunction with the ÄKTA pure system. 

The column was equilibrated with 2 column volumes of SEC buffer at a rate of 0.5 ml per 

minute before loading no more than 10 mg of protein per run. Fractions of 0.5 ml were 

collected when the UV (280 nm) absorbance reached 30 mAu. Following this, selected 

fractions were analysed by SDS-PAGE (Section 3.2.15). Fractions containing the desired 

protein at high purity were pooled and concentrated to between 10 and 20 mg/ml in a 10 

kDa MWCO Amicon® spin concentrator. Following this, the protein was flash cooled in 

liquid N2 and stored at -80 °C until needed. 

3.2.21 Protein concentration determination 

Protein concentration was assessed using the NanoDrop 1000 Spectrophotometer V3.7 

from ThermoFisher Scientific™. The absorbance at 280 nm and the appropriate extinction 

coefficient for the protein was used to calculate protein concentration using the following 

equation. 

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡

𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
 ×  𝑁𝑎𝑛𝑜𝐷𝑟𝑜𝑝 𝑚𝑔 𝑚𝑙⁄ =  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 



~ 40 ~ 

3.2.22 Western Blotting 

Western blotting was used to identify the presence of each fusion protein in the ligated 

scaffold products produced from in vivo experiments when the trial vaccine operons were 

expressed in E. coli. All buffers/solutions used are listed in Table 3.1.7. In this procedure, 

samples were first separated by SDS-PAGE (Section 2.2.14). Following this, the SDS-PAGE 

gel, blotting paper and nitrocellulose membrane were soaked in western transfer buffer 

for 10 minutes. The nitrocellulose membrane was handled exclusively with tweezers at all 

times.  

A Mini TransBlot® transfer cassette was assembled such that a sponge and then three 

sheets of blotting paper were laid down at the cathode end of the cassette, followed by 

the nitrocellulose membrane. The SDS-PAGE gel was then laid on top of the membrane 

such that it is closer to the anode. Another three sheets of blotting paper were laid onto 

the top of the gel. Extra transfer buffer was poured over the layers and a tube rolled across 

the surface to remove any air bubbles. A final sponge was then placed on top of the blotting 

paper and the whole cassette placed into a Mini TransBlot® Cell from BioRad and run for 1 

hour at 100 V and 260 mA. 

Following transfer, the gel was discarded and the nitrocellulose membrane stained with 

ponceau stain (red) to visualise the transferred protein bands. The molecular weight ladder 

bands were permanently marked with a pencil and the membrane washed to remove the 

ponceau stain and dried. Strips of the membrane were cut so that they could be treated 

individually with a specific paired antibody. 

The nitrocellulose membrane strips were blocked by soaking in blocking buffer overnight 

and with shaking at 4 °C. All antibody solutions were prepared by diluting the antibodies 

in TBS + tween to a final concentration as recommended by the supplier. The blocked 

membrane was washed with TBS + tween prior to adding the primary antibody solutions. 

The strips were incubated with rocking with primary antibodies (5 mL) for 1 hour at 4 °C in 
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the dark, then were washed five times with TBS + tween before being incubated with the 

corresponding secondary antibody solution for another hour. 

After incubation with secondary antibody, the strips were washed 5 times with TBS + 

tween and the presence of bound antibody complexes detected with SuperSignal™ West 

Pico PLUS Chemiluminescent Substrate kit. Following the manufacturers protocol, 3 ml of 

each reagent (a stable peroxide and the luminol enhancer solution) were mixed and added 

to the membrane. This solution was left to react with the HRP conjugated antibody 

complex for 5 minutes before the membrane strips were imaged in an Amersham™ Imager 

680 (GE Healthcare) using chemiluminescence imaging at varying exposure times 

depending on the strength of the signal. 

3.2.23 Protein assembly by in vitro ligation 

The ligation reactions were set up in an optimised ligation solution (Table 3.2.6) comprising 

the crowding agent glycerol and divalent calcium ions. This solution is buffered with 50mM 

HEPES to a pH of 7 to facilitate the formation of the ester bond cross-links. Appropriate 

purified proteins were then added to a final concentration of 10 µM for each fusion protein 

unless otherwise stated. The mixtures were incubated either overnight or for 48 hours at 

room temperature before being analysed by SDS-PAGE. 

Table 3.2.6: Optimised generic ligation components 

Components Final Concentration 
HEPES pH 7 50 mM 
CaCl2 0.1 mM 
glycerol 20% (v/v) 
fusion protein(s) 10 µM each 
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4. Expression and purification of fusion proteins for multivalent
vaccine assembly

This chapter details the design, cloning, expression and purification of 10 fusion proteins for 

subsequent in vitro assembly of a multivalent vaccine construct (TreeVax). 

4.1 Design of fusion proteins for in vitro assembly of the TreeVax vaccine 
construct 

The six constructs used in the in vitro assembly were designed such that the T-antigen is 

positioned at the N-terminus of the Mol domain, separated by a helical linker. A schematic 

for the DNA sequence encoding the constructs is shown in Figure 11. Table 4.1 outlines all 

the fusion proteins developed and tested throughout the project. Each T-antigen plus Mol 

domain construct will be referred to by its fusion protein name, listed in this table. The last 

fusion protein (T28-HL-Mol11) went through multiple iterations before reaching the final 

construct (Zbasic-T28). 

Figure 11: Schematic of the general linear sequence of each fusion protein 

Affinity tag rTEV T-antigen Mol domain Helical linker N’ C’ 



~ 43 ~ 

Table 4.1 Fusion Protein name and components 

4.2 Cloning 

The nucleotide sequences that encode the six different fusion proteins were generated 

using PCR followed by In-Fusion cloning. The Thomas Proft group kindly provided the 

plasmids containing the T-antigen sequences. The vector (pProExHTA) containing the 

cloned Mol domains (previous work) were linearized, removing any unwanted sequence 

using whole plasmid PCR. This generated a PCR product containing the parental vector with 

the His6-tag and rTEV cleavage site at the 3’ end and the helical linker and Mol domain at 

the 5’end. Separately, the T-antigen sequences from the supplied plasmids were amplified 

by PCR. The PCR primers for T-antigen amplification also generated a 15 bp overhang of 

homologous sequence that matched the 5’ and 3’ sequence from the vector/Mol domain. 

Fusion Protein Name Affinity tag T-antigen Mol domain 

T1-HL-Mol6 His tag T-antigen 1 Mol domain 6 

T5-HL-Mol7 His tag T-antigen 5 Mol domain 7 

T11-HL-Mol8 His tag T-antigen 11 Mol domain 8 

T12-HL-Mol9N/R His tag T-antigen 12 Mol domain 9 

T18-HL-Mol10 His tag T-antigen 18.1 Mol domain 10 

T28-HL-Mol11 His tag T-antigen 28.1 Mol domain 11 

Mol10peptag-T28 His tag T-antigen 28.1 Mol 10 peptag 

GST-T28 GST T-antigen 28.1 Mol 10 peptag 

zBasic-T28 (Z)basic T-antigen 28.1 Mol 10 peptag 
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As the rTEV sequence and helix linker sequence are the same in all constructs, the identical 

15bp overhang allows the In-Fusion cloning of any T-antigen/Mol domain combination 

without any additional PCR amplification. All PCR amplifications generated the correctly 

sized product with good yield (Figure 12). Each of the PCR products was then purified by 

gel extraction and the final T-antigen-Mol domain fusion construct spliced together with 

In-Fusion cloning.  

Stellar™ cells were transformed with the In-Fusion reactions for selecting intact 

circularized vector products; control In-Fusion reactions without T-antigen insert 

produced very few background colonies. Individual colonies were assessed for the 

presence of the T-antigen insertion by colony PCR (Figure 13). Correct clones (as 

confirmed by Sanger sequencing) were successfully generated for all fusion proteins. This 

includes the different iterations of the T28.1-HL-Mol11 fusion protein, including 

Mol10peptag-T28, GST-T28, and Zbasic-T28 (cloned by Eugene Sun) which will be 

discussed in Sections 4.3.7 and 4.3.9

Figure 12: PCR products of the six T-antigens and the six Mol domains. Lane 1 = T-antigen 1, lane 2 
= T-antigen 11, lane 3 = T-antigen 18.1, lane 4 = T-antigen 28.1, lane 5 = T-antigen 5, lane 6 = T-
antigen 12. Lanes 7-8 are Mol domains 6-11 in pProExHTA plasmid. 



~ 45 ~ 

Figure 13: Colony PCRs of the original six fusion proteins. For each fusion protein, three colonies 

were tested as indicated by the numbers 1-3 on the well. Positive clones are indicated by the 

formation of a band the size of the inserted T-antigen at ~900 bp.  
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4.3 Protein Expression and Purification 

Unless otherwise stated, all proteins were purified by IMAC followed by rTEV digestion to 

remove the His6 affinity tag, with a final purification by SEC. The rTEV proteolysis was 

omitted for the T1-HL-Mol6 and T28-HL-Mol11 or Mol10pept-T28 variants to aid affinity 

purification of the mature ligated complex. The purification and any subsequent 

modification in methodology for each of the constructs is presented below. 

4.3.1 T1-HL-Mol6 

Recombinant protein was over-expressed with IPTG induction in shaking culture for 16 

hours at 18oC. Cells were lysed using a constant flow cell disrupter and soluble protein 

purified by immobilised metal affinity chromatography and analysed by SDS-PAGE (Fig. 

14A). For T1-HL-Mol6 protein the affinity tag was retained for later purification steps 

involving the ligated ‘TreeVax’ product. IMAC fractions containing the recombinant protein 

were pooled and subsequently purified via SEC (Fig. 14C). Fractions with high relative 

protein purity, as analysed using SDS-PAGE (Fig. 14B), were pooled, concentrated and flash 

cooled in liquid nitrogen until required for ‘TreeVax’ assembly experiments. T1-HL-Mol6 

expressed well (~12 mg of purified protein/litre culture), affording a highly pure 

monomeric protein species as judged by SDS-PAGE analysis. 
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Figure 14: Purification of T1-HL-Mol6. (A) Immobilised metal affinity chromatography analysis by 
SDS-PAGE. (B) Size exclusion chromatography analysis by SDS-PAGE. (C) Size exclusion 
chromatography trace of T1-HL-Mol6 purification using a Superdex™ 200 Increase 10/300 GL. 
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4.3.2 T5-HL-Mol7 

As with T1-HL-Mol6, the purification of T5-HL-Mol7 followed an overnight induction with 

IPTG at 18oC. Lysate was purified by IMAC and fractions containing recombinant protein 

pooled and dialysed overnight with concurrent rTEV digestion to remove the His6 affinity 

tag. The dialysed protein samples were again purified by IMAC to remove the cleaved His6-

tag, His6-tagged TEV, and uncleaved protein construct. The protein eluate, or flow 

through, containing the now ‘tag-less’ recombinant protein was concentrated and the 

protein further purified using size exclusion chromatography (Fig. 15). This purification will 

subsequently be referred to as the ‘standard IMAC affinity purification procedure as it was 

common for all His6-tagged constructs. Expression levels for T5-HL-Mol7 were good (~10 

mg of purified protein/litre of culture). 



~ 49 ~ 

Figure 15: Purification of T5-HL-Mol7. (A) Size exclusion chromatography analysis by SDS-PAGE. (B) 
Size exclusion chromatography trace of T5-HL-Mol7 purification using a Superdex™ 200 Increase 
10/300 GL. 
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4.3.3 T11-HL-Mol8 

The standard expression and IMAC affinity purification procedure was used to purify T11-

HL-Mol8. However, while the final product was reasonably pure, as judged by SDS-PAGE 

analysis (Fig. 16), the expression levels were substantially lower than both T1-HL-Mol6 and 

T5-HL-Mol7, with a yield of only ~3 mg of purified protein/litre culture. As a result, multiple 

iterations of expression and purification experiments were required to obtain sufficient 

protein for subsequent large-scale ligation experiments. 
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Figure 16: Purification of T11-HL-Mol8. (A) Size exclusion chromatography analysis by SDS-PAGE. (B) 
Size exclusion chromatography trace of T11-HL-Mol8 purification using a Superdex™ 200 Increase 
10/300 GL. The double peak may be due to the presence of two species: a partially folded and fully 
folded T11-HL-Mol8 species. 
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4.3.4 T12-HL-Mol9 

T12-HL-Mol9 was expressed and purified as described above. However, while this 

construct expressed very well in E. coli, the resulting SDS-PAGE analysis of the IMAC 

purification revealed a laddering profile (~50 kDa, ~100 kDa and ~150 kDa) consistent with 

self-ligation or self-polymerisation, where an ester bond forms autocatalytically between 

T12-HL-Mol9 proteins (Fig. 17).   

This suggests that unlike Mol6, Mol7, and Mol8, the Mol9 truncated domain cross-reacts 

with its N-terminal Mol8-peptide (or complementation peptide), leading to the covalent 

linking of two or more monomers. This self-ligation appears to occur within the E. coli 

during expression as there is no evidence of further polymerisation once the protein has 

been purified. Further multimerization only occurs if the protein is included in the 

preferred ligation buffer that is used in the assembly of the TreeVax complex (see Section 

5.1). This self-polymerisation is not desirable as any multi-component construct used as a 

vaccine needs to be of a single uniform species, not a number of ill-characterised species. 

To enable this, it is essential that each Mol domain is specific for only one 

complementation peptide. 

50  

37  

25  

75 

100 

150 
250 

Expected 50 kDa 
species 

~100 kDa species 

~150 kDa species 

Figure 17: IMAC purification of T12-HL-Mol9 with expected mass of 50 kDa. Larger species 
appear to be the product of self-ligation and show masses of ~100 and ~150 kDa.
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As the T12-HL-Mol9 construct was prone to self-ligation or self-polymerisation, we 

examined the crystal structure of Mol domains 7-9 from Mobiluncus mulieris (unpublished 

data) to see if we could identify how this could occur. An analysis of both peptides; Mol8 

complementation peptide = QPAASHEDITDENQTVKS (fused to the N-terminus of Mol9 

truncated domain), and the Mol9 complementation peptide = PPVPPPHEDPKDPNQTVVS 

(fused to the N-terminus of Mol10 truncated domain) was made in an attempt to predict 

a way to prevent the non-specific binding of the Mol8 peptide to the Mol9 domain. 

Residues in bold have been identified as critical for formation of the ester bond, which is 

formed between Gln (red and in bold) and a conserved Thr on the first β-strand of the 

truncated Mol domain. The residue N133, underlined in the Mol8 complementation 

peptide is facing the solvent when bound to Mol8. The same residue is conserved in the 

Mol9 complementation peptide, but is making hydrogen bond interactions with a Mol9 

loop that sits above the complementation peptide. This loop is absent in Mol8. Therefore, 

we hypothesised that if we mutated the Mol8 complementation peptide N133 to arginine, 

it would sterically interfere with T12-HL-Mol9 self-polymerisation, as it would clash with 

the Mol9 loop that is positioned above it. In contrast, the N133R mutation should not affect 

the binding to the Mol8 domain, as the residue only interacts with solvent (there is no loop 

to interact with).  
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4.3.4.1 Cloning and expression of T12-HL-Mol9N/R 

The N133R mutation was made by whole plasmid PCR using PCR primers that encoded a 

single amino acid mutation at the 5’ end. These primers amplify the entire plasmid to 

produce a linear product, that is subsequently ligated to reform the circularised plasmid 

with the point mutation. The PCR primers are pre-phosphorylated for T4-ligation. A 

schematic representation of the cloning is shown in Figure 18. (Note: The cloning and 

purification work for the T12-HL-Mol9N/R construct was undertaken by William Bramley 

(MSc), a prior student of the Squire/Young lab). 

 

 

The new construct was expressed and purified using the standard conditions described 

above for previous constructs. SDS-PAGE analysis of the IMAC purified T12-HL-Mol9N/R 

construct shows a demonstrable reduction in self-polymerisation – this phenomenon is 

essentially eliminated (Fig. 19). The new construct maintains the ability to form an ester 

bond cross-link with Mol8 and was used in all subsequent ester bond ligation trials. 

Figure 18: Schematic diagram showing the whole plasmid PCR mutagenesis experiment. The 
template plasmid is PCR amplified with primers that amplify the entire plasmid. The forward primer 
incorporates the desired nucleotide change (producing N133R protein) and both are 5’-
phosphoylated for intramolecular ligation to re-circularise the modified construct. 

N133R 

PCR Ligation 

  T12 T12 
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Figure 19: SDS-PAGE analysis comparing IMAC purification of T12-HL-Mol9 and its N/R mutant. Self-
ligated or self-polymerised species are not seen for the N/R mutant but are apparent in the wild-type 
protein.

Self-dimerized species 

Monomer species 
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4.3.5 T18-HL-Mol10 

This construct was expressed and purified according to the standard IMAC purification 

protocol for rTEV cleaved fusion proteins (such that the His6-tag was removed) and 

resolved by SDS-PAGE (Fig. 20). Overnight induction resulted in reasonable levels of 

protein expression (~7 mg/litre of culture), though not as high as for T1-HL-Mol6 or T5-HL-

Mol7. B 

ARG-133 

THR- 
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Figure 20: Purification of T18-HL-Mol10. (A) SDS-PAGE analysis of immobilised metal affinity 
chromatography. (B) SDS-PAGE analysis of size exclusion chromatography experiment. (C) Size 
exclusion chromatography trace of T18-HL-Mol10 using a Superdex™ 200 Increase 10/300 GL. 
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4.3.6 T28-HL-Mol11 

T28-HL-Mol11 was expressed and purified as described above for the other constructs. 

However, while this construct expressed well in E. coli, the resulting SDS-PAGE analysis of 

the IMAC purification revealed a severe laddering profile resulting in very high molecular 

weight species consistent with self-polymerisation (Fig. 21). The expected monomeric 

species of ~50 kDa was not present. Instead, along with the strong laddering effect, a major 

protein species of ~35 kDa was prevalent (Fig. 21). This suggests a substantial proportion 

of the fusion protein is being cleaved between the Mol domain and T28 antigen. The T-

antigen is approximately 31 kDa and has an N-terminal His6-tag. The remaining T28-HL-

Mol11 appears to be self-polymerising. The ~35 kDa species was purified and used in initial 

ligation trials, but was found to not form an ester bond with T18-HL-Mol10 (see ligation 

trials Section 5.1). Regardless, it is evident that this T28-HL-Mol11 system is not useful for 

TreeVax assembly and a construct that does not self-polymerise needs to be developed.  

Figure 21: SDS-PAGE analysis of immobilised metal affinity chromatography purification of  T28-
HL-Mol11 showing clear laddering with a major product of around 35 kDa.
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4.3.7 Design of Mol10pept-T28 

During expression trials of the fusion clones it became apparent that the T28-HL-Mol11 

construct was self-ligating, leading to high molecular weight polymers that are not suitable 

for purifying a multivalent complex containing a single copy of each T-antigen (see Section 

4.3.6). To prevent this self-multimerization we re-designed the T28-HL-Mol 11 construct. 

As the Mol 10 peptide (at the N-terminus of the truncated Mol11 domain) is clearly binding 

to the Mol 11 domain (hence the self-ligation), the Mol 11 domain was removed to create 

a construct that only retains the Mol 10 peptide fused to the N-terminus of the T-28 

antigen (Mol10peptag-T28) as illustrated in Figure 22.   

The Mol10peptag-T28 fusion was generated by insertion of the Mol 10 peptide 

(GKTWAATHADPNDAGQTVTV) at the N-terminus of the T28 open reading frame in the 

parental pProExHta T28 vector. This was achieved using whole plasmid PCR similarly to the 

point mutagenesis methodology shown in Figure 18, but instead of introducing a point 

mutation the primers were designed to encode the Mol 10 peptide as an overhang on their 

5’ end. The product of whole plasmid PCR is displayed in Figure 23. Following PCR, a T4 

DNA ligase reaction was used to re-circularise the Mol10peptag-T28 plasmid.  

mol10pept 

Mol 11 full domain 

Sequence: GKTWAATHADPNDAGQTVTV 

Figure 22: Size comparison of Mol10pept sequence length and the full Mol11 domain. The full 
Mol11 domain is 188 residues long while Mol10pept is 20 residues. The glutamine that forms an 
ester bond crosslink with Mol10 is indicated by a red Q. Other important residues are bolded.
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4.3.7.1 Purification of Mol10peptag-T28 

The new Mol10peptag-T28 construct was expressed and purified using the standard 

protocol described above for other fusion proteins. Immobilised metal affinity 

chromatography afforded a monomeric species, but also showed a contaminating E. coli 

protein of ~60 kDa, which was largely removed during size exclusion chromatography 

purification (Fig. 24). This higher molecular weight species must be an E. coli protein as this 

construct lacks a Mol domain, hence has no capacity for self ligation. This new construct 

also proved to be active in ligating with the T28-HL-Mol10 fusion protein (see ligation trials, 

Section 5.1). Protein expression levels were high (~15 mg/litre of culture). 

Figure 23: PCR products of Mol10peptag-T28 generated by whole plasmid PCR of T28 pProExHta. 
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Figure 24: Purification of Mol10peptag-T28. (A) SDS-PAGE analysis of IMAC purification. (B) SDS-
PAGE analysis of SEC purification. (C) Size exclusion chromatography trace of Mol10peptag-T28 
using a Superdex™ 200 Increase 10/300 GL. The SDS-PAGE analysis in (B) indicates the sample is 
sufficiently pure for subsequent ligation experiments, despite the double peak seen in the SEC trace.
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4.3.8 Design of a dual affinity purification system 

One aspect that soon became apparent during the various protein ligation trials was the 

likely difficulty in purifying the fully assembled TreeVax complex from minor incomplete 

ligation products. Our initial ligation trials used IMAC purification. In these experiments we 

removed the His6-tag from all constructs except for the N- and C-terminally ligated 

constructs: T1-HL-Mol6 and Mol10peptag-T28. We were expecting to resolve two 

individual protein populations by IMAC, the fully ligated complex that would have two 

His6-tags, and incomplete ligations containing only one tag from either T1-HL-Mol6 or 

Mol10peptag-T28. Unfortunately, IMAC purification did not resolve the two populations, 

with the entire His6-tagged protein population eluting as a single peak (Fig. 33, Section 

5.2). As a result, we investigated the use of both glutathione-S-transferase (GST) and an 

ion exchange chromatography (IEx) tag - (Z)basic (Hedhammar & Hober, 2007) - as affinity 

tags for a two-step affinity purification protocol (Table 4.2). With a different affinity tag on 

each terminus of the ligated product, we can ensure that the ligated complex containing 

all six fusion proteins can be separated from any partially ligated products via two step-

purification (Fig. 25). Each of these constructs retain the exact same sequence as the 

Mol10peptag-T28 fusion protein, including the rTEV cleavage site, Mol10pept 

complementation peptide and T28 antigen. The only sequence modified is that of the His6-

Tag, which is removed and replaced with either the (Z)basic or GST-tag. For simplicity, 

these constructs are called zBasic-T28 and GST-T28. 

Table 4.2 Alternate affinity tags tested in T28Mol10peptag 

Fusion Protein Name Affinity tag Purification method 

Mol10peptag-T28 His tag IMAC 

GST-T28 GST GST affinity purification 

zBasic-T28 (Z)basic IEx 
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Figure 25: Conceptual comparison of one-step and two-step purification of protein assemblies. (A) 
One-step purification is undertaken when both ends of the complex have the same affinity tag, in 
this case a His6-tag. This is the case when Mol10peptag-T28 and T1-HL-Mol6 are the fusion proteins 
found at either end of the mature complex. Unfortunately, any partially formed complexes that have 
one His6 tag available are co-purified with the desired complex. (B) Two-step purification is carried
out when a different affinity tag is present at either end of the mature complex. T1-HL-Mol6 is His6 
tagged while at the other end of the complex, the ligated fusion protein is either GST-T28 or zBasic-
T28. During the first affinity purification (IEx or GSH chromatography) all complexes containing 
zBasic-T28 or GST-T28 are purified. During the second purification (IMAC) only complexes containing 
T1-HL-Mol6 are purified. This results in an end product that contains all fusion proteins – the mature 
ligated TreeVax. 
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4.3.9 Cloning of zBasic-T28 and GST-T28 

The parental vector, Mol10peptag-T28, was linearized to remove sequence encoding the 

His6-tag with whole plasmid PCR in a similar way to that described in Section 4.2. The PCR 

primers used to generate this linear PCR product were the same for cloning both affinity 

tags. Separately, the nucleotide sequence encoding zBasic and GST tags were synthesized 

as gBlocks from IDT. These gBlocks were generated with a 15 bp overhang of homologous 

sequence that matched the 5’ and 3’ sequence from the whole plasmid PCR product.  

Stellar™ cells were transformed with circularized constructs (generated by In-Fusion 

cloning) to generate clones. Individual colonies were assessed for the presence of 

either zBasic or GST insertion by colony PCR (Fig. 26), with positive clones sequence 

verified by Sanger sequencing. The cloning and expression of zBasic-T28 was 

undertaken by Eugene Sun (PhD), while GST-T28 was cloned and expressed by myself. 

Figure 26: Colony PCR of GST-T28 to amplify and include GST sequence in the fusion construct. A
band of around 1600 bp indicates a positive colony.
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4.3.10 Purification of GST-T28 
 

Recombinant GST-T28 protein was successfully expressed and purified via GSH-affinity and 

size exclusion chromatography (Fig. 27). However, the recombinant protein proved to be 

difficult to work with, displaying evidence of protein degradation and aggregation, which 

is unusual as the construct should be unable to form an ester bond with itself if it lacks a 

Mol domain (it only processes the strand complementation peptide). In this case the 

aggregation appears to be mediated by the GST tag. Importantly, the purified protein failed 

to ligate with T18-HL-Mol10 in ligation trials (See Section 5.2). For this reason, the 

construct was abandoned for the much more favourable zBasic-T28 clone.  
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Figure 27: Purification of GST-T28 fusion protein. (A) SDS-PAGE analysis of SEC purification. (B) Size 
exclusion chromatography trace of GST-T28 using a Superdex™ HiLoad™ 16/600 s75.  
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4.3.11 Purification of zBasic-T28 
 

 

The zBasic tag (Hedhammar et al., 2014), constructed from a 58 amino acid (7 kDa) Z-

domain derived from one of the domains of Staphylococcal Protein A, was designed for 

capture on a cation-exchange resin. It was engineered to have a high local concentration 

of positive charges with a calculated isoelectric point (pI) of 10.5. This is much higher than 

for the majority of bacterial host proteins, which have neutral or low pI, and allows for 

selective capture of tagged proteins on a cationic resin followed by elution using a salt 

gradient.   

 

The zBasic-T28 recombinant protein was expressed in the standard way as described for 

all other constructs. Once the cells were lysed, recombinant protein was purified by IEx 

and SEC (Fig. 28).  

 

 

 

 

 

Figure 28: Size exclusion chromatography trace of zBasic-T28 using a Superdex™ HiLoad™ 16/600 
s75 
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4.3.12 Expression and purification of all the individual T-antigens 
 

Each of the individual T-antigens that are displayed on the TreeVax complex were also 

purified, with the aim of using a mixture of all six free T-antigens as a control for 

interpreting the immunogenic response generated by exposure to TreeVax. This will allow 

us to compare and contrast the immunogenic response to the T-antigens free in solution 

to the same T-antigens anchored to the scaffold (TreeVax). All six T-antigen plasmids were 

provided by the Associate Professor Thomas Proft, FMHS, University of Auckland. T5-

antigen, 11, 12, 18.1 and 28.1 were cloned into pProExHTA, while T1-antigen was provided 

in a pGEX vector, and so has a GST affinity tag in place of a His6 tag. Therefore, T1-antigen 

was purified via GST affinity purification followed by SEC. The other five T-antigens were 

purified by IMAC followed by SEC. All T-antigens had their affinity tag removed via rTEV 

digest (His6 tagged T-antigens) or HRV 3C peptidase digest (GST tagged T1-antigen) before 

size exclusion chromatography. The expression and purification of the constructs followed 

the standard protocols described above. The purification of T28.1-antigen is provided as 

an exemplar for all T-antigens (Fig. 29). All T-antigens expressed well, resulting in pure 

recombinant protein that was concentrated and stored at -80oC for later use.  
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Figure 29: Purification of T28.1-antigen as an exemplar. (A) SDS-PAGE analysis of IMAC and SEC 
purification. (B) SEC trace of T28.1-antigen using a Superdex™ HiLoad™ 16/600 s75.  
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5. Ester Bond Ligation Trials

This chapter described the ester-bond ligation experiments to join the vaccine component 

parts together by covalent ester bond cross-links. Initial trials, optimisation, and purification 

strategies are detailed. 

5.1 In vitro ligation trials 

As described in the Introduction (Section 1.2.2), the formation of the ester bond cross-links 

is pH dependent (Young et al., 2017). Intramolecular ester bond formation is optimal 

between pH ~5-7. At above pH 8 ester bond formation is not detectible. This is also true 

for the in vitro “inter-molecular” ester bond formation between the engineered proteins 

used for this study (as the term inter-molecular bond and intramolecular bond refer to the 

same bond formation, to avoid confusion we will refer to the formation of the ester bond 

between each construct as an intramolecular bond). With this in mind all protein 

purification and storage is undertaken in buffers adjusted to a pH of 8.5 to limit any 

potential self-ligation. In contrast, when the assembly of construct is desired the protein is 

incubated in a buffer that reduces the pH to 7.0, conditions that promote ester bond 

formation. Previous experimentation has shown that formation of intramolecular ester 

bonds in vitro also requires a buffer that induces molecular crowding and calcium ions. 

These ligation conditions are described in Table 5.1. 

Table 5.1 Initial ligation experiment components 

Components Final Concentration 
HEPES pH 7 50 mM 
CaCl2 0.1 mM 
glycerol 20% (v/v) 
fusion protein(s) 20 µM each 
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Typical reaction volumes were 30 ul, 60 ul and 120 ul. MQ water was added to make up to 

the desired final volume. Incubation periods varied from 24 to 72 hours at room 

temperature. 

As we observed examples of self-polymerisation during the purification of the individual 

constructs from E. coli, we investigated the potential of the individual constructs to self-

ligate in the in vitro ligation buffer. For this experiment ligation reactions were carried out 

for each fusion protein on its own with incubation at room temperature (~18oC) for 24 

hours (Fig. 30). After the incubation each experiment was analysed by SDS-PAGE for 

evidence of self-ligation, which is evident by the formation of a laddering profile. Each 

monomeric fusion protein is expected to be approximately 50 kDa.  

The self-polymerization experiments indicated that T12-HL-Mol9 is capable of self-ligation 

in the in vitro ligation buffer, as shown by an increase in intensity for protein species at 100 

kDa. There is also a faint band present between 150 kDa and 250 kDa, indicating there may 

be further multimerization of T12-HL-Mol9. As indicated earlier (Section 4.3.6), the purified 

T28-HLMol-11 appeared at a much lower mass than expected (35 kDa vs 50 kDa). Once this 

smaller species is purified away from the high molecular mass aggregates that polymerise 

during expression, the fusion protein shows no evidence of self-ligation. We think this is 

because it is a cleavage product that only retains the very stable T-antigen and has no 

Mol11 domain. Each of the other fusion proteins showed no evidence of self-

polymerisation and remained in monomeric form.  
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As expected, the ligation test indicated that the self-polymerisation of T12-HL-Mol9 may 

lead to a mixture of ligation products containing multiple copies of T12-HL-Mol9. 

Therefore, a targeted site-specific mutation was made of N133R based on a previous 

crystal structure of Mol8 and Mol9. Cloning and purification were undertaken by Dr Paul 

Young, as outlined in Section 4.3.1.  

 

Following this, ligation tests were undertaken to investigate if each fusion protein would 

ligate with its required binding partner(s) in the in vitro ligation buffer (Table 5.1). The 

incubation period was 24 hours as room temperature, as in the previous trial. Table 5.2 

Figure 30: Control ligation reactions for each fusion protein. Lane 1: T28-HL-Mol11, lane 2: T18-HL-
Mol10, lane 3: T12-HL-Mol9, lane 4: T11-HL-Mol8, lane 5: T5-HL-Mol7 and lane 6: T1-HL-Mol6 
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outlines which proteins were included in each ligation. An SDS-PAGE analysis of these 

ligation trials can be found in Figure 31. 

 

Table 5.2 Ligation test: fusion protein partners 

Reaction Mix Fusion proteins present 
11+10 T28-HL-Mol11      and       T18-HL-Mol10 
10+9 T18-HL-Mol10      and       T12-HL-Mol9 
9+8 T12-HL-Mol9        and       T11-HL-Mol8 
8+7 T11-HL-Mol8        and       T5-HL-Mol7 
7+6 T5-HL-Mol7          and       T1-HL-Mol6 

 

 

While these ligation trials did not result in the complete ligation between ‘pairs’ of Mol 

domains, it did indicate that all but T28-HL-Mol11 were active in forming an ester bond 

with their required binding partner(s). This is evidenced by the appearance of a protein 

species of ~100 kDa, the sum of the two ~50 kDa proteins that have been covalently fused 

by ester bond formation and can be compared with the result from the single construct 

control ligations (Fig. 30). The results show that T1-HL-Mol6 and T5-HL-Mol7 ligate 

together, as seen by the formation of a product at ~100 kDa. In contrast there is only a 

faint ligation product of ~100 kDa with T5-HL-Mol7 and T11-HL-Mol8. However, this was 

expected as previous iterations of the Mol8 constructs indicated that it is very slow to form 

an ester bond when in isolation. Only when it has been stabilised by binding to and forming 

an ester bond crosslink with a C-terminal binding partner, Mol9, does it efficiently ligate 

with Mol7.  
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The interpretation of the ligation reactions involving the T12-HL-Mol9 component is 

complicated by the evidence of self-polymerisation. Both homomolecular (between Mol9) 

and heteromolecular (Mol9 and either Mol10 or Mol8) ligations result in a similarly sized 

product, and it is difficult to discern the correct product containing T11-HL-Mol8 or T18-

HL-Mol10 (Fig. 31). However, although there is inconsistent loading of the gels, there does 

appear to be two protein species at ~100 kDa in Figure 31 (lanes 2 and 3) in the ligations 

with T12-HL-Mol9, whereas only a single band is present in Figure 30 - the self-ligation 

product. As predicted, the T28-HL-Mol11 fusion protein did not ligate with T18-HL-Mol10. 

The expressed T28-HL-Mol11 was consistently purified as a species around ~35 kDa when 

the expected mass is ~50 kDa. As such a new construct for T28-HL-Mol11 was developed: 

Mol10pept-T28 (Section 4.3.3). To investigate the new Mol10pept-T28 an additional 

ligation trial was carried out as per Table 5.1 and left for 48 hours (Fig. 32).  

 

 

Figure 31: Ligation test - fusion protein partners. Lane 1: 11+10, lane 2: 10+9, lane 3: 9+8, lane 4: 
8+7, lane 5: 7+6. 
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The new fusion protein Mol10pept-T28 (~30 kDa) successfully ligated to T18-HL-Mol10 

(~50 kDa), as shown by the formation of a new protein species of ~80 kDa (Figure 32, lane 

2). There is also no self-polymerisation of Mol10pept-T28 (Figure 32, lane 1), as indicated 

by the absence of any larger species. In further ligation trials the new fusion protein T12-

HL-Mol9N/R was also tested to determine its efficiency to ligate with its partners. The 

results confirmed it effectively ligated to both T11-HL-Mol8 and T18-HL-Mol10. In the 

course of these experiments we determined that protein ligation rates were more efficient 

if we included Mol10pept-T28 | T18-HL-Mol10 | T12-HL-Mol9N/R and T11-HL-Mol8 in a 

combined ligation mix. This ligation was subsequently termed V1 and results from these 

experiments are presented below in Section 5.2. 

 

 

 

  

Figure 32: Ligation control test of T28mol10pept. Lane 1: T28mol10pept self-ligation test, lane 2: 
T28mol10pept + T18-HL-Mol10 ligation test. 
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5.2 Complete TreeVax ligation tests 
 

With all individual components purified we began optimisation of the assembly of the 

complete TreeVax complex. For this we took our lead from previous research using an 

earlier version of the scaffold (Bramley, 2017; Choy, 2017; Kerridge, 2017; Tulp, 2015). In 

this research it was found that complete assembly of a scaffold containing Mol11│Mol10│ 

Mol9│Mol8│Mol7 was more efficient if Mol11-Mol8 were first combined and incubated to 

allow ligation to proceed, before the addition of Mol7. This resulted in a more complete 

ligation product. The bottleneck was attributed to the inefficient ligation of Mol8. This 

domain appears to only efficiently ligate to Mol7 when bound to Mol9. Our results from 

the ligation of individual pairs of Mol domains appear to confirm these results (Fig. 31). 

While our current scaffold does contain many of the same core Mol-domains, it is very 

different from previous iterations, as it is composed of six Mol domains with fusion 

proteins in the form of T-antigens. It was unknown what effect these larger fusion proteins 

would have on the rate of assembly.    

 

The ligation reaction was optimised for formation of the full scaffold as described in Table 

5.3. It was determined that ligation was more complete if T11-HL-Mol8 was present in 

excess (specifically, 3 excess), to promote more efficient binding to T12-HL-Mol9N/R via 

an ester bond crosslink. The ligation reaction was also carried out in two parts, with two 

volumes set up and left for ~16 - 24 hours for the initial ligation reaction, before being 

mixed together and left for another 24 - 48 hours. Typical reaction volumes used were 120 

µL (volume 1) and 60 µL (volume 2). 
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Table 5.3: Optimised ligation mixture 

Volume 1* 
(V1) 

Volume 2* 
(V2) 

Final Concentration 
V1 + V2 

HEPES pH 7 HEPES pH 7 50 mM 
CaCl2 CaCl2 0.1 mM 
Glycerol Glycerol 20 % 
- T1-HL-Mol6 10 µM  
- T5-HL-Mol7 10 µM 
T11-HL-Mol8 - 30 µM 
T12-HL-Mol9N/R - 10 µM 
T18-HL-Mol10 - 10 µM 
Mol10pept-T28 - 10 µM 

* Volume 1 and volume 2 are initially incubated separately before mixing to complete the 
full ligation reaction. 

 

Initial full scale TreeVax ligations proceeded well as indicated by the appearance in SDS-

PAGE analysis of the desired ~280 kDa assembly (Fig. 33 lane 1). It did become clear, 

however, that the IMAC purification could not resolve the populations of fully ligated 

TreeVax from partially ligated products.  

 

Size exclusion chromatography is not precise enough to separate small differences in size. 

A partially ligated complex with five fusion proteins is ~250 kDa in mass, while the mature 

TreeVax would be approximately 280 kDa protein. This is a size difference of around only 

10% and is not suitable for SEC resolution.   
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As neither one-step affinity purification (IMAC) nor SEC is able to separate partially ligated 

complexes from the full TreeVax, a two-step purification was trialled with two new fusion 

proteins: GST-T28 and Zbasic-T28 (Section 4.3.8). A ligation test was carried out according 

to Table 5.3 to compare the two new constructs to the original experiment. In these new 

reactions, Mol10pept-T28 was substituted for either GST-T28 or Zbasic-T28 in V1. The V2 

reaction remained unchanged.  

The results of these ligation trials are shown in Figure 34. Both Zbasic-T28 and Mol10pept-

T28 are equally efficient in their ligation to T18-HL-Mol10, with virtually all T18-HL-Mol10 

being converted to the higher mass species Mol10peptag-T28/T18-HL-Mol10 and Zbasic-

T28/T18-HL-Mol10 (Figure 34, lanes 4 and 5, respectively). Analysis of the V1 ligation mixes 

show a predominant band at ~200 kDa with either Mol10peptag-T28 or Zbasic-T28 (lanes 

6 and 7, respectively). At ~200 kDa this species matches the predicted mass of the four 

ligated constructs (~194 kDa). This substantial band suggests the ligation efficiency is high 

when all four constructs are added together in a single mix. However, while we are 

confident in this success, at present the presence of all four components has not been 

confirmed, and we cannot be certain the V1 complex is complete until we have mass 

spectrophotometry (MS) analysis. Another method would be to use western blot analysis 

of the T-antigen cargo. This, however, is not feasible due to the suspected cross-reactivity 

Figure 33: IMAC purification of full TreeVax assembly. Lane 1: V1 +V2. Lane 2: IMAC flow through. 
Lane 3: Single peak/fraction resulting from IMAC elution. 
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between T-antigens on the scaffold. An alternative approach would be to include known 

epitope tags to the N-terminus of the T-antigens for detection by western blot analysis. 

This is the approach taken for the in vivo expression trials detailed in Section 6.1. 

When ligation mix V1 and V2 are combined there is an appearance of a protein species of 

>250 kDa. The product of the V2 reaction is a 100 kDa species, as seen in Figure 31, Section

5.1, and when ligated to the V1 product would produce a protein species that would match 

this high MW species apparent in lane 8 - this is the fully ligated TreeVax product. There is 

an obvious reduction in the efficiency of ligation between V1 and V2, however on close 

examination of the SDS-PAGE there is very little change in the 100 kDa banding pattern 

between lanes 7 and 8. This suggests that most of the V2 reaction has been ligated to the 

V1. If ligation between V1 and V2 was inefficient, as first suspected, there would be a 

prominent band remaining at the 100 kDa mark in lane 8 of Figure 34. The most probable 

reason for the lower than expected fully formed TreeVax complex is an unequal molar-

ratio between constructs. In this case, the concentration of the V2 reaction mix was too 

low and was completely depleted. The molar-ratio between the individual constructs 

appears to be critical for the assembly of the full construct. In contrast to the success of 

Zbasic-T28, ligation trials with GST-T28 appeared to be prone to both aggregation and 

degradation (Fig. 35), no further experimentation was carried out on this system. 
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Figure 34: Ligation trials of zBasic-T28 compared with Mol10peptag-T28. Lane 1: T18-HL-Mol10, 
lane 2: Mol10peptag-T28, lane 3: zBasic-T28, lane 4: Mol10peptag-T28 + T18-HL-Mol10, lane 5: 
zBasic-T28 + T18-HL-Mol10, lane 6: V2 (with Mol10peptag-T28), lane 7: V2 (with zBasic-T28) and 
lane 8: V1 +V2 (with zBasic-T28). (B): Ligation trial of GST-T28. Lane 1: GST-T28, lane 2: V2 (with 
GST-T28) and lane 3: V1 + V2 (with GST-T28). 
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Figure 35: Ligation trial of GST-T28. Lane 1: GST-T28, lane 2: V2 (with GST-T28) and lane 3: V1 + V2 
(with GST-T28). Lane 1 demonstrates that in ligation buffer GST-T28 is highly unstable, both 
degrading and self-polymerising. 
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5.3 Two-step purification of TreeVax 

With the small-scale ligation trials of the mature TreeVax deemed successful, the next step 

was to determine if a two-step affinity purification could isolate a single species (the full 

TreeVax complex). A ligation reaction was carried out according to Table 5.3, with zBasic-

T28 in place of Mol10peptT28. V1 and V2 were left for 24 hours before mixing, and then 

left for another 48 hours per the standard established protocol. Following this, the two 

affinity purification methods were carried out, with ion exchange chromatography being 

performed first. 

To aid in purification, the 135 µL V1+V2 ligation volume was mixed with three volumes of 

IEx wash buffer (A 1:3 dilution of the V1+V2 reaction) as the glycerol content of V1+V2 

(20%) could hinder the affinity purification process. Next, the diluted V1+V2 mixture was 

passed through a SpinTrap™ column (GE Lifesciences) three times at 200 g for 6 minutes. 

This SpinTrap™ column had been loaded with SP sepharose resin for cation exchange and 

equilibrated with MQ water followed by IEx wash buffer. The SpinTrap™ column was then 

washed with 500 µL of IEx wash buffer at 200 g for 6 minutes. This wash step was 

performed twice. zBasic tagged proteins were then eluted with 300 µL of IEx elution buffer 

at 200 g for 6 minutes. 

The decision to carry out IMAC purification as the second step minimizes the buffer 

exchange requirements between steps, with the eluate from IEx able to be passed directly 

onto the IMAC column. The IMAC purification steps are identical to the above IEx 

purification steps, except wash buffer was used instead of IEx wash buffer and elution 

buffer was used instead of IEx elution buffer. A His SpinTrap™ column from GE Lifesciences 

(loaded with Ni sepharose resin) was used and equilibrated with MQ water followed by 

wash buffer. The result of this two-step affinity purification was a single band at ~280 kDa, 

establishing this two-step affinity purification method as suitable for small scale 

purification of the mature TreeVax (Fig. 36).  
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Large scale purifications (~3 mL) of the ligated TreeVax have yet to be optimised. LCMS 

(liquid chromatography mass spectroscopy) will need to be performed once sufficient 

amounts of TreeVax have been isolated to confirm that the purified species is assembled 

correctly and to assess purity. 

Isolation of single band 
(TreeVax) following IEx 
and IMAC purification 

Figure 36: SDS-PAGE gel of a small scale two-step affinity purification of TreeVax.
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6. TreeVax Expression - in vivo

This chapter describes efforts to produce the entire TreeVax assembly within a single E. coli 

expression experiment using a synthetic operon. Operon design and construction, 

expression, and analysis are detailed. 

6.1 EpiTag TreeVax5 operon design 

Due to prior evidence that the ester bond crosslinks are able to form in vivo in a modified 

Clostridium perfringens MSCRAMM (Young et al., 2017), we decided to explore whether 

the Mol domains fused to T-antigens (the fusion proteins) would assemble within the 

expression host (E. coli) i.e. retain their crosslinking ability observed in vitro. This would 

enable the purification of the mature TreeVax to be significantly streamlined, requiring 

only one two-step affinity purification, if the full complex can successfully form in vivo. This 

cuts out the extra steps required for in vitro production: purifying each fusion protein 

separately, ligating the fusion proteins and then once again undergoing purification steps 

to isolate the full TreeVax complex. Even if full in vivo ligation of the fusion proteins cannot 

be achieved, purifying partially ligated complexes that can subsequently be ligated 

together in vitro would remove many of the intermediate steps associated with in vitro 

assembly. This would confer a considerable advantage in any future commercial 

production of the vaccine.  

The first operon synthesised, EpiTag TreeVax5 consists of two gene clusters. One contains 

T1-HL-MoL6, T5-HL-Mol7 and T11-HL-Mol8 preceded by a T7 promotor and the second 

contains T12-HL-Mol9N/R, T18-HL-Mol10, Mol10peptag-T28 as well as another copy of 

T11-HL-Mol8, also preceded with a T7 promotor (Fig. 37). EpiTag TreeVax5 was designed 

and ordered prior to development of the two-step protein purification system, hence the 

presence of Mol10peptag-T28 instead of zBasic-T28. Each fusion protein has a short 

epitope tag encoded at the N-terminus of the T-antigen (apart from T1-antigen which is 

identified by a polyclonal antibody made in-house). These tags allow for the identification 

of which fusion proteins are both expressed and incorporated into a complex using 

western blot analysis. The epitope tag present on each fusion protein is outlined in Table 
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6.1. An identical ribosome binding site (RBS) can be found upstream of each fusion protein 

ORF in the operon (TAATTTTGTTTAACTTTAATAAGGAGGTATATA). All plasmids were 

synthesized by GenScript. 

 

Table 6.1 Fusion proteins and epitope tags of EpiTag TreeVax5 

Fusion protein Epitope tag Affinity tag 

T1-HL-Mol6 T1  His6 

T5-HL-Mol7 FLAG  None 

T11-HL-Mol8 HA  None 

T12-HL-Mol9N/R Myc  None 

T18-HL-Mol10 Ty1  None 

Mol10peptag-T28 V5 tag His6 

 

 

Figure 37: Plasmid EpiTag TreeVax5, showing the two T7 promotors, the ribosome binding sites 
(RBS) and the seven fusion protein genes. T11-HL-Mol8 (green) is encoded twice, once under both 
promotors. 
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6.1.1 Expression and western blotting of EpiTag TreeVax5 

LoBStr cells were transformed with the TreeVax5 operon plasmid and expression was 

undertaken in similar conditions to the individual fusion proteins. Expression was 

induced with 1 mM IPTG for 48 hours at 18 °C with shaking. The cells were then lysed 

and the soluble fraction IMAC purified. 

As only two of the fusion proteins have a His6 affinity tag a (T1-HL-Mol6 and Mol10peptag-

T28: one at each end of the ligated TreeVax complex), the only protein species purified 

after IMAC will contain either one or both of these fusion proteins. Indeed, after IMAC 

purification of TreeVax5 (Fig. 38) there are multiple bands separated by SDS-PAGE, each 

matching a predicted ligated product during the assembly of the full TreeVax complex in 

vivo. These protein species match those seen during in vitro assembly.  

In the in vitro ligation trials, the formation of an ester bond between T11-HL-Mol8 and T5-

HL-Mol7 was known to be a rate limiting step. Only when T11-HL-Mol8 is bound and 

stabilised by T12-HL-Mol9 is it able form an ester bond with T5-HL-Mol7. This poor ligation 

efficiency between T11-HL-Mol8 and T5-HL-Mol7 is also seen in the in vivo ligation (Fig. 

38). There are two major intermediate bands, one that likely contains the first two fusion 

domains (T1-HL-Mol6 and T5-HL-Mol7, ~ 100 kDa) and another band that likely contains 

the last four (Mol10peptag-T28, T18-HL-Mol10, T12-HL-Mol9 and T11-HL-Mol8, 180 kDa). 

The prominent bands include what is likely un-ligated T1-HL-Mol6 (~50 kDa) and 

Mol10peptag-T28 (~30 kDa), the only fusion proteins to contain a His6 tag. However, there 

is also a large ~280 kDa complex that could indicate formation of the full TreeVax.  

During the course of the development of the ligation technology it has been consistently 

observed that the calculated construct mass does not always match the observed mass by 

SDS-PAGE when compared to the molecular mass protein ladder. The assemblies migrate 

differently from “conventional” globular proteins on SDS-PAGE. This observation may be 

due to the branched “tree-like” structure which is covalently linked together and stabilised 

by  intramolecular ester bonds, and also compounded by the T-antigens, which are 
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stabilised by intramolecular isopeptide bonds. These tree-like protein assemblies are likely 

hindered by the polyacrylamide matrix as they migrate and so appear larger than expected. 

For example, the ligated T1-HL-Mol6 + T5-HL-Mol7 dimer that has a calculated mass of 100 

kDa runs considerably higher than the 100 kDa ladder protein on both the 4-12% Bis-Tris 

and 3-8% Tris-acetate SDS-PAGE gels (Figures 31 & 38). 

Because the observed ligation species do not always necessarily match the expected band 

sizes on SDS-PAGE, western blotting analysis of epitope tags was used to confirm which 

fusion proteins were present in each band (Fig. 39). This is also necessary because we do 

not know if the cellular environment may alter the ligation specificity of the fusion 

proteins. As the majority of the individual protein components are of a similar mass (~50 

kDa) we need to identify immunologically if the expected protein species is present in each 
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protein ligation complex or if non-specific ligation between non-partnered Mol domains is 

occurring.  

 

The soluble fraction (lane 1) and IMAC fractions (lane 6 and lane 2 - Figure 38) were 

selected for western blotting, and pertain to lanes 1, 2 and 3, respectively, in Figure 39. 

The western blot with anti-Flag antibodies (Fig. 39B) revealed that T5-HL-Mol7 was found 

as a monomer (50 kDa) and in a complex of 100 kDa in the soluble fraction, and as it 

contains no affinity tag, only as a 100 kDa species in the IMAC elution. This indicates that 

T1-HL-Mol6 and T5-HL-Mol7 are ligating to form a dimer, but not incorporating into the 

complex containing Mol8│Mol9│Mol10│Mol10pept at any detectable level (no higher 

molecular weight species are detected). Despite different induction temperature/time 

trials, the rate of ester bond formation between T5-HL-Mol7 and T11-HL-Mol8 in vivo 

remained low. This result mirrors the in vitro assembly where two ligations, V1 and V2, are 

required to get adequate assembly of the full TreeVax.  

 

While the predominant bands detected by the anti-T1-antigen antibody are a monomeric 

(T1-HL-Mol6, 50 kDa) and 100 kDa dimer with T5-HL-Mol7 (Fig. 39A), there are also larger 

complexes detected. This may be because the antibody is polyclonal and is more sensitive 

than the mouse monoclonal’s that detect the epitope-tags of the other constructs. These 

additional bands could potentially represent a T11-HL-Mol8, T5-HL-Mol7, T1-HL-Mol6 

partial complex and a T12-HL-Mol9, T11-HL-Mol8, T5-HL-Mol7, T1-HL-Mol6 partial TreeVax 

complex. The antibody also detects a number of other minor protein species that are likely 

to be degradation products.  

 

As with T5-HL-Mol7, T11-HL-Mol8 does not possess a His6 tag, and to be captured by the 

IMAC it must be ligated to a complex that contains either T1-HL-Mol6 or Mol10peptag-

T28. In the anti-Ha western there is only one predominant band in the IMAC elution, a 

band that equates to ~250 kDa when matched to the MW ladder (Fig. 39C). If viewed in 

isolation you could assume that this is the fully assembled TreeVax complex, with a 

theoretical MW of ~280 kDa. However, the anti-Flag and anti-T1 westerns show that there 

is little or no detectable ligation of T5-HL-Mol7 with T11-HL-Mol8, or complexes containing 

T11-HL-Mol8. This suggests that the ~250 kDa band in the western is a Mol10peptag-T28, 
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T18-HL-Mol10, T12-HL-Mol9 and T11-HL-Mol8, which has a theoretical mass of 180 kDa – 

not the fully assembled TreeVax. This again suggests that the ligated complexes are not 

migrating on SDS-PAGE gels as a standard denatured protein would. They are being 

retarded as they move through the polyacrylamide matrix, so compared to the mass 

standards, are visualised as a higher mass than their actual mass. The western blots of both 

T1-HL-Mol6 and T5-HL-Mol7 corroborate this. The dimer of the two proteins migrates to a 

predicted mass of ~125 kDa rather than the expected ~100 kDa, hence a complex of four 

could be expected to migrate to ~250 kDa when compared with the MW ladder. The 

highest MW species in all western blots is ~250 kDa, which corresponds to the 

Mol10peptag-T28, T18-HL-Mol10, T12-HL-Mol9 and T11-HL-Mol8 partial ligation product.   

 

Because there is no detectable ligation between T5-HL-Mol7 and T11-HL-Mol8, the only 

way we can view the non-His6 tagged protein constructs T18-HL-Mol10, T12-HL-Mol9 and 

T11-HL-Mol8 in the IMAC elution is if they are ligated in a complex with Mol10peptag-T28.  

 

The western for T11-HL-Mol8 IMAC fractions (Fig. 39C lanes 2 &3) would be expected to 

contain one species only, corresponding to Mol8/9/10/10peptag. This appears to be the 

case, with potential monomeric T11-HL-Mol8 spill-over into lanes 2 and 3 from the soluble 

fraction (lane 1). 

 

The western for the T18-HL-Mol10 IMAC fractions would be expected to contain three 

species - Mol10/10pept, Mol9/10/10peptag and Mol8/9/10/10peptag. From observation 

of Figure 39E lanes 2 and 3, these predicted species are forming. The western blot shows 

two prominent Mol8/9/10/10pept and Mol9/10/10pept species, but only a minor band for 

the third expected Mol10/10pept species (migrating between ~75-100 kDa). This could be 

explained by a very fast ligation between T18-HL-Mol10 and T12-HL-Mol9. If substantially 

faster than the T12-HL-Mol9 to Mol10peptag-T28 ligation then most Mol10peptag-T28 

would be ligated directly to a Mol9/Mol10 complex, hence you would detect less of the 

Mol10/10pept species. Alternatively, we can’t exclude a transfer problem.  

 

The western for the Mol10peptag-T28 IMAC fractions is predicted to contain four species 

- Mol10pept, Mol10/10pept, Mol9/10/10peptag and Mol8/9/10/10peptag. Again, 
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observing Figure 39F lanes 2 and 3 confirms the presence of these four expected species. 

The Mol10peptag-T28 western (Fig. 39E) may also point to a transfer problem as it appears 

to have all four predicted species, including a band migrating at ~80 kDa (Mol10/10peptag 

species). 

 

However, In the T12-HL-Mol9 western (Fig. 39D) there are three larger complexes, not two. 

The top two are the predicted Mol8/9/10/10pept and Mol9/10/10pept species, however, 

there is a band present just under 100 kDa. This is unexpected, as it is smaller than any 

predicted T12-HL-Mol9 complex. This could potentially be a degradation product of the 

Mol9/10/10pept species or a non-specific ligation with excess Mol10peptag-T28. 

 

In the soluble fraction for all westerns (Fig. 39) the monomer and all possible ligation 

intermediates, as described above, should be detectable as there is no affinity purification 

step. 

 

Besides the expected ligation species, the western blotting has detected a number of 

minor bands. The minor bands are likely to be degradation products of the ligation species. 

While there is potentially some non-specific ligation between the constructs, this is likely 

to be minor. If non-specific ligation was an issue you would get a non-uniform banding 

pattern across the western blots, with higher intensity bands in some westerns but not 

others. As the minor banding pattern is similar in all western blots, degradation is the likely 

cause of the additional bands. 
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 Dimer T1-HL-Mol6 
/T5-HL-Mol7 

Figure 39. Western blot analysis of in vivo ligation. (A) Western blot with anti-T1 polyclonal antibody. (B) 
Western blot with anti-FLAG antibody. (C) Western blot with anti-HA antibody. (D) Western blot with anti-
Myc antibody. (E) Western blot with anti-Ty1 antibody. (F) Western blot with anti-V5 antibody. In A-F lane 1 
is EpiTag TreeVax5 soluble fraction, while lanes 2 and 3 are IMAC fractions of EpiTag TreeVax5. 
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6.2 Design of EpiTag TreeVax5 8-11– a second generation operon 
 
 

The design of TreeVax5 was guided by the results of the in vitro ligation experiments. This 

included the addition of two copies of the Mol8 construct in an attempt to increase the 

amount T11-HL-Mol8 available for ligation. TreeVax5 was also designed with Hind III 

restriction endonuclease sites flanking the second gene cluster (Mol7/Mol6/Mol8) 

because previous in vitro results had shown that the ligation rate between Mol8 and Mol7 

was poor and that this could also be a problem in vivo, and Mol7/Mol6 may need to be 

removed. Since the ligation between T5-HL-Mol7 and T11-HL-Mol8 was unable to form in 

vivo, EpiTag TreeVax5 was altered to remove the gene cluster containing T1-HL-Mol6, T5-

HL-Mol7 and T11-HL-Mol8. This was achieved by performing a restriction digest with 

restriction enzyme Hind III to linearise the operon and remove the unwanted gene cluster, 

followed by a T4-ligation to re-circularise the plasmid. This leaves an operon containing 

only T11-HL-Mol, T12-HL-Mol9N/R, T18-HLMol10 and Mol10peptag-T28, named EpiTag 

TreeVax5 8-11 for simplicity (Fig. 40). 
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6.2.1 Expression and western blotting of EpiTag TreeVax5 8-11 
 

Expression of EpiTag TreeVax5 8-11 was carried out similarly to the original EpiTag 

TreeVax5 experiment (Section 6.1.1), with 1 mM IPTG induction at 18 °C, and with shaking 

for 48 hours. Cells were then lysed and an IMAC purification was performed (Fig. 41). In 

this operon construct, the only fusion protein with a His6-affinity tag is Mol10peptag-T28, 

and so all species pulled down by the IMAC will include Mol10peptag-T28. 

 

Figure 40: Schematic of EpiTag TreeVax5 8-11, with one ORF containing the fusion proteins T11-HL-
Mol8, T12-HL-Mol9N/R, T28-HL-Mol10 and Mol10peptag-T28. Ribosome binding sites (RBS) are 
featured, as well as the T7 promotor. 
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The largest ligated species has a similar apparent MW (just above 250 kDa) as the soluble 

fraction and IMAC fractions for the original EpiTag TreeVax5 operon which contains six 

fusion proteins (Fig. 38). This result supports the interpretation of the western blotting of 

the full EpiTag TreeVax5 operon, that T1-HL-Mol6 and T6-HL-Mol7 are not incorporated 

into the ligated complex and that the largest ligated product contains Mol10peptag-T28, 

T18-HL-Mol10, T12-HL-Mol9 and T11-HL-Mol8 (Fig. 39).  

 

The prominent band just above 150 kDa is likely a species containing three fusion proteins, 

Mol9│Mol10│Mol10peptag, as the ligation between T12-HL-Mol9N/R and T11-HL-Mol8 is 

known to be slow. Another prominent band of ~70 kDa is consistent with the formation of 

a complex between Mol10peptag-T28 and T18-HL-Mol10.  

 

Another feature of the EpiTag TreeVax5 8-11 SDS PAGE appears to be a doubling band 

pattern (Fig. 41. This does not seem to be evident in the gel of EpiTag TreeVax5 (Fig. 38). It 
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Probable Mol10peptag-T28 + T18-HL-
Mol10 + T12-HL-Mol9N/R + T11-HL-
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Probable Mol10peptag-T28 + T18-HL-Mol10 
+ T12-HL-Mol9N/R complex  

 
Probable Mol10peptag-T28 + T18-HL-Mol10 

 

Mol10peptag-T28 

 

Figure 41: Soluble lysate and IMAC fractions of EpiTag TreeVax5 8-11. 
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is possible that this is due to an off-target ligation between Mol10peptag-T28 and T12-HL-

Mol9N/R. Western blots on EpiTag TreeVax5 revealed that there is an unexpected ~90 kDa 

T12-HL-Mol9N/R species (Fig. 39D), and since only His6-tagged complexes would be 

isolated in the IMAC fractions, this must be a ligation product containing the His6-tagged 

zBasic-T28 fusion protein (~40 kDa) and T12-HL-Mol9 (~50 kDa).  

 

Another possibility is that the doublet pattern could be an artefact of the migration of 

these complexes on SDS-PAGE caused by a variation of sample treatment prior to 

electrophoresis, either denaturation temperature or reducing agent. In addition, the T-

antigens of our fusion proteins contain intramolecular isopeptide bonds. It is possible that 

the formation of the isopeptide bonds in the T-antigens does not occur at a constant rate 

in the E. coli expression system, leading to a heterogeneous population. These stabilising 

covalent intramolecular isopeptide bonds are not broken during the denaturing/heating 

step before loading samples onto reducing SDS-PAGE, which affects migration distance 

because the T-antigens remain largely undenatured and run further on SDS PAGE gels. If 

this is the case, the doublets could be identical species running differently on the SDS-PAGE 

gel due to a mixture of formed and unformed intramolecular isopeptide bonds. 

 

We would have liked to examine this artefact with western blotting, but unfortunately we 

ran out of anti-Ty1 (T18-HL-Mol10). A delay in the supply of new antibodies prevented 

further work on the in vivo ligations within this MSc project.  
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7. Discussion  
 
 

This research forms the basis of future work which will both further the search for a viable 

vaccine candidate for GAS while also contributing to the exploration of novel methods in 

vaccine production and design. With the search for a GAS vaccine now approaching 50 years 

(Sheel et al., 2016), it is crucial that antigens other than the extensively studied M protein are 

explored. The GAS pilin or T-antigen, used in this research is still largely unstudied, as 

exemplified by fact that there is no universal typing system for T-antigens in the literature 

(Chochua et al., 2017). This is especially important as GAS is particularly difficult to develop a 

vaccine for, owing to its extensive local strain diversity that varies with global distribution. 

The use of T-antigens, which show less variation than the M-protein, may help to circumvent 

this issue, offering greater coverage with less numerous vaccine components. 

 

7.1 Insights and further development of the in vitro TreeVax 
 

Although small-scale purification of an in vitro ligated TreeVax was able to isolate a single 

protein complex corresponding to the full length TreeVax, this ligation product will need 

to be analysed by liquid chromatography mass spectroscopy (LCMS). This additional 

characterisation is necessary to confirm the entire correct ligation product is present 

before any immunoassays can be undertaken with confidence. 

 

Larger-scale (~50 mg of recombinant protein) ligations are also successful, but further 

optimisation is needed in the IEx and IMAC purification steps to ensure that ultimately, 

only one product is purified. Once enough of the full TreeVax is isolated and confirmed by 

LCMS, immunogenicity assays can commence. Initial immunogenicity assays will involve 

assessing the antibody response generated in mice following immunisation with the trial 

TreeVax vaccine. Three groups of mice will be immunised: one group will be challenged 

with TreeVax vaccine, another with a mixture of the free T-antigens in solution, and the 

third against the assembled Mol domain scaffold without T-antigens. Both controls have 

been prepared (the six T-antigens purified by myself and the Mol domain scaffold 
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assembled by Eugene Sun) and are ready to be used in immunisation trials. The vaccination 

procedure will involve an initial challenge, followed by two booster shots. Serum samples 

are extracted and analysed over the course of one month. ELISAs will be undertaken to 

ascertain the antibody response and assess relative antibody titres between the TreeVax 

sample and the two controls.  

 

There is also the possibility to assess how our TreeVax vaccine compares to or 

complements another T-antigen epitope vaccine currently being developed by Associate 

Professor Thomas Proft, FMHS, University of Auckland (un-published work).  

This T-antigen epitope vaccine targets the same six T-antigens selected for TreeVax. 

However, their approach is to make a fusion protein containing six IgG-like domains, with 

only one of the two IgG-like domains from each T-antigen (most T-antigens are comprised 

of two IgG-like domains, an N- and C-terminal domain). Hence, while it targets the same 

six T-antigens, this prototype vaccine contains half of the possible epitopes from each T-

antigen. No prior immunogenic work has been carried out to determine the location of the 

dominant epitopes in T-antigens. This means that the dominant epitope(s) could be 

present on either of the two domains and are possibly not included in the prototype 

vaccine with single domains. Our TreeVax contains the entire T-antigen that is presented 

to the immune system in its native form, and therefore must include all dominant 

epitope(s), if present. This may result in a more robust immune response, and/or a more 

cross-reactive immune response against the T-antigens. 

 

Previous work has identified that although different T-antigens have low sequence identity 

(34-58%) and the domains themselves show a remarkably similar structure/fold with a 

RMSD of only 1.34 Å between the C-alpha trace (Young et al., 2019). There is a high 

probability that there are important epitopes present that span the domains of T-antigens. 

Since our TreeVax includes native T-antigen proteins in their entirety, they will retain an 

overall T-antigen structure that should result in better cross-reactive targeting than the 

truncated individual domains used in single domain vaccines. We are also expecting to see 

a greater immunogenic response owing to the scaffold acting as a potential adjuvant on its 
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own. ELISA assays will identify the extent of cross-reactivity between the T-antigens 

included in TreeVax and T-antigens that were not included in our prototype vaccine 

assembly. We have access to all 21 currently known tee types (Chochua et al., 2017), of 

which 15 are not included in TreeVax. Following ELISA analysis, GAS challenge assays on 

immunised rabbits can be undertaken to determine whether the antibodies raised against 

the T-antigens by TreeVax are able to opsonize live GAS bacteria. This will provide insight 

into the efficacy of the TreeVax vaccine. 

 

 
7.1.1 Potential modifications to TreeVax 
 

 

It is relatively easy to alter TreeVax owing to its modular design. This enables tailoring of 

individual domains/epitopes in response and to insights gleaned from the immunoassays. 

For example, it may be necessary to reduce the exposed Mol domain scaffold due to a high 

off-target immune response against the scaffold itself. Mobiluncus mulieris is itself a 

human pathogen contributing to bacterial vaginosis (Bautista et al., 2016), and although 

an off-target immune response may not be inherently unwelcome, it is preferred that the 

main immunogenic response is to the T-antigens. It is also possible that the immune 

response against the T-antigens will be heightened due to the presence of the scaffold 

acting as an adjuvant. In addition, it is expected that clustering of the T-antigens, as well 

as the larger overall size of the multi-part assembled TreeVax, will induce better 

recognition and targeting by the immune system. 

 

The T-antigens included in this trial vaccine are from FCT groups 2/3/4/7/8. To cover all 

circulating GAS strains, T-antigens from the other FCT groups 1/5/6/9 should be included 

in the vaccine. To do this, and to completely represent all FCT types, we would create two 

more TreeVax variants, each displaying six different T-antigens. These three TreeVax 

complexes would then be mixed to create an 18-valent vaccine that would cover all GAS 

strains. The modular design of TreeVax allows for easy replacement/swapping of different 

T-antigens, such that the vaccine could be easily modified to include T-antigens more 
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prevalent depending on geographic locality (tailoring the vaccine for individual populations 

or for new strains that might arise), or to potentially provide more broad spectrum 

coverage globally, as the T-antigens used in TreeVax were selected for their relevance to 

the New Zealand population.  

 

In this early stage of research we still do not know the extent of cross-reactivity between 

different T-antigens or tee types. The majority of T-antigens are from FCT types 2/3/4/7/8 

(two-domain T-antigens), which have the least sequence variation: there is 30-40% 

sequence identity among these FCT types, while types 1/5/6/9 are highly divergent, 

sharing less than 30% sequence identity both with each other and with types 2/3/4/7/8 

(Steemson et al., 2014). Owing to the sequence and presumably structural similarity within 

FCT 2/3/4/7/8 groups, it is possible that there may be substantial cross-protection across 

these FCT groups. If this is the case, we may be able to reduce the overall number of T-

antigens included in the vaccine without reducing coverage. Some of the T-antigens 

included in this vaccine may therefore be redundant and can be removed. There is 

currently a lack of research on the cross-reactivity profiles of the T-antigens in general and 

the immunogenicity data from the trial TreeVax vaccine will help resolve this. This 

information is crucial for the design and development of an optimised vaccine. 

 

It is also possible to swap out some of the T-antigens for other GAS antigens. This could 

greatly increase the effectiveness of the TreeVax vaccine, as there are GAS strains which 

may not be efficiently targeted with T-antigens as epitopes. For example, some strains of 

GAS have a non-functional tee gene owing to a premature stop codon. This prevents the 

polymerisation of the pili backbone (Steemson et al., 2014). Pili (T-antigen) expression is 

also associated with pharyngitis-causing strains but can be absent in strains associated 

with invasive infections. This differential expression of T-antigens is governed by the 

adaptive response of GAS to their environment. For example, GAS strain emm3 produces 

negligible amounts of pili as this adaptation allows for better survival in the bloodstream, 

preventing conglomeration and the formation of a biofilm (Calfee et al., 2018). This would 

make invasive GAS strains a challenging target for any T-antigen based vaccine, making 

inclusion of additional antigens on TreeVax desirable for optimal protection.  
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Other GAS targets that could be added to the TreeVax complex include C5a peptidase, 

which has shown promise due to its ability to generate opsonising antibodies that promote 

clearance of GAS infections in challenged mice (Cleary et al., 2004), and the antigens used 

in a “combo” vaccine in 2012, which showed bactericidal activity (Bensi et al., 2012). The 

components of “combo” were streptolysin O, the SpyCEP protease (SPy0416) and SPy0269, 

a surface exclusion protein. A mixture of both T-antigens and these other antigens could 

provide coverage across GAS strains that display different colonisation strategies. Indeed, 

if the scaffold presented in this research is able to heighten the immune response by acting 

as an adjuvant, including these alternate antigens could display greater immunogenic 

responses than what has been observed in previous research into these antigens.  
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7.2 Optimising the in vivo expression and ligation of TreeVax 
 

The preliminary experiments described in this thesis provide the groundwork for 

optimising the in vivo production of TreeVax. This work is only just beginning, but is already 

looking promising. While we weren’t able to fully purify a trial vaccine, this work did 

demonstrate that the selectivity of the Mol domain ligation is retained in the expression 

host (E. coli). This means the auto-assembly of vaccine complexes is a viable proposition.   

 

The next steps will involve further analysing the new EpiTag TreeVax5 8-11 (which has Mol 

domains 6 and 7 removed) via ELISA and LCMS. This will confirm that the operon scaffold 

comprising Mol domains 8│9│10│Mol10pept is able to form a ligation product in vivo that 

contains one copy of each of the four fusion proteins. This operon was also designed prior 

to the development of the two-step affinity purification method. As such, synthetic 

operons have been ordered from GenScript that include the (Z)basic tagged zBasic-T28 

fusion protein in place of Mol10peptag-T28. Expression trials and ELISAs will also be 

performed on this new operon construct to determine the relative expression rates of the 

individual fusion proteins. 

 

Once more is known about the relative expression rates and the ligation efficiency of the 

individual fusion proteins, optimisation of these parameters will be carried out to ensure 

optimal in vivo TreeVax assembly. Expression within operon systems can be difficult to 

optimise, as the translation rate of proteins further downstream in the operon drop off 

considerably due to degradation of the transcribed mRNA. This effect can be mitigated by 

employing the use of alternative ribosome binding sites or increasing the copy number of 

one or more of the fusion proteins. It is already known that T11-HL-Mol8 has a considerably 

lower ligation efficiency compared to the other fusion proteins. If the above modifications 

(increased copy number, stronger RBS’) are not able to significantly increase the 

expression of T11-HL-Mol8 relative to the other fusion proteins, this fusion protein may 

need to be removed in the interest of increasing the yield of final ligated product. 
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This could be achieved by swapping the Mol8 domain out for a different MSCRAMM/pilin 

protein that possesses a greater ligation efficiency, whilst retaining a strict selectivity. The 

Mol8 complementation peptide present on Mol9 could be changed for the 

complementation peptide in Cpe0147, a pilin from C. perfringens (Kwon et al., 2014) or 

Gberg (a pilin from G. bergeriae, unpublished work). This would enable Mol9 to ligate to a 

domain from either Cpe0147 or Gberg, and allow the retention of a four-part scaffold 

without sacrificing ligation efficiency. If needed, a number of different ester bond forming 

proteins could be trialled to extend the number of ligated products. Conversely, it may be 

more feasible to reduce the number of ligated products to three. We have already 

observed in vitro that the three constructs Mol10pept, Mol1 and Mol9 ligate very 

efficiently, and it is likely this will also be the case in vivo. Reducing the number of antigens 

may still retain the potential immune stimulating characteristics of the vaccine while 

increasing production yield.  

 
 

7.2.1 Future applications and impact of in vivo vaccine assembly  
 

The concept of in vivo production and purification of a large, multi-part vaccine could be 

highly influential in the commercial production of multivalent vaccines. The TreeVax Mol 

domain scaffold, when paired with our two-step affinity purification method, will allow for 

multicomponent vaccines to be produced with far fewer steps, streamlining industrial 

vaccine production. With a current 4-valent vaccine, each of the four components must be 

purified separately before being mixed in the final vaccine. Similarly, a 4-valent in vitro 

TreeVax would require five separate purification experiments, producing each of the four 

components in isolation, then a final purification post ligation. However, this extra step 

may be compensated for by increased immune stimulation of the ligated complex, and by 

the knowledge that each antigen has been incorporated evenly and will be equally 

distributed across all batches – each antigen is covalently linked and will always be in equal 

molar ratio to each other. In contrast, only one complex needs to be purified with in vivo 

TreeVax production. This significant reduction in purification steps is amplified when you 

consider a larger number of antigens. For a 16-valent vaccine you would express and purify 

just four complexes, as opposed to 16 individual antigens.  
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Furthermore, if the scaffold proves to act as an effective adjuvant, the Mol domain protein 

scaffold itself could become an attractive building block for the development of other 

bacterial/viral vaccines. The scaffold provides a base from which the antigens are anchored 

in a defined order, allowing greater control over the stoichiometry and orientation of the 

antigen components. This system can also accommodate full domains or small proteins, 

which is useful as the antigens require the retention of their native structure to effectively 

induce an immune response. The Mol domain protein scaffold also results in antigen 

clustering and provides a larger target for the immune system, both shown to increase the 

efficacy of VLP based vaccines (Brune et al., 2016; Thrane et al., 2016). This clustering is 

especially useful for small antigens, as these do not generate as strong an immune 

response as larger antigens (Zhang et al., 2015).  

 

Multivalent or multicomponent vaccines are indeed necessary when developing a vaccine 

for bacteria/viruses that display extreme strain variation such as GAS, or have proved to 

be particularly evasive against the immune system. However, there is also increasing 

interest and development of combination vaccines that confer protection against multiple 

diseases caused by different bacteria/viruses, which can be seen as analogous to a 

multicomponent vaccine. This is due to the logistical challenges with providing multiple 

shots over the course of the childhood immunization schedule which deters patient 

participation (particularly due to parental apprehension) leading to deferred doses and 

lower coverage. A 2007 study found that the use of combination vaccines is associated 

with greater vaccination coverage (Marshall et al., 2007). An example of a combination 

vaccine is the MMR vaccine which protects against mumps, measles and rubella.  

Additionally, combination vaccines have been shown to have greater efficacy when 

compared to both whole-cell vaccines and combination vaccines with fewer components. 

A comparative trial into the efficacy of the combination vaccine DTaP for diphtheria, 

tetanus and pertussis (whooping cough) found that the combination vaccine DTaP 

outperformed both the whole cell component vaccine (DTP) and the combination vaccine 

DT which protects against diphtheria and tetanus only (Stehr et al., 1998).  
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With these advantages in mind, the application of our in vivo, self-assembling protein 

scaffold presented herein has the potential to influence the development of 

multicomponent vaccines targeting a wide variety of bacterial and viral diseases. 
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