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Chapter 1 – Introduction and Literature Review 

1.1 Introduction to Botulism 

Clostridium botulinum is a rod shaped gram positive obligate anaerobe. A spore forming 

saprophyte, it is found in leaf litter, soil, and has been isolated in nearly all continents in the 

world. It produces the botulinum toxin, the most potent poison found in nature. There are 

seven different C. botulinum strains that produce seven serologically different forms of the 

botulinum toxin labeled A-G. Some are associated with humans (A, B and G) while C and D 

are more closely related to disease in animals (Critchley, 1991). 

 

Figure 1.1 Bacillus shaped Clostridium botulinum (obtained from Public Health Image 
Library image#2107, CDC) 

Botulus is the Latin term for sausage and the disease was named in 1871 by Dr. Justinus 

Kerner while working on an outbreak caused by the consumption of blood sausages in 

Germany. The bacterium was first isolated from infected tissue by Dr. Emile van Ermengen 

in 1895. He identified the bacteria as the causative agent for the disease (Ting and Freiman, 

2004).  
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Botulinum toxin binds to the neuromuscular junction and penetrates the nerve cells 

preventing acetylcholine release causing paralysis. The toxin binds irreversibly leading to 

slow recovery times in affected patients as the cells have to first repair the damage caused 

by the toxin. In tetanus intoxication, a toxin from a related clostridial strain, Clostridium 

tetani, binds to axons and penetrates these. Rather than interrupting acetylcholine release, 

tetanus toxin interferes with neurotransmitter inhibition. This leads to a continuous release 

of acetylcholine and causes severe muscle spasms. Tetanus toxin, although similar in its 

structure and cellular targets to botulinum toxin, has the opposite effect on the body due to 

its specific protein target (Hatheway, 1990). 

Botulism intoxication can occur through an open wound, but most commonly occurs orally, 

through the consumption of contaminated or tainted foods or by inhalation of airborne 

purified toxin (it has been classified as a high risk bio-terror agent by the Center for Disease 

Control) (Kobayashi et al., 2005). Given that the source of infection is primarily oral, 

immunity at the mucous membranes is an important consideration. Recent work has been 

carried out to attempt to boost the immune response at the initial site of contact and achieve 

mucosal immunity. Standard parenteral vaccines do not boost antibody levels at the mucous 

membranes. Newer inhalation vaccines can provide two lines of defense at the mucous 

membranes and in the circulatory system, are easier to administer and can potentially 

provide more effective immunity against ingested or inhaled toxin (Kobayashi et al., 2005).  

The project involves botulism poisoning in cattle. This is a serious problem affecting cattle 

herds worldwide. The primary strains responsible are C. botulinum types C and D although 

outbreaks of strain B have also been reported (Galey et al., 2000; Trueman et al., 1992; 

Neill et al. 1989). The C and D strains carry the toxic genes on bacteriophages; when the 
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phages are cured, or removed from the bacterial cell using acridine orange the Clostridial 

cells are no longer toxic (Eklund and Poysky, 1974; Maloy et al., 1994). This has led to 

greater genetic variability within these two serotypes and even mosaics of the two have been 

isolated (Webb et al., 2007). The BoNT/C neurotoxin gene (accession code# D90210) was 

first sequenced in 1990 (Kimura et al., 1990, Kimura et al., 1991) and the BoNT/D 

neurotoxin gene (accession code# S49407) was sequenced in 1992 (Sunagawa et al., 1992). 

In both cases the toxin genes were isolated from the bacteriophages that transfect C. 

botulinum.  

The source of the bacteria is often contaminated silage and feed. Another source of the toxin 

is infected carcasses found in the paddocks. Phosphorus and protein deficiencies in soil and 

grass lead to a condition known as pica in cattle. This condition causes cattle to consume 

bird and small animal carcasses and chew on their bones. If these are infected with C. 

botulinum the intoxication is passed on to the cattle (Beveridge, 1983) leading to the telltale 

symptoms of botulism: gradual flaccid paralysis often leading to death. Mortality rates are 

high and only very mildly infected cattle recover from intoxication.  
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Table 1.1 Currently available botulism vaccines and vaccination schedules for cattle. 

Vaccine 
Prime 

Booster* 
Revaccination Comments 

Websters® Low 
volume bivalent 

botulinum vaccine 
for sheep and cattle 

4-6 weeks 
Annual is 

recommended 

A single dose will provide 
worthwhile protection in 
extensive pastoral areas. 

Ultravac® 
Botulinum vaccine 

4-6 weeks in 
non-

endemic** 
areas 

Annual is 
recommended 

One dose is sufficient to 
confer protection in areas 

where botulism is 
endemic. 

Longrange® 
Botulinum vaccine 

Not required 
Annual is 

recommended 
  

Singvac® 2 year 
single-shot 

botulinum vaccine 
for cattle 

Not required 

Every 2 years 
but annual in 
non-endemic 

areas 

Where infection is rare, a 
24 month booster interval 
may not provide optimal 

protection 

Singvac® 3 year 
single-shot 

botulinum vaccine 
for cattle 

Not required 

Every 3 years 
but annual in 
non-endemic 

areas 

Where infection is rare, a 
36 month booster interval 
may not provide optimal 

protection 

http://www2.dpi.qld.gov.au/dairy/18520.html 

* After the initial injection    

** Non-endemic areas are where botulism infections are rare 

Table 1.1 lists the cattle botulism vaccines currently registered for use in Australia. These 

are based on inactivated full length toxins from strains C and D. While effective, there are 

inherent problems with using the active toxin. Due to the extreme potency of the toxins, 

great care must be taken in vaccine production. Once prepared and inactivated, every batch 

must be carefully tested in vivo to ensure that no active toxin remains. The process is 

expensive and time consuming requiring several months from flask to shelf.  
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The aim of the current project is to develop a simpler, safer vaccine that induces protective 

immunity in the animal without requiring the use of the full active toxin. It has been shown 

that the full-length toxin is comprised of three discrete sections, each with a different 

function. The toxin is comprised of a light chain (LC) and a heavy chain (HC) connected by 

a single disulfide bond. The light chain is the biologically active segment of the toxin, 

inhibiting acetylcholine release (Montecucco and Schiavo, 1993). The heavy chain is 

composed of two sections. The amino (N) terminus of the heavy chain (HN) is the 

translocator section. This segment is responsible for translocating or transporting the active 

segment into neuromuscular junctions (Montecucco et al., 1994). The 50 kDa of the 

carboxy-terminal end (Hc) is responsible for binding the toxin to the neuromuscular 

junction. When the toxin is in close proximity to the nerve cell, the binding site attaches to 

specific glycosphingolipids and stabilizes it next to its target. Once bound, the translocator 

can import the active protease into the cell which leads to intoxication (Montecucco et al., 

1994). 

Studies have shown that the binding domain is capable of eliciting a protective immune 

response and can thus be used as a basis for a new vaccine formulation (Smith, 1998). The 

implications for vaccine development are twofold; manufacture and manipulation of the 

binding site is much simpler. Recombinant DNA technologies are simplified by working on 

a smaller segment rather than trying to synthesize a full length protein that is composed of 

two chains connected by a disulfide bond. As well production is safer, since in itself, the Hc 

fragment is not toxic. As the vaccine is not based on inactivated or attenuated toxin, 

postproduction testing for toxin activity is much less critical. Clearly it must still be tested 

for effectiveness and immunogenicity, but its lack of inherent toxicity makes the process 

safer, quicker, and more economical.  
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1.2 Description of Botulinum Toxin 

Clostridium botulinum is the bacteria responsible for the disease botulism. The causative 

agent is the botulinum toxin, the most potent toxin known in nature (see Table 1.2). It 

causes muscle paralysis that can lead to death. In this section the types and nature of the 

toxins will be discussed as well as their mode of action. 

Table 1.2 Comparison of various toxins and their potency in mice (Bigalke and Rummel, 
2005). 

 

Toxin MLD50 [µg/kg: 

i.p.] 

MW [Da] Source 

Botulinum neurotoxin 

A 

     .0003 150000 Bacteria C. botulinum 

Tetanus neurotoxin      .001 150000 Bacteria C. tetani 

Abrin      .04  65000 Plant Abrus precatorius 

Diphtheria toxin      .1  52000 Bacteria C. diphtheria 

Iota toxin      .2  47500 Bacteria C. perfringens E 

Ricin     3.0  64000 Plant Ricinus communis 

MLD50 (median lethal dose) represents the dose that kills 50% of treated mice. 

Clostridium botulinum produces two distinct classes of toxins. The first class is composed of 

the neurotoxins that damage the soluble N-ethylmaleimide-sensitive fusion protein 

attachment protein receptors (SNARE) complex in nerve cells and lead to paralysis. There 

are seven serotypes of these neurotoxins designated A to G. The other class of toxin, 

sometimes found in the C strain, is designated C2. It is not a neurotoxin but rather an actin-

ADP ribosylating toxin. ADP-ribosylation at Arg-177 prevents polymerization of the actin 

monomers and leads to the breakdown of the cytoskeleton. If ingested, the C2 toxin leads to 

cell death, causes necrotic lesions in the intestines and has an intravenous LD50 of 50 fmol. 
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As opposed to C1 and D, C2 is genomic and not transferred by phage (Aktories and Barth, 

2004). This toxin is not involved in classical botulism poisoning and will not be further dealt 

with in this study.  

        A              B 

 

 

 

 

 

 

Figure 1.2 A. Three dimensional structure of C. botulinum toxin indicating the three 
separate domains – Binding (HC), translocator (HN) and catalytic (L). The H represents the 
heavy chain while the L is the light chain of the toxin. B.  A side view of the translocation 
domain indicating the Belt region. (Turton et al., 2002).  

Botulinum toxins are synthesized as a single polypeptide of 150 kDa. The polypeptide is 

cleaved in the bacterial cell and forms two subunits, the light chain and the heavy chain, 

bound by a disulphide bond. The 50 kDa light chain contains a zinc finger motif and has 

very specific endopeptidase catalytic activity (Turton et al., 2002). This is the active, toxic 

subunit of the toxin. The 100 kDa heavy chain has two distinct areas and functions. The N 

terminus is the toxin’s translocator region and enables the small subunit to enter the cell and 

get access to its target protein. The carboxy or C terminus is the toxin’s binding domain and 

is responsible for attaching the complete toxin to the neuro-muscular junction. It is of 
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interest to note that while this is a single protein composed of two subunits, it can also be 

considered as three separate entities, each with its own function (Turton et al., 2002). 

 

 

 

 

 

Figure 1.3 The three segments of the botulinum toxin.  

 

The toxin light chain is composed of α-helix and β-strands. The active site is deep in the 

protein and is accessible by a channel. This is the active part of the toxin and is a very 

specific protease, identifying and cleaving one single substrate (Lacy and Stevens, 1999). 

The seven neurotoxins described above each cleave a unique site of a single protein of the 

SNARE pathway, with the exception of BoNT/C1 which cleaves two proteins (see Table 1.3 

for exact cleavage sites). Recent studies on the catalytic domain along with X-ray 

crystallographic data (Breidenbach and Brunger, 2004; Jin et al., 2007) indicate that the s 

pecificity is due to a large number of exosite binding sites (sites away from active site). 
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Table 1.3 Serotypes of C. botulinum, The SNARE elements they cleave, and cleavage sites 
of each. Note that type C is the only serotype that cleaves 2 elements of the SNARE system 
(Shukla and Sharma, 2005). 

Serotype Host SNARE protein (substrate) Cleavage site 

Type A Human SNAP-25 Gln197-Arg198 

Type B Human Syneptobrevin Gln76-Phe77 

Type C 

  

Animals 

  

SNAP-25, Syntaxin 

  

SNAP25: Arg198-Ala199 

Syntaxin:  Lys253-Ala254 

Type D Animals Syneptobrevin Lys59-Leu60 

Type E Human, 
Fish 

SNAP-25 Arg180-Ile181 

Type F Human Syneptobrevin Gln58-Lys59 

Type G Human Syneptobrevin Ala81-Ala82 

  

The translocator, located at the amino end of the large subunit, is composed of a pair of long 

α helical structures and functions within a narrow pH range. As well, it has a polypeptide 

stretch that actually wraps around the active site of the small subunit and is termed the Belt 

(see Figure 1.2). It has also been shown to form channels in lipid bilayers (Lacy and 

Stevens, 1999). 

The carboxy terminal end of the toxin does not have catalytic activity and is involved with 

binding the toxin to the cell surface. It consists of β strands connected by an α helix. This 

subunit can be further divided into two halves, the carboxy-carboxy end and the amino-

carboxy end. By carrying out site directed mutagenesis it was found that the actual binding 

to the neuromuscular junction occurs at the carboxy-carboxy end (Lalli et al., 2003). The 

function of the amino-carboxy end is not known in botulism but is elucidated in the tetanus 

toxin, which has a similar binary toxin structure. Binary toxins, also known as A-B toxins, 
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are composed of an enzymatic component (component A) and a membrane-altering 

component (component B) (Barth et al., 2004). It has been shown that the amino-carboxy 

segment of component B in the tetanus toxin assists in trafficking component A to its site of 

action (Lalli et al., 2003). 

The mechanism of toxin binding to nerve cells is being worked out for the various strains of 

botulism. The current model is called the double receptor model (Rossetto and Montecucco, 

2007).  The toxin first binds to a specific glycosphingolipid (which are highly enriched at 

nerve terminals) and then seeks out a synaptic vesicle associated protein and binds to it as 

well. This model accounts for the high potency and high specificity exhibited by botulinum 

toxins. The identities of the glycosphingolipids (GSL) have been elucidated for the various 

strains of botulism (Simpson and Rapport, 1971; Ochanda et al.,1986; reviewed in Yowler 

and Schengrund, 2004). Tables 1.4 lists the different strains along with the GSL they are 

known to bind. Table 1.5 shows the carbohydrate structures associated with each GSL. 

Strain G is the only one that does not bind to a GSL and does not follow the two receptor 

model. As for the second binding receptor, protein binding sites for only three strains of 

botulism have been determined. Strain A was found to bind to vesicle protein SV2 (Dong et 

al., 2006). Extensive work done with knockout mice indicated that limiting the amount of 

SV2 in the cell reduced susceptibility to the toxin (complete elimination of SV2 was very 

detrimental to the mice and they died within weeks of birth). In the case of strains B and G it 

was found that synaptotagmin I and II were the membrane proteins to which the toxins 

bound (Dong et al., 2003; Jin et al., 2007; Rummel et al., 2004). The exact protein receptors 

for strains C and D have yet to be determined. 
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Table 1.4 Identity of the various sphingolipids bound to the different strains of the 
botulinum neurotoxin. Glycosphingolipids are essential to toxin docking for six of the seven 
strains known (Yowler and Schengrund, 2004). 

 

Strain of Botulinum neurotoxin Glycosphingolipid bound 

A GD1a, GD1b, GT1b, GQ1b 

B GD1a, GD1b, GT1b 

C GD1a, GD1b, GT1b 

D GT1b 

E GD1a, GT1b, GQ1b 

F GD1a, GD1b, GT1b 

G Not needed 

 

 

Table 1.5 Carbohydrate compositions of the glycosphingolipids involved in toxin binding 
(Yowler and Schengrund, 2004). 

Glycosphingolipid Carbohydrate structure 

GD1a NeuAcα2-3Galβ1-3GalNAcβ1-4(NeuAcα2-3)Galβ1-4Glcβ1 

GD1b Galβ1-3GalNAcβ1-4(NeuAcα2-8NeuAcα2-3)Galβ1-4Glcβ1 

GT1b NeuAcα2-3Galβ1-3GalNAcβ1-4(NeuAcα2-8NeuAcα2-3)Galβ1-

4Glcβ1 

GQ1b Galβ1-3GalNAcβ1-4(NeuAcα2-8NeuAcα2-3)Galβ1-4Glcβ1 

   α2-3 

NeuAcα2-8NeuAc 

 

The bound toxin is a Trojan horse and enters the cell through receptor-mediated 

endocytosis. Recent studies (Rossetto et al., 2001) have shown that the carboxy terminus of 

the heavy chain also gets internalized in the same manner suggesting that the endocytosis is 
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due strictly to the binding of the Hc to its target. Once internalized, the drop in pH leading to 

an acidic environment in the vesicle causes the light chain catalytic domain to dissociate 

from the heavy chain and penetrate the cell with the assistance of the translocator 

component (Fujinaga, 2006). Studies with the carboxy terminus have shown that when 

presented alone, it binds normally and is internalized by the cell, but has no catalytic activity 

and is not toxic (Lalli et al., 1999). 

Inside the cytosol, the small subunit domain targets the SNARE system (Glick and 

Rothman, 1987). This highly conserved cellular transport system is involved with the final 

docking stages of vesicles involved in exocytosis. SNARE proteins are divided into two 

groups, the v-SNAREs and the t-SNAREs, with the former forming part of the vesicle 

transport and the latter as target polypeptides in the secretion of the cargo.  

The general SNARE secretion pathway follows the course described in Figure 1.4. Two 

synaptobrevin elements located on an open vesicle link up in a zipper-like fashion and form 

a closed vesicle. At the same time, two different t-SNARE elements located on the cytosolic 

side of the membrane, SNAP-25 (synaptosomal associated protein) and syntaxin, join and 

form a structured dimer. SNAP-25 is composed of two polypeptide chains (the C-end and 

the N-end) and is post-translationally palmitoylated while the single syntaxin chain is bound 

to the membrane by a transmembrane domain. These three polypeptide chains form a stable 

structure and await the vesicle. Two such structures are required, one for each vesicle bound 

synaptobrevin. When the vesicle approaches the SNAP-25/syntaxin dimer the 

synaptobrevins attach to the dimers and form a SNARE-complex. A signal is given by way 

of Ca2+ flux, mediated by synaptotagmin, a Ca2+ transport protein. Once the signal is 
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received, the vesicle opens and secretes the cargo (in this case acetylcholine). The entire 

structure is then dissociated and recycled in the cell (Hong, 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Synaptic vesicle recycling and exocytosis involving the SNARE system. A.  
Clathrin protein forming a cage recycles the synaptic vesicle and translocates it deeper into 
the nerve cell where the Clathrin gets dissociated. B. The empty vesicle is loaded with 
acetylcholine and is prepared by the cell to release its load. C. The vesicle is mobilized and 
approaches the cell membrane, bringing the different proteins of the SNARE system in close 
proximity. D. The vesicle docks to the cell membrane with the Synaptobrevin located on the 
vesicle binding to Syntaxin and SNAP-25. E. A rise in intracellular calcium levels trigger 
the release of the neurotransmitter into the synaptic cleft where it binds to receptors on the 
muscle cell and leads to contraction of the muscle tissue. F. Following release of the 
acetylcholine, the vesicle is rebuilt using clathrin proteins (Richmond, 2007; Shukla and 
Sharma, 2005). 

For the effective secretion of acetylcholine through the neuromuscular junction, the SNARE 

system must work in synchrony and all the various elements must be available and  

functioning properly. If any of these are damaged, as shown in Figure 1.5, the entire 

pathway collapses and the acetylcholine containing vesicles are no longer able to function 
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and secrete the neurotransmitter. Only by repairing and replacing the damaged elements can 

the cell return to its proper functioning.  

 

 Figure 1.5 Exposure to botulinum toxin. Introduction of the toxin through binding to 
neuromuscular junction and endocytosis leads to the cleavage of differing elements of the 
SNARE system. This effectively prevents vesicle docking and release of the acetylcholine 
neurotransmitter. The muscle fibre is paralysed (Shukla and Sharma, 2005). 

The complete toxin or progenitor toxin is made up of two distinct elements; the non-toxic 

accompanying proteins and the toxin itself (derivative protein) (DasGupta and Boroff, 

1968). It is believed that these non-toxic proteins bound to the toxins are required for 

protecting it from the bile and the acidic conditions of the digestive tract. This allows the 

toxin to be consumed and remain active (Miyata et al., 2009). Pure toxin without these 

protective proteins was found to have greatly reduced toxicity (Fujinaga, 2006). This finding 
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was challenged by another group that injected the pure neurotoxin directly into the stomach 

and found it to be absorbed and lead to botulism intoxication (Maksymowych et al., 1999). 

The doses used for the study were quite high and might not reflect what would occur during 

actual botulism poisoning through ingestion of contaminated foods.  

The composition of these components varies amongst the serotypes. The A strain is isolated 

as three different sizes 19S (900kDa), 16S (500kDa), and 12S (300kDa). Types B, C, and D 

produce only two sizes of the progenitor toxin, 16S and 12S. Types E and F are found only 

as 12S while type G is found exclusively as 16S (Inoue et al., 1999).  

The 12S toxin is composed of the neurotoxin bound by proteins that do not display 

haemagglutination activity. The larger sized toxins carry the proteins found on 12S but also 

proteins that show haemagglutination activity. This haemagglutinin component is thought to 

assist and increase the amount of toxin internalized into the bloodstream (Inoue et al., 

1999).  

The progenitor toxin, including accompanying proteins, is not relevant to the proposed 

vaccine development described in this project. However, if in the future a digestible form of 

the vaccine is developed it is important to keep in mind that the toxin alone might not elicit 

an effective immune response and the nontoxic elements described above would have to be 

included in its formulation.  

1.3 Botulism and Disease 

 

Botulism in humans causes neuromuscular paralysis and can lead to death. The binding of 

the toxin to the receptors is irreversible and the SNARE system must be reconstituted in 
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order to recover function. This can take up to several months and recuperation can be a slow 

process. 

There are four known routes of botulism intoxication. The first and most common way to be 

exposed to the toxin is through contaminated food. In fact most outbreaks involve 

consumption of contaminated or improperly prepared foodstuffs. The first recorded 

outbreak can be dated back to 1822 (Ting and Freiman, 2004).  

Botulinum spores are resistant to heat, and improper home canning, where jars are not 

properly sterilized, creates favorable growth conditions for Clostridium botulinum (Horwitz 

et al., 1975). Botulinum spores are quite ubiquitous and can be found on fruit and 

vegetables. Combine that with long storage times and humid room temperature, anaerobic 

conditions and germination and toxin formation are favored. However, canning is not the 

only way that the toxin accumulates.  

There have been cases of people contracting the disease by eating various spoiled foods, 

from baked potatoes, to improperly stored dips and meats (Angulo et al., 1998). In fact, 

wherever food is not kept in the appropriate conditions over a period of time, there is a risk 

of botulism poisoning. The digestion of contaminated food is essentially the only form of 

botulism poisoning observed in cattle. This is discussed in greater detail in section 1.5.  

Another way to contract botulism poisoning is through an open wound, similar to tetanus 

infection. The spores can get into the wound area and start to germinate (Hatheway, 1990). 

This form of botulism used to be much rarer than contraction through spoilt foods, but is 

quickly becoming a very common form of the disease due to habitual drug users (Schroeter 

et al., 2009; Barry et al., 2008; Kalka-Moll et al., 2007). Once the toxin enters the 
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bloodstream the progression of the disease follows the standard route. There are no reported 

cases of cattle contracting botulism poisoning in this manner. 

The third form of botulism is a toxico-infection known to occur in infants less than a year 

old. The flora in the infant gut is less developed and is therefore more susceptible to 

infection (Patural et al., 2009; Domingo et al., 2008). Once infected the spores germinate in 

the intestines and secrete toxin. Honey is known to be a source of botulinum spores (Midura 

et al., 1979). While honey is not dangerous to adults, it was found to be a health risk for 

infants and current recommendations are that infants under a year old do not consume 

honey. Infant botulism might also be linked to SIDS – sudden infant death syndrome. It is 

now believed that in some instances cases that have been diagnosed as SIDS were actually 

botulism poisoning. Testing has been done on hundreds of cases but the results are not 

conclusive, some have reported botulinum spores from about 4.5% of unexplained deaths, 

while other studies have not found any connection (Byard et al., 1992).  

Cows have been shown to produce milk containing spores of botulism (Bohnel et al., 2005). 

While milk from infected cows is not sold for human consumption, the possibility exists that 

botulism could be transferred through the milk to the calf. It is not known what, if any effect 

this would have on the calf, and to date there have been no reported cases of this occurring. 

A fourth mode of transmission, toxico-infection, has been observed but is very rare. As with 

infant botulism, this form of botulism involves colonized botulinum cells in the gut, 

producing toxin. Healthy individuals are resistant to this type of infection, but post-operative 

patients with bowel disease or other conditions that affect the intestines have been 

intoxicated in this way (Fenicia et al.,2007; Hatheway, 1990). Dramatic damage sustained to 

the gut flora can in some cases allow C. botulinum to colonize the gut and lead to botulism. 
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Toxico-infection has been observed in cattle as well and has been termed visceral botulism. 

The effects of Clostridial infection in cattle are being investigated but do not appear to be 

lethal (Bohnel et al., 2001; Bohnel et al., 2008). 

Once infection has occurred the progression of the disease is quite similar for all four types 

although some of the initial symptoms do vary. Nausea and vomiting are common after 

ingestion of contaminated foods, but are not observed in infected infants, who are primarily 

constipated. If ingested the toxin passes through the gut and from there enters the 

bloodstream. If infected through a wound the toxin reaches the circulatory system directly. 

No intestinal symptoms are observed. If the disease is left untreated it will lead to death due 

to respiratory failure. 

Diagnosis of suspected cases involves detecting toxin in serum or stool samples or the 

bacteria in suspected foods. ELISA testing has been devised (Thomas, 1991) but the gold 

standard is still the mouse bioassay test (Boroff and Fleck, 1966). A recent publication 

describes a new diagnostic method that is more sensitive than the traditional ELISA and 

does not require in-vivo testing. Toxin isolated from feces or serum is combined with the 

three relevant SNARE proteins. The specific cleavage sites are known for each serotype (see 

Table 1.3) and proteolyzed products are measured by mass spectroscopy to determine 

whether they have been cleaved (Kalb et al., 2006). The method is still quite new but offers 

an important alternative to mouse testing.  

Intoxication diagnosis is carried out in conjunction with epidemiological testing where a 

detailed food history is recorded as well as any intravenous drug use. At the social level, 

every case of botulism is a health emergency and it is vital to trace the source of the bacteria 
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in order to control the incidents of intoxication and prevent or reduce potential outbreaks 

(Sobel, 2005).  

1.4 Botulism Poisoning Due to Strains C and D 

Botulism afflicts not only humans but also cattle, sheep, horses, birds, and has even been 

observed in foxhounds, lions and baboons as reviewed in Critchley (1991). Given that the 

aim of this research is to develop a cattle vaccine, this will be the focus of the following 

section. It should be noted however, that a real need exists for effective vaccines in other 

animals and the effectiveness of the final formulation should be tested and optimized for 

these as well. 

Botulinum strains C and D are typically classified as toxins causing disease in animals 

(Critchley, 1991). This does not imply that humans are completely immune from the effects 

of these strains. In fact, two reports that came out of France in the mid 50s claim to involve 

intoxication of these two strains in humans. The first involved two women in a family of 

eight that consumed ‘pate de campagne’ and came down with symptoms of botulism. One 

of the women was hospitalized and treated for botulism. The duration of the disease was 

only one week and the symptoms abated. The contaminated food material was tested and 

based on toxin neutralization testing on mice, strain C was determined to be the causative 

agent responsible (Prevot et al., 1955). 

A few years later, another case of intoxication was studied. This time the food implicated 

with the intoxication was salted ham. Six people at the party consumed different amounts of 

the meat but only two ate enough to have serious symptoms of botulism and were 

hospitalized. The duration of their intoxication lasted approximately a month and both were 



36 

 

released from hospital in good health. Toxin neutralization tests in vivo confirmed that toxin 

from strain D was responsible for the intoxications (Demarchi et al., 1958). 

It is difficult to reach conclusions based on single intoxication events involving very few 

people. It is possible these were misdiagnosed and other strains were actually responsible. 

The fact that no other reports of human intoxications from strains C and D exist point to this 

conclusion. A more recent study tested BoNT strains C and D on isolated human muscle. 

Toxins were added to the muscle and eletrophysiological studies were carried out to 

measure muscle activity. Results indicated that strain C is just as potent and capable of 

causing paralysis as strain A, but strain D has no effect on human muscle. Even a ten-fold 

increase in the amount of toxin D failed to show a measurable difference in muscle activity 

(Coffield et al., 1997). It seems that the botulism outbreak described above as being caused 

by strain D was a misdiagnosis of the samples, while the earlier one describing a small 

outbreak of strain C might have in fact occurred. Historically such outbreaks are extremely 

rare and do not constitute a human health risk. 

1.5 Botulism in Cattle 

Field samples collected from a variety of habitats and geographical zones around the world 

indicated that the strains isolated from cultivated farmlands were strains B, C, and D. These 

findings explain in part why outbreaks of botulism in cattle involve these strains and not 

others such as strains A or E (Huss, 1980). 

Cattle affected by botulism exhibit a progressive muscle paralysis with fever, loss of 

sensitivity and recumbency. The disease affects the jaw and throat before the limbs, leading 

to difficulties in eating and drinking. In some cases the tongue hangs out of the mouth and 

breathing becomes shallow. Tugging at the tongue is a simple indicator for botulism – see 
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Figure 1.6. As the disease progresses milk production in lactating cows drops. The disease 

paralyses the hindquarters before the forequarters causing incoordination. Towards the end 

of its life the cow lies on its side nearly comatose but conscious until death. The cattle will 

usually die from rumenal expansion and respiratory paralysis. Death can occur within a few 

hours after ingestion of a large toxin dose but it typically takes days to weeks from the onset 

of disease. The disease is not always fatal and mild symptoms can be overcome (Beveridge, 

1983). Dosage is impossible to quantify due to the extreme toxicity of BoNT. To this day 

outbreaks can be declared to be botulism related based solely on physiological symptoms 

and signs, with active toxin not isolated from the carcass (Anonymous (2006) The 

Veterinary Record). 

 

 

 

 

 

 

 

 

Figure 1.6 Cow showing flaccid tongue – an indicator of botulism poisoning.  

 

The ingested toxin is mostly inactivated in the rumen of the cow, but a small amount 

manages to get to the intestines and from there is absorbed into the bloodstream (Heider et 

al., 2001). It is then carried in the blood to its active site at the neuromuscular junctions.  
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Due to the extreme potency of the botulinum toxin and to the fact that it can often be 

isolated from contaminated feedlots, the generally accepted ‘classical’ disease progression 

involves ingestion of preformed and active toxin. However, the bacteria itself is ubiquitous 

in nature and consumption of the bacteria probably occurs frequently. Recently, a team in 

Germany coined a new term – visceral botulism. As opposed to the classical disease 

described above, here the bacteria infects the cattle and continually secretes low levels of the 

toxin from within the animal. This dose of toxin is not enough to kill the animal but causes 

various symptoms which affect the health of the cow. Symptoms for this disease include 

diarrhoea, engorged veins, oedemas, and a 10-20% reduction in milk production (Bohnel et 

al., 2001).  

In the study, cattle from various farms were tested for the presence of toxigenic C. 

botulinum as well as free toxin. The results were mixed; in two cases bacteria were found in 

the caecum and colon of the animals. Fecal sample testing did point to toxigenic bacteria 

and free toxin in a few cases but not consistently in all cattle showing symptoms. The 

conclusions drawn were that the bacteria and toxin were present in a number of cases and 

that this was sufficient to determine that these are the cause of the disease symptoms 

observed.  

Further investigations also implicated the tonsils as a reservoir for both bacteria and free 

toxin. This was shown quite convincingly with 70% of tissues containing free BoNT toxin 

and 25% toxigenic bacteria. This toxicoinfection of the animals further supported the theory 

of visceral botulism and pointed to the risks involved in diagnosing botulism in cattle. It 

reported that a veterinarian that handled the tongue of a sick cow contracted the disease and 
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that care should be taken when dealing with cattle suspected of harboring the bacteria 

(Bohnel and Gessler, 2008). 

In other studies, raw milk collected from cows suffering from visceral botulism was 

analyzed and one sample was shown to have a high dose of free toxin, with a titre of 10 000 

LD50 i.p., mouse/ ml. The other samples were free of toxin. The result was the first time BoNT 

was observed in raw milk and raised important issues regarding food safety. 

Recommendations were given to avoid collecting milk from cows suspected of having 

visceral botulism and to avoid drinking raw unpasteurized milk (Bohnel et al., 2005). The 

toxin is quite heat labile and does not survive pasteurization. To date, there are no known 

cases of botulism poisoning due to consumption of raw milk. 

Visceral botulism is a potential health risk to animals and to humans. More research needs 

to be done to confirm the development and prognosis of the disease. The research described 

above does provide important evidence that toxigenic bacteria can exist in the intestines of 

the animal and secrete low, sub-lethal levels of toxin. However, all the research described 

was conducted by a single research group and to date, has not been reported by others. This 

raises questions regarding the reproducibility of the results obtained. 

Outbreaks of botulism in cattle occur in all parts of the world and many are reported and can 

be found in the literature (Braun et al., 2005; Martin, 2003; Jean et al., 1995; Bienvenu et 

al., 1990; Gibson, 1986; Dobereiner et al., 1992). Documentation of outbreaks can be found 

from as early as 1921 (Graham and Schwarze, 1921). It is reasonable to assume that there 

have been outbreaks throughout history and the ones discussed were randomly selected to 

demonstrate the scope of the disease and the course it typically follows. 
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Three serious outbreaks were reported in the spring and summer of 1988 in south eastern 

Queensland (Trueman et al., 1992). The first farm had 25000 Hereford and Hereford cross 

cattle around two years of age and weighing approximately 600kg. Animals in two pens 

showed the typical signs of disease and within 14 days 237 affected cows had died. The 

source was found to be a single truck delivering feed to the two affected pens. Decomposing 

chicken carcasses were found to be present in the feed and this was determined to be the 

causative agent of transmission.  

The second farm was smaller and had only 360 Friesian cattle separated into seven groups. 

Three groups receiving the same diet showed signs of disease and three days following 

initial signs of disease 34 were dead. Within 11 days all 51 cattle in the three groups had 

died. A fourth group then showed signs of disease and lost 58 cattle within 11 days. Here 

however, 50 cattle that showed signs of disease eventually recovered. The initial three 

groups received a diet that consisted mainly of home-mixed meal while the fourth group, 

consisting of milking cows, received much less home mix in their diet and were allowed to 

graze irrigated pastures. The source of the transmission was determined to be the home-mix 

diet and this was withdrawn from all cattle by the third day of the outbreak. Ultimately all 

the cattle were vaccinated with botulism type C and type D vaccines.  

The third farm suffered a similar fate to the first two. The herd consisted of 555 Friesian 

cattle. Again symptoms were observed and 30 milking cows died within a 16-day period. 

These cattle were allowed limited grazing with supplemental feed added to their diet. While 

the exact source of the botulism could not be identified, deteriorating feed was observed on 

the periphery of the silos where it was stored. Here too the cattle were vaccinated on the 

fourth day of the outbreak with botulism type C and D vaccines. 
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 An earlier outbreak in the Netherlands in 1976-7 affected nearly 30 farms (Notermans et 

al., 1981). Here the exact numbers were not recorded but mortality rates reached 42%. The 

source of the disease was isolated to contaminated brewers’ grains fed to the cattle. The 

feces containing high numbers of the organisms was used as manure and the infected 

grasses were later used to feed the cattle, thereby continuing the cycle. The onset and 

progress of the disease followed the course and symptoms described above. In this case 

however a different strain was the cause – botulism type B. While it proved difficult to 

isolate the toxin in the sera of affected cattle, large numbers of clostridial type B organisms 

were found in the feces as mentioned above. Testing the pastures and the fowl feces located 

in the affected areas indicated contamination with botulism type B years after the initial 

outbreak and 19 of the 25 bird faecal samples were contaminated, mostly with botulism type 

B but six samples of type C and one of type D were also isolated. These results suggested 

that grass silage could be a source of infection and that birds can be important transmission 

vectors contributing to botulism outbreaks. 

Botulism is routinely seen in Israel during the summer months, in the southern part of the 

country. An unusual double outbreak in 1977 in the central and northern areas was a cause 

of grave concern. Approximately 1100 head of cattle were affected in both outbreaks with a 

morbidity rate of 34%. Due to the technological limitations of the time, toxin could not be 

isolated from infected cattle. The source of contamination was determined to be chicken 

waste added to the feeds. Botulism was diagnosed by the symptoms observed as well as 

through a feeding experiment. Calves vaccinated against botulinum serotypes C and D as 

well as control calves were fed the suspect feed and paralysis symptoms appeared only in 

the unvaccinated animals (Egyed et al., 1978).  
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Another reported outbreak occurred in France in 1986 (Popoff and Lecoanet, 1987). This 

incident was less severe than the first two reports with only nine affected animals. The 

causative agent was determined to be botulism type D, although types A, B, and C were also 

identified in lesser amounts in mouse neutralization studies. Interestingly, Clostridium 

perfringens was also isolated from a bull calf.  

North America is not immune to outbreaks of botulism and a recent paper in the Canadian 

Veterinary Journal reported on an outbreak in a dairy herd in the province of Ontario 

(Martin, 2003). The outbreak involved 38 cows displaying disease symptoms with 34 

animals perishing. Here too botulism type D was found to be responsible and was detected 

in the silage or feed given to the cattle. The toxin was isolated from serum samples and 

identified by mouse neutralization testing. 

There are many other reports, including outbreaks in Brazil, Germany, Ireland and various 

other parts of the World (Ortolani et al., 1997; Böhnel et al., 2005; Neill et al., 1989). 

Clearly the presence of the causative agents is ubiquitous and can lead to outbreaks of the 

disease nearly anywhere. The ones described above provide a difficult picture, with much 

loss of animal life and a bleak prognosis once the symptoms are apparent.  

The mode of transmission varies from case to case. Clostridial cells are obligate anaerobes 

and require only the right conditions to start proliferating and producing toxin (Sakaguchi, 

1983). In many cases this occurred in contaminated grass silage or improperly made meals 

(Notermans et al., 1981). A contaminated water supply such as a pond or a well can also 

lead to disease (Doutre, 1969). Another source of the bacteria is contaminated fowl. 

Contaminated bird carcasses may be added to the feed or found in the fields and consumed 

by the cattle. The latter situation occurs more often in areas with phosphorus deficient soil. 
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The cattle suffering from this deficiency develop pica, a condition that leads to consumption 

of bird or animal carcasses found in the paddocks (Beveridge, 1983). No matter what the 

mode of transmission the predominant infectious agents are botulism types C and D, 

although botulism B has also been reported. In all cases the symptoms and progression of 

disease are similar and mortality rates very high in infected animals. 

Botulism in Australia is a recurrent and ongoing problem. There have been various 

outbreaks over the years and it is reasonable to assume there will be others. The causal 

agents are Clostridial botulinum types C and D. One predisposing factor of botulism in 

Australia, in particular north Queensland, is the phosphorous poor soil as described above. 

Prevention is the best way to combat the disease. There are various steps that can be taken to 

keep cattle herds safe. The easiest way is to ensure good quality, uncontaminated feed for 

the herd. Removing dead carcasses in the feed as well as in the grazing areas and providing 

salt licks to provide phosphorus will protect the cattle from exposure. Sometimes these 

measures are not possible and removal of all carcasses from a large area is not feasible. In 

this case systematic vaccination for all cattle in the herd is the best preventative measure. 

Since this specific disease is not transmitted from animal to animal there is no significance 

to ‘herd immunity’ and all the cattle have to be immunized. Prevention is essential since the 

appearance of disease symptoms is indicative of a potential outbreak and definite loss of 

animal life. 

1.6 Protein Expression Systems 

There is a variety of protein expression systems available. These range from prokaryotic 

systems to simple eukaryotes such as yeasts and fungi, all the way to mammalian cells. In 

addition there is also work being done using plant expression systems. 
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Ideally the expression system should be easy to use and manipulate. It should be a familiar 

and known system. This would eliminate costly and time-consuming optimizations and 

would ensure that materials are easily obtained and that initial growth and induction 

conditions are well elucidated. In addition it should be a robust system with a record of high 

yields and proper protein folding.  

Expression in Escherichia coli is typically the first system that is tried. It is a very well 

characterized system, easy to work with, and most laboratories are well equipped to handle 

the organism. It has several drawbacks however. Very often the expressed protein is 

insoluble and forms inclusion bodies within the cells (Kane and Hartley, 1988; Mitraki and 

King, 1989; Schein, 1989). There are methods of resolubilizing and refolding these but this 

only adds another level of complexity and cost to protein production. As well, E. coli has 

lipopolysaccharides (LPS) in the cell wall, which are pyrogenic and must be removed to 

obtain a safe product. Past research has shown that LPS does stimulate the immune system 

and might prove to be effective as part of an adjuvant system (Gustafson and Rhodes, 1992). 

The use of LPS has since been discontinued in favor of more standardized synthetic 

materials designed to achieve the same effect in a more controlled manner (Singh and 

O’Hagan, 2003). Finally, protein secretion in E. coli is weak and not routinely used in large 

scale protein production (Marston, 1986).  

Attempting to express heterologous protein with rare codon usage in E. coli can also be 

problematic. It often leads to translational errors such as amino acid substitution and early 

termination (Kane, 1995). Strain BL-21- CodonPlusTM is an attempt to overcome this 

limitation. Plasmids with genes for tRNAs that recognize rare codons of arginine, isoleucine 

and leucine were transformed into the strain. This would potentially increase the yields in E. 
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coli but does not address the formation of inclusion bodies (Zhou and Singh, 2004). As well, 

the use of IPTG as the chemical inducer of protein production is also problematic due to the 

relatively high costs associated with the compound. Finally, the use of prokaryotic systems 

in general is limited due to their inability to glycosylate the expressed protein. Many 

eukaryotic proteins are post-translationally glycosylated and do not function properly 

otherwise. The bacterial systems do not have the enzymes required to carry out this type of 

modification. In the case of the botulinum toxin and the domains of interest, the lack of 

glycosylation in E. coli is actually an advantage as the source of the toxin is prokaryotic and 

does not carry out post translational glycosylation. In many cases however, the yields 

obtained from bacterial expression systems can be limiting. 

Previous work carried out by Dr. Woodward with the Hc fragments of BoNT/C and BoNT/D 

in E. coli system yielded low levels of product averaging around 2.5mg/l culture. This was 

sufficient for preliminary analyses and for research purposes but was determined to be 

insufficient for large-scale, industrial production (Woodward et al., 2003). 

Another, more robust system is the yeast expression system. Here there are many strains that 

have been verified for heterologous protein expression, from the traditional Saccharomyces 

cerevisiae (baker’s yeast) to more ‘exotic’ yeasts such as Hansenula polymorpha and 

Yarrowia lipolytica (Müller S. et al., 1998). The discussion here will focus on the use of S. 

cerevisiae as well as the yeast P. Pastoris as the more recently elucidated expression 

systems have yet to be fully optimized and characterized. In a recent paper P. pastoris was 

found to grow to higher cell densities and express heterologous genes better than H. 

polymorpha (now also cited as Pichia angusta) (Mack et al., 2009). As for Y. lipolytica, it is 
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non-conventional yeast that has shown promise in the expression of cytochrome genes 

(Shiningavamwe et al., 2006) but is not yet optimized for industry. 

S. cereviseae is a very well characterized species and generally regarded as safe (GRAS). 

The acronym GRAS is used by the American Food and Drug Administration to define 

materials and products that have been shown to be safe for their intended use by qualified 

experts (Anonymous (2009) FDA). As well, transformation and growth conditions are 

known and it is easy to manipulate and has a fast growth rate. The disadvantages of this 

system, which led to the search for alternative organisms, include low protein yields, 

plasmid instability and hyperglycosylation of the product, which can have a serious affect 

on protein function (Müller K.M. et al., 1998).  

P. pastoris is currently seen as the gold standard for heterologous protein expression. This 

yeast is extensively used in industry and as such is very well characterized with readily 

available materials and protocols (Cregg et al., 1993). A large number of proteins from 

different hosts have been successfully expressed with expression reaching levels of up to 12 

g/L of expressed protein. A short sample list of a range of foreign proteins expressed in P. 

pastoris, showing levels of expression obtained, is shown in Table 1.6. Additionally, it can 

be used to express proteins intracellularly or can secrete them into the medium. Methanol is 

used as an inducer under the AOX1 promoter. This promoter is strong, yielding up to 30% 

soluble protein in methanol-induced cells, is tightly regulated and cost-effective (Couderc 

and Baratti, 1980). Secreted proteins are glycosylated but hyperglycosylation (long mannose 

chains) are much less common than in S. cerevisiae (Montesino et al., 1998). It should be 

noted that glycosylation  is not identical to that seen in mammalian cells with differential 

branching of mannose units seen in P. pastoris, but progress is being made in humanizing 
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the yeast to get proper glycosylation in expressed human proteins (Bretthauer, 2003). 

P. pastoris Transformants are stable and multiple copies of the gene of interest can be 

integrated into the genome, further increasing yields. One problem observed in this system 

is that overexpression of a secreted protein in non optimal conditions (as in growth in 

methanol) may lead to saturation of the secretory pathway and misfolded proteins.  

In an effort to improve secretion levels, protein disulfide isomerase (PDI) was incorporated 

into the yeast cells. As a chaperone protein PDI is known to play a role in folding and 

secretion. The researchers were able to show that with multiple copies of the PDI expressed 

in the cells, the level of a secreted protein of interest rose dramatically (Inan et al., 2006). 

Care should be taken when optimizing expression in P. pastoris as maximum output may 

result in poorly produced proteins.  

Table 1.6  A selection of heterologous proteins  from a variety of sources 
expressed in P. pastoris. 

 

 

 

 

 

 

There are a variety of yeast systems such as Y. lipolytica and H. polymorpha currently being 

tested and some show great promise and high yields. However, except for Kluyveromyces 

lactis, which is now commercially available (New England BioLabs Inc.), they are all 

difficult to obtain and expression conditions have not been thoroughly optimized. Strong 

promoters must be isolated and reproducible protocols worked out (Gellissen and 

Hollenberg, 1997; Madzak et al., 2004).  

Source Protein Amount Expressed Reference

Bacterial Tetanus toxin fragment C 12 g/L Clare et al., 1991
Hen egg white ovotransferrin Iron-binding protein 57.0 mg/L Lee et al., 2003

Mouse endostatin 133.33 mg/L Trinh et al., 2003

Fungal Galactose oxidase 0.5 g/l
Whittaker and 
Whittaker, 2000

Human Angiostatin 108.0 mg/L Xie et al., 2003

Bacterial
Clostridium botulinum serotype F [BoNTF(Hc)] heavy 

chain fragment C
205 mg/kg of cells Johnson et al., 2003
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Another system commonly used is the baculovirus system, which works with insect cells. 

This system is considered robust with high yields and is useful when expressing mammalian 

proteins as it recognizes protein-targeting sequences. It can express proteins intracellularly 

or through secretion and posttranslational modifications such as glycosylation are similar to 

mammalian’s. However, the baculovirus has difficulties incorporating larger vectors and 

overall the system is slow and involves the use of insect cells and expensive culturing media 

(Hansson et al., 2000). The primary advantage of this system is the generation of proteins 

that contain posttranslational modifications that are similar mammalian proteins. This is not 

pertinent to the expression of botulinum toxins, as these are not posttranslationally modified 

in the native host. 

In a completely different direction, work is now being done in expressing proteins in plants 

(Dus Santos and Wigdorovitz, 2005). This holds many advantages, especially in the field of 

therapeutics and vaccine development. Among these include the absence of culture media, 

the low cost of raw materials and elimination of storage, delivery and injection concern. As 

well these tend to be more stable and are safer than other live vectors such as viruses and 

bacteria. There are concerns however, that orally administered vaccines might prove less 

effective as they have to pass through the digestive system. As well, exact dosing becomes 

difficult if not impossible to control. To overcome these issues one team used a combination 

approach in which they initially vaccinated chickens with a commercially available vaccine 

and then used the plant based vaccine to further boost the immune response. They found that 

in so doing the overall effectiveness of the vaccine improved from 80% to 90% protection 

(Wu et al., 2004). In addition to these technical issues there are larger concerns such as the 

plant entering the food chain and the induction of immune tolerance. Nevertheless the ease 
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and low cost of such an approach make it a promising alternative in future vaccine research 

(Shams, 2005). 

Production of heterologous proteins holds great promise. In the realm of human 

recombinant therapeutic proteins, the first protein to be approved was insulin in 1982. Since 

then over 120 other proteins have been prepared and are used to treat human illness. A 

major concern with these drugs was an undesired immune response in patient that could lead 

to neutralization and reduced efficacy of the protein to anaphylactic reactions. Such effects 

were not observed and recombinant proteins play an important role in human health 

(Dingermann, 2008). Another source of concern in the production of heterologous proteins 

comes from the production of transgenic plants. An example of such genetic manipulation is 

the creation of ‘Golden Rice’- a new strain of rice engineered to have much higher β-

carotene levels. Vitamin A deficiency is an important health concern, often leading to 

blindness. It is prevalent in many parts of the world especially Southeast Asia and Africa. 

Consumption of Golden Rice can reduce levels of vitamin A deficiency and save many from 

going blind. However, due to public concern regarding transgenic crops, Golden Rice is not 

marketed and not available to the populations that can benefit directly from the crop 

(Yonekura-Sakakibara and Saito, 2006). Public acceptance is an important consideration in 

the planning and production of genetically modified crops. 

In the present study the concerns described above are not directly relevant. The aim of the 

project is to express protein subunits that are designed to elicit an immune response in the 

vaccinated animal. The protein is designed to be antigenic and not act as a drug. Expressing 

the subunits in plants might have led to public concerns and issues described above, but this 
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was not the expression system chosen for this work and public acceptance was not an issue 

that had to be dealt with. 

1.7 Induction Optimization 

 

Even though the genetic code is universal, it is now known that various organisms do not 

make use of all codons equally. There is bias that favors one codon over another 

(Zdanovsky and Zdanovskaia, 2000). As such, empirical codon bias tables have been 

calculated for different organisms based on actual sequence data. Codon bias varies from 

organism to organism and can have a substantial effect on the quality and quantity of 

synthesized proteins (Woo et al., 2002; Humphreys et al., 2000; Stratford et al., 2001). 

Table 1.7 shows the compiled codon data for P. pastoris. If the inserted sequence has rare 

codons unfamiliar to the host organism it might reduce overall yields. The organism might 

not be able to effectively translate the sequence as rare codons might indicate either the 

complete lack or the reduced amounts of the specific tRNAs required.   

Further modifications can also be carried out on the sequences. Glycosylation can have a 

detrimental effect on the final protein folding, size and structure (Imperiali and O’Conner, 

1999). Asn-Xaa-Ser/Thr are known N-glycosylation consensus sequences (obtained from 

http://www.cbs.dtu.dk/services/NetNGlyc/). It is possible to make conservative changes to 

the coding sequence and prevent the final product from being glycosylated. Care must be 

taken since even conservative changes might affect final protein structure – changes in the 

coding sequence might alter the kinetics of protein translation and lead to improperly folded 

proteins (Komar et al., 1999). Apart from these alterations, GC content can be modified and 

restriction sites can be added to the sequence that will make the gene easier to manipulate 



51 

 

(Romanos et al., 1991). All this is done for the purpose of getting a robust yield and a 

sequence that is easier to work with. 

Table 1.7 P. pastoris codon bias table. The number shown next to the codons are the percent 
frequencies of each codon, based on the total number of times the specific codon was found 
in the organism- the values given in parentheses (obtained from web site 
http://www.kazusa.or.jp/codon).  

 

 

 

 

 

 

 

 

 

 

Optimizing the sequence is just the first step however. Once the DNA is integrated into the 

yeast, protein expression must be optimized. Large variations in yields are typically 

observed in different P. pastoris clones isolated and tested (Viader-Salvadó et al., 2006; 

Brankamp et al., 1995). This might be due to integrated copy numbers, or site of integration. 

The optimal clones are chosen based on the ones showing greatest promise of high yields. 

It seems that production and yields differ greatly from sequence to sequence and there is no 

one set of conditions that can ensure highest yields. The various factors that have to be 

determined include growth and induction conditions, amount of methanol used to induce, 

Pichia pastoris codon frequency table 

137 CDS's (81301 codons)

fields: [codon] [frequency: per thousand] ([number])

% bias or preference % bias or preference % bias or preference % bias or preference

UUU 24.1 (1963)  26.3 UCU 24.4 (1983)  38.4 UAU 16.0 (1300) 45.1 UGU  7.7 ( 626) 34.0

UUC 20.6 (1675)  22.4 UCC 16.5 (1344)  26.1 UAC 18.1 (1473) 51.1 UGC  4.4 (356) 19.3

UUA 15.6 (1265)  16.9 UCA 15.2 (1234) 23.9 UAA  0.8 (69)  2.4 UGA  0.3 (27) 1.5

UUG 31.5 (2562)  34.3 UCG  7.4 (598)  11.6 UAG  0.5 (40)  1.4 UGG 10.3 (834) 45.3

CUU 15.9 (1289)  32.2 CCU 15.8 (1282)  34.7 CAU 11.8 (960) 18.9 CGU  6.9 (564) 45.6

CUC  7.6 (620)  15.5 CCC  6.8 (553)  15.0 CAC  9.1 (737)  14.5 CGC  2.2 (175) 14.1

CUA 10.7 (873)  21.8 CCA 18.9 (1540) 41.7 CAA 25.4 (2069) 40.7 CGA  4.2 (340) 27.5

CUG 14.9 (1215) 30.4 CCG  3.9 (320) 8.7 CAG 16.3 (1323)  26.0 CGG  1.9 (158) 12.8

AUU 31.1 (2532) 38.7 ACU 22.4 (1820)  39.5 AAU 25.1 (2038)  21.7 AGU 12.5 (1020) 26.7

AUC 19.4 (1580) 24.2 ACC 14.5 (1175)  25.5 AAC 26.7 (2168) 23.1 AGC  7.6 (621) 16.3

AUA 11.1 (906)  13.9 ACA 13.8 (1118)  24.3 AAA 29.9 (2433)  25.9 AGA 20.1 (1634) 42.8

AUG 18.7 (1517)  23.2 ACG  6.0 (491)  10.7 AAG 33.8 (2748)  29.3 AGG  6.6 (539) 14.1

GUU 26.9 (2188)  42.1 GCU 28.9 (2351)  44.9 GAU 35.7 (2899)  27.9 GGU 25.5 (2075) 43.7

GUC 14.9 (1210)  23.3 GCC 16.6 (1348) 25.7 GAC 25.9 (2103)  20.2 GGC  8.1 (655) 13.8

GUA  9.9 (804)  15.5 GCA 15.1 (1228) 23.4 GAA 37.4 (3043) 29.2 GGA 19.1 (1550) 32.6

GUG 12.3 (998)  19.2 GCG  3.9 (314)  6.0 GAG 29.0 (2360)  22.7 GGG  5.8 (468) 9.9

Coding GC 42.73% 1st letter GC 48.72% 2nd letter GC 37.32% 3rd letter GC 42.16%

source: http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=4922



52 

 

induction times, and others. These can be checked one at a time or else sets of conditions 

can be tested at once (Damasceno et al., 2004; Pla et al., 2006). 

Growth and expression factors selected and used on P. pastoris to generate heterologously 

expressed protein must be tested at the end of the expression period. The primary means of 

measuring the presence and amounts of expressed proteins is by carrying out Western blots 

or by using the ELISA (enzyme linked immmunosorbent assay) platform. Both reveal 

important information regarding the efficiency of expression, but each has its advantages 

and disadvantages. 

Immunoblotting (Western blot) is simple to carry out and can provide information within a 

few hours. It can provide quantitative information regarding the size and amount of a 

specific protein and allow different samples to be compared side by side on the same blot. 

As well the technique can provide important information regarding the purity of the protein 

(Towbin et al., 1979). However, the fact that the technique involves running a SDS-PAGE 

gel implies that the number of samples run is limited to no more than 8-10 samples. 

Running multiple gels is one way around this limitation but analyzing and quantifying 

samples on different blots can be difficult and is less quantitative.  

ELISA plates are also straightforward to carry out although they require more time to carry 

out due to a number of incubation steps. They provide quantitative data concerning the 

amount of protein present in the sample and can be used to measure up to 96 samples 

concurrently on a single plate (Engvall and Perlmann, 1971). The main disadvantages to 

using this approach are that the method does not provide any information regarding the size 

of the protein. As well, multiple controls are required to be run on the plate to validate that 
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the signals being measured are the protein of interest and not due to other causes such as 

antibodies binding to the surface of the wells or to unrelated proteins in the sample.  

Both techniques rely on specific antibodies to bind to the protein of interest. However, not 

all antibodies used in ELISAs are suitable for Western blotting. Proteins are bound and 

presented in their three dimensional conformations in ELISA testing but are denatured when 

run on SDS-PAGE gels for Western blotting. Care must be taken when selecting suitable 

antibodies for these two methods and also when interpreting and comparing results. 

1.8 Vaccine Production 

 

The minimum requirements for vaccine development are to induce a specific immune 

response against a specific antigen as well as to confer long lasting immunity (Vordermeier 

and Hogarth, 2005). This project is based on the development of a bivalent subunit vaccine. 

Past studies using peptide sections of these subunits have shown that vaccination can confer 

both humoral and cell mediated responses. The humoral response involves the proliferation 

of B cells and generation of antigen specific antibodies while the cell mediated response is 

based on antigen presenting cells presenting the antigen on MHC class I molecules on the 

cell surface leading to a T cell response. The intensity of these immune reactions varied 

depending on the sections tested from a weak to nil response to a very strong immune 

response. Interestingly, two strains of mice were tested with the same peptides and both 

showed high antibody titers against key peptide sections, but only one strain showed a 

strong cell mediated response to the peptides. BALB/c mice did not show cell mediated 

response to the peptides tested (Oshima et al., 1997). This study was based on BALB/c 

mice, as these were the common strain available for use at the facility, and only humoral 

response was measured.  
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To generate an effective vaccine against the toxin, the antigen must be coupled to an 

efficient delivery system. The antigens here are the carboxy termini of the heavy chains of 

botulism strains C and D. The structure and synthesis of these subunits is described in 

previous sections. The other component of the vaccine is the adjuvant used along with the 

subunits. 

Due to relatively low immunogenicity of most proteins, Freund’s complete adjuvant is the 

first formulation that is typically tried on the animal model. This is an antigenically rich 

formulation, which includes heat killed mycobacteria to stimulate humoral as well as cell 

mediated immunity. It has various side effects and can cause severe pain when 

administered. For these reasons the use of this adjuvant is on the decline and alternatives 

sought (Claassen and Boersma, 1992). 

Currently the most effective and widely used carriers of the antigenic load are aluminium 

based. The immunogenic antigens are adsorbed on to an aluminium matrix in a standard 

physiological buffer, typically phosphate buffer with sodium chloride. A specific study 

testing the adsorption of heavy chains of botulinum types A and B was conducted testing 

two similar carriers – aluminium phosphate and aluminium hydroxide. The latter carrier 

(aluminium hydroxide) provided better adsorption at a pH range of 6-7.5. As well, the study 

proved that specific concentrations of the phosphate buffer and the sodium chloride also 

play an important role in the adsorption of the antigens. Ethylene glycol is often added to 

aluminium based adjuvants as it reduces the hydrophobic nature of the antigen and can 

affect binding to the aluminium matrix (Al-Shakhshir et al., 1995). In the study above, the 

use of ethylene glycol had minimal effects on antigen binding (DePaz et al., 2005).  
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The problem with current vaccines is that often, one vaccination is not sufficient to build 

effective long-term immunity and a second and sometimes a third booster shot is needed to 

strengthen the effects of the first. A one shot vaccine is not essential or mandatory but can 

be an important advantage in developing countries where the infrastructure for such 

programs is lacking or is minimal. In recent years vaccine formulation and delivery have 

attempted to address this very issue. Microencapsulation of the immunogenic antigen into 

biodegradable capsules is being developed. The idea is that the molecular composition and 

size of these capsules determine their rate of degradation, which is equivalent to the rate of 

release of antigen. Larger capsules (>10 µm diameter) can provide persistent presentation of 

antigen at the site of infection to stimulate high level humoral response. As well, the smaller 

microcapsules (<10 µm diameter) can be phagocytized by macrophages leading to delivery 

of antigen to antigen presenting cells thereby activating cell mediated immunity (Hanes et 

al., 1995). The poly-DL-lactide-co-glycolide polymer can be manipulated by adjusting 

composition of the two monomers. As the percentage of glycolide decreases the polymer 

degrades more slowly and this can slow the release of antigen from a few days to half a year 

(Whalen et al., 1996). It can also be controlled to provide bursts of antigen or slow 

continuous release of the antigen.  

Development is slow, and not a single microencapsulated vaccine has been produced 

commercially. As well, the procedure adds another layer of costs, which might be 

acceptable in the case of human vaccines but not cost-effective in the case of animal 

vaccines (Vordermeier and Hogarth, 2005). However, given the many advantages, and the 

fact that currently yearly booster shots are needed to protect cattle from botulism this is 

definitely an area that is worth further investigation. 
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1.9 Project Aims 

 

The main focus of this research was to further develop the idea of a bivalent subunit cattle 

vaccine against botulism and bring it closer to commercialization. Prior work pointed to its 

effectiveness but actual yields were low and limiting (Woodward et al., 2003). Even the use 

of the BL-21 strain of E. coli which includes isoacceptor tRNAs for three rare codons did 

not effectively increase the yields of expression (Dr. Woodward, personal communication). 

The aims were to transfer expression of the BoNT/C and BoNT/D subunits to P. pastoris; to 

first design synthetic genes based on codon bias, GC content, and glycosylation site removal 

that were optimized for the yeast system. With those in hand the central focus was to set up 

a yeast transformation system, to isolate and identify tranformants. The transformants were 

grown and protein expression carried out. Once expression was observed the system was 

scaled up and the expressed proteins were purified and identified.  

The primary focal point of the research was to optimize expression of the two subunits in 

the P. pastoris system. This went on throughout the project. Once there was sufficient 

protein in hand, it was used for testing in vivo. The goal was to show that the expressed 

protein obtained from the yeast was as effective in building an immune response and 

protecting the animal from botulism poisoning. 

Along with the in vivo work, antibodies were collected from the animals and used to 

measure immune response following immunization with the expressed subunits. This data 

was to support the in vivo work carried out. Various factors were tested to determine optimal 

protein concentrations as well as to identify an effective adjuvant system. 
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The initial goal of the in vivo work was to show the effectiveness of the subunits in a model 

organism. Here, BALB/c mice were used for testing. Once done the next step was to scale 

up production in the laboratory and use the proteins to immunize cattle in the field. This 

would be the final step prior to transfer of knowledge to industry to start actual 

commercialization of the bivalent vaccine. 
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Chapter 2 -Materials and Methods 

2.1 Materials 

Table 2.1 List of reagents, kits, enzymes and organisms used in the study. 

2.1.1 Chemicals 
Manufacturer Catalogue # 

dNTP stock (10 mM) GibcoBRL 18427-013 

40% Acrylamide/bisacrylamide 29:1 Amresco 0311 

Agar Fluka 05040 

Agarose Invitrogen 15510-027 

Ammonium sulphate Unilab D3247 

Ampicillin Amresco 0339 

Ammonium persulphate Sigma - Aldrich A3678 

Bicine Sigma B8660 

D-biotin ICN 194634 

Boric acid Univar A101 

Bromophenol blue Progen 200-0050 

BSA (blocking agent) Sigma - Aldrich B4287 

BSA (enzymatic reaction) NEB B9001S 

CaCl2 Unilab 128 

Chloramphenicol Sigma – Aldrich C0378 

Coomassie blue Progen 200-0071 

Diaminobenzidine (DAB) tablets Sigma - Aldrich D4293 

Dimethyl sulphoxide BDH 10323.6N 

DNA ladder 1 Kb Plus Invitrogen 10787-01 

EB solution QIAGEN 1014612 
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Na2EDTA  Univar 180 

Ethanol Ajax FineChem 4980-200L-NR 

Ethanol absolute Ajax FineChem 5077-02L 

Ethylene glycol Merck 1.09621.1000 

Glacial acetic acid Univar A1-2.5L GL 

Glucose Univar A783 

Glycerol Univar 242 

H2SO4 BDH 10276 7Y 

HCl Univar A256-2.5L 

Imidazole Sigma - Aldrich I0125 

KCl BDH 10198.4L 

K2HPO4 BDH 296194X 

KH2PO4 Univar 391 

Liquid nitrogen BOC Gases 713 

Methanol Ajax FineChem 318-2.5L 

MgCl2 Promega A351B 

Na acetate  Sigma - Aldrich  S2889 

Na2HPO4 BDH 10383.4G 

NaCl Univar 0801162 

NaH2PO4 BDH BDH0298 

NaOH Univar A482 

Nickel column Pharmacia 17-0409-01 

NiSO4 Aldrich 37,941-7 

Polyethylene glycol (PEG) 1000 Fluka 81188 

Peptone Merck 1.07213.1000 
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pPICZα vector Invitrogen 43-0033 

Prestained protein ladder Fermentas SM1811 

Primers Sigma Genosys special orders 

Sodium dodecyl sulphate (SDS) Sigma - Aldrich  L6026 

Sorbitol Sigma - Aldrich  S1876 

ß-mercaptoethanol Sigma - Aldrich  M6250 

Synthetic genes Epoch Biolabs special orders 

Taq buffer Promega M891A 

TEMED Sigma - Aldrich  T7024 

Tetra methyl benzidine (TMB) Sigma - Aldrich  T4444 

Botulinum active toxins C and D Metabiologics Inc. special orders 

Tris HCl Amresco 0234 

Tween 20 Sigma - Aldrich  P7949 

Urea ICN 191460 

Yeast extract Merck 1.03753.0500 

Molecular biology grade water Sigma - Aldrich W4502-1L 

YNB no amino acids or ammonium 
sulphate BD 233520 

Zeocin Invitrogen 45-0430 

   

2.1.2 Kits 
  

 Manufacturer  Catalogue # 

QIAprep Spin Miniprep Kit QIAGEN 27106 

QIAquick Gel Extraction Kit QIAGEN 28704 
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2.1.3 Antibodies 
  

 Manufacturer  Catalogue # 

Anti mouse antibody conjugated to 
HRP Promega W4021 

Tetra-His Antibody QIAGEN 34670 

Serum samples  collected from BALB/c mice 

  

2.1.4 Enzymes  
  

 Manufacturer  Catalogue # 

Lyticase (Anthrobacter luteus) 
2000units/mg Sigma - Aldrich L2524 

SacI restriction enzyme 10 U/µl NEB R01565 

Taq polymerase 5 U/µl   Promega M829B 

   

2.1.5 Cell and Animal Strains 
  

Escherichia coli   

NM522 Stratagene 200233 

BL21-RIL Stratagene 230240 

Pichia pastoris   

GS115 Gift from  

Dr. Harris, QUT 

 

 

KM71  

SMD1115  

Mice   

BALB/c 
James Cook University 
Small Animal Breeding 
Unit  
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Table 2.2 Buffers and media recipes. 

2.1.6 Buffers 
Recipe 

SDS-PAGE and Western blot buffers  

10x Blotting buffer 
Dissolve 30.3 g Tris, 144 g glycine in ~800 
ml water, fill to 1 L with water 

2x Sample buffer 
0.01% bromophenol blue, 2.5 ml 0.5 M Tris 
pH 6.7, 2.0 ml 10% (w/v) SDS, 1 ml 
glycerol, 5.5 ml water 

Destain solution 
100 ml glacial acetic acid, 100 ml methanol, 
fill to 1 L with water 

Running buffer  
14.4 g glycine, 3.3 g Tris, 1 ml 10% (w/v) 
SDS, fill to 1 L with water 

Stain solution 
0.25 g Coomassie Brilliant Blue R-250, 100 
ml methanol, 20 ml glacial acetic acid, 80 
ml water 

TBST 
10 mM Tris, pH 7.5, 0.15 M NaCl, 0.05% 
(v/v) Tween 20 

Blotting buffer 
400 ml methanol, 200 ml 10x blotting 
buffer, 1.4 L water 

  

        Agarose gel buffers  

6x DNA loading buffer 
600 µl 0.5 M Na2EDTA pH 8.0, 50 µl 1 M 
Tris pH 7.9, 1.5 ml glycerol, 0.5 mg 
bromophenol blue, 2.85 ml water 

  

          Nickel column buffers  

Wash buffer 500 mM NaCl, 20 mM NaPO4 pH 7.4 

Wash buffer II 
500 mM NaCl, 20 mM NaPO4 pH 7.4, 40 
mM imidazole 
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Elution buffer 
500 mM NaCl, 20 mM NaPO4 pH 7.4, 200 
mM imidazole 

100 mM Sodium phosphate buffer  pH 7.4 
(NaPO4 buffer) 

Prepare 100 mM NaH2PO4 and 100 mM 
Na2HPO4 and titrate one with the other to 
pH 7.4 

  

PEG 1000 P. pastoris transformation 
buffers 

 

Buffer A  
1.0 M sorbitol, 10 mM Bicine, pH 8.35, 3% 
(v/v) ethylene glycol 

Buffer B 
40% (w/v) polyethylene glycol (PEG) 1000, 
0.2 M Bicine, pH 8.35 

Buffer C  0.15 M NaCl, 10 mM Bicine, pH 8.35 

Miscellaneous buffers  

3 M Na acetate pH 5.2 
Dissolve 40.82 g Na acetate in ~80 ml 
water, titrate to pH 5.2, fill to 100 ml with 
water 

PBS buffer 
Dissolve 8 g NaCl, 0.2 g KCl, 1.44 g 
Na2HPO4, 0.24 g KH2PO4 in ~800 ml water, 
titrate to pH 7.4, fill to 1 L with water 

0.5 M Na2EDTA pH 8.0 
Dissolve 93.06 g Na2EDTA in ~200 ml 
water, titrate with 1 M NaOH to pH 8.0, fill 
to 500 ml with water 

1M Potassium phosphate buffer  pH 6.0 
(KPO4 buffer) 

Prepare 1 M KH2PO4 and 1 M K2HPO4 and 
titrate one with the other to pH 6.0 

0.1 M CaCl2· 2H2O 
Dissolve 2.94 g CaCl2· 2H2O in 150 ml 
water, fill to 200 ml with water, filter 
sterilize with a 0.22 micron filter. 

LB broth 

Dissolve 10 g peptone, 5 g yeast extract, 10 
g NaCl in ~800 ml water, add 10 ml 1 M 
Tris pH 7.5 and fill to 1 L with water, 
autoclave 
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LB agar 

Dissolve 10 g peptone, 5 g yeast extract, 10 
g NaCl, 15 g agar in ~800 ml water, add 10 
ml 1 M Tris pH 7.5 and fill to 1 L with 
water, autoclave and pour into Petri dishes 

SOC broth 

Dissolve 20 g peptone, 5 g yeast extract and 
0.5 g NaCl in 100 ml water. Autoclave 
solution and add to it 1 ml filter sterilized 1 
M MgCl2 and 1 M MgSO4 as well as 2 ml 
filter sterilized 20% w/v glucose 

Low salt LB broth (for Zeocin) 

Dissolve 10 g peptone, 5 g yeast extract, 5 g 
NaCl in ~800 ml water, titrate to pH 7.5 
with 1 M NaOH and fill to 1 L with water, 
autoclave 

Low salt LB agar (for Zeocin) 

Dissolve 10 g peptone, 5 g yeast extract, 5 g 
NaCl, 15 g agar in ~800 ml water, titrate to 
pH 7.5 with 1 M NaOH and fill to 1 L with 
water, autoclave and pour into petri dishes 

2.1.7 Yeast Growth and Expression 

Media 
Recipes 

YPD broth 
Combine 10 g yeast extract, 20 g peptone. 
Fill to 900 ml with water, autoclave, add 
100 ml sterile 20% (w/v) D-glucose 

YPD agar 

Combine 10 g yeast extract, 20 g peptone, 
20 g agar. Fill to 900 ml with water, 
autoclave, add 100 ml sterile 20% (w/v) D-
glucose and pour into petri dishes 

BMMY 1. Combine 10 g yeast extract, 20 g peptone, 
fill to 795 ml with water, autoclave.  

 

BMGY 

2. Add sterile 100 ml 1M KPO4 pH 6.0, 100 
ml YNB, 5 ml methanol, 2 ml 500x D- 
biotin 

1. Combine 10 g yeast extract, 20 g peptone, 
fill to 700 ml with water, autoclave.  
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BMM 

2. Add sterile 100 ml 1M KPO4 pH 6.0, 100 
ml YNB, 100 ml 10% (v/v) glycerol, 2 ml 
500x D - biotin 

Combine sterile 100 ml 1M KPO4 pH 6.0, 
100 ml YNB, 5 ml methanol, 2 ml 500x D- 
biotin, fill to 1 L with water 

MM 
Combine sterile 100 ml YNB, 5 ml 
methanol, 2 ml 500x D - biotin, fill to 1 L 
with water 

500x D- biotin 
Dissolve 20 mg D - biotin in 100 ml of 
water and filter sterilize 

 

2.2 Protocols 

2.2.1 Bacterial Protocols  

2.2.1.1. Preparation of NM522 Competent Cells 

Competent NM522 E. coli cells were prepared by picking a single colony of cells from LB 

plates, transferring to 100 ml LB medium in a 1 L flask and shaking for ~3 hours at 37°C 

and 300 RPM until the culture reached an OD600 between 0.3 and 0.5. The remainder of the 

protocol was carried out on ice. The culture was centrifuged at 1500 xg for 10 minutes at 

4˚C and the supernatant discarded. The pellet was resuspended in 10 ml ice cold 0.1M 

CaCl2, centrifuged as above and the supernatant discarded. The pellet was resuspended in 2 

ml ice cold 0.1M CaCl2 and 200 µl aliquots were dispensed into cold sterile 1.5 ml 

microcentrifuge tubes. The tubes of competent cells were snap frozen in liquid nitrogen and 

stored at -80°C.  
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2.2.1.2 Bacterial Transformations 

Plasmid DNA was used to transform competent NM522 bacterial cells. DNA (1-2 µl) was 

added to competent cells (200 µl) which were placed on ice for 20 minutes and then heat 

shocked at 42°C for 90 seconds. The cells were spread on LB agar plates containing the 

appropriate antibiotic. In the case of the pPICZα plasmid the antibiotic used was Zeocin at a 

final concentration of 25µg/ml added to low salt LB agar. 

BL21 cells (Stratagene) were transformed according to manufacturer’s instructions. 2 µl 

1:10 dilution XL 10-Gold was added to 100µl competent cells. Cells were incubated on ice 

10 minutes and 1 µl closed circular plasmid DNA added. Cells were incubated on ice an 

additional 30 minutes and then heat shocked at 42˚C for 20 seconds and returned to the ice 

for 2 minutes. 900 µl preheated SOC broth was added and reactions were incubated at 37°C 

and 225 RPM for 1 hour. 200 µl cells were spread on LB plates with 50 µg/ml ampicillin 

and 50 µg/ml chloramphenicol (BL-21 cells are chloramphenicol resistant) and incubated at 

37˚C overnight. 

2.2.1.3 Bacterial Storage 

Positive clones from transformations were grown overnight at 37°C with shaking at 200 

RPM in 3-5 ml LB with either 50 µg/ml ampicillin or 25 µg/ml Zeocin (the pPICZα shuttle 

vector was used to express the genes in P. pastoris and contained a Zeocin resistance gene). 

500 µl of culture was mixed with an equal volume of sterile 40% glycerol. Stocks were 

stored at -80°C. 
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2.2.2 DNA Manipulations 

2.2.2.1 DNA Isolation 

Bacterial plates were incubated at 37°C overnight and single colonies picked the following 

day and grown in 3-5 ml LB broth with the appropriate antibiotic. Cultures were grown 

overnight at 37°C and 200 RPM. The following day the cultures were used to isolate 

plasmid DNA. Plasmid mini preps were carried out with QIAGEN mini-prep kits as 

described by the manufacturer.  The purified DNA was eluted from the spin column with 50 

µl elution buffer (supplied in the kit) and stored at 4°C. 

2.2.2.2 Quantification of  Plasmid  DNA 

DNA concentrations were determined spectrophotometrically using a Nanodrop Model ND-

1000. The instrument was blanked with EB buffer (QIGEN), 2 µl of the purified plasmid 

DNA loaded on the pedestal, and the A260 and A280 measured. The A260 was used to quantify 

the sample using the conversion factor of 1 OD = 50 µg/ ml 

2.2.2.3 SacI digests  

Plasmid DNA (20 µg) was digested in 50 µl reaction mixtures containing 5 µl 10x NEB 

reaction buffer 1 (100 mM Bis-Tris-Propane-HCl, 100 mM  MgCl2, 10 mM dithiothreitol, 

pH 7.0), 0.5 µl 100 x BSA and 2 µl SacI (10 U/µl) at 37°C for 2 hours. DNA was 

precipitated with 2.5 volumes 95% ethanol and 0.1 volumes of 3 M sodium acetate pH 5.2 

at -20°C for 1 hour. Digested DNA was recovered by centrifuging at 18 000 xg for 10 

minutes and the supernatant discarded. The pellet was washed with 70% ethanol and air 

dried. Precipitated DNA was resuspended in 20µl nanopure water certified to be RNase and  

DNase free (Sigma - Aldrich). DNase free water was used to reduce the possibility of DNA 

degradation. Samples were stored at 4°C. 
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2.2.2.4 DNA Agarose Gel Chromatography 

Agarose (1%) gels were prepared by adding agarose powder to 30 ml 1x TBE to prepare a 

small gel or 70 ml 1x TBE for a large gel. Approximately 5 µl of ethidium bromide solution 

(10 mg/ml) was added to the solution. DNA samples (20 µl) were mixed with 5 µl 6x 

loading dye. Gels were run at 100 V until the bromophenol blue dye reached the bottom of 

gel. Gels were visualized on a UV transilluminator (TFX-20.LM, Vilber Lourmat).  

2.2.3 Yeast Transformation and Verification Protocols 

2.2.3.1 P. pastoris PEG1000 Transformation 

Competent P. pastoris cells were prepared by picking a single colony of P. pastoris from a 

YPD plate, transferring to 10 ml YPD broth and shaking overnight at 30°C and 200 RPM. 

The following morning the entire culture was used to inoculate a flask containing 100 ml 

YPD medium. The flasks were shaken at 30°C and 200 RPM until the culture reached an 

OD600 nm between 0.5 and 0.8. The culture was centrifuged at 3000 xg for 10 minutes and 

the supernatant discarded. The pellet was washed in 50 ml buffer A (1 M sorbitol, 10 mM 

Bicine pH 8.35, 3% ethylene glycol), centrifuged and the supernatant discarded. The pellet 

was resuspended in 4 ml buffer A and 200 µl aliquots were dispensed into sterile 1.5 ml 

microcentrifuge tubes. Dimethyl sulfoxide (DMSO) (11 µl) was added to each tube, mixed, 

rapidly frozen in liquid nitrogen and stored at -80°C.  

Plasmid DNA (10- 20 µg) linearized with SacI (see 2.2.2.3) was added to a frozen stock of 

competent cells. After incubation at 37°C for 5 minutes 1.5 ml buffer B (40% w/v 

polyethylene glycol (PEG) 1000, 0.2 M Bicine pH 8.35) was added to the cells and mixed. 

Tubes were incubated at 30°C for 1 hour and the cells pelleted by centrifugation at 2000 xg 

for 10 minutes. The pellet was resuspended, washed in 1.5 ml buffer C (150 mM NaCl, 10 
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mM Bicine pH 8.35), centrifuged at 2000 xg for 10 minutes and the supernatant discarded. 

The cells were carefully resuspended in Buffer C (200 µl). The entire volume was plated 

onto a fresh YPD plate containing Zeocin. The concentration of antibiotic was variable and 

ranged from 100 to 1000 µg/ml depending on the strain used and the purpose of the 

experiment (see Chapter 4 for more details). The plates were incubated at 30°C for two to 

three days until colonies appeared.  

2.2.3.2 P. pastoris Electroporation  

YPD media (5 ml) was inoculated with a single P. pastoris colony and shaken overnight at 

30°C and 200 RPM. The culture was then used to inoculate 500 ml YPD medium and 

shaken at 30°C and 200 RPM to an OD600 of 1.3-1.5. Cells were pelleted at 3000 xg for 10 

minutes and the supernatant discarded. The pellet was resuspended in 500 ml cold sterile 

double distilled water and the cells washed. The cells were pelleted, washed in 250 ml cold 

sterile double distilled water before being pelleted and resuspended in 20 ml cold 1 M 

sorbitol. Following centrifugation at 3000 xg for 10 minutes the final pellet was resuspended 

in 1 to 1.5 ml 1M sorbitol and 80 µl aliquots were dispensed into sterile 1.5 ml 

microcentrifuge tube. Tubes were stored on ice. 

Linear plasmid DNA (5 – 20 µg) was added to a tube of electrocompetent cells. The 

suspension was mixed and transferred to an ice-cold electroporation cuvette. Care was taken 

to ensure the cell suspension was at the bottom of the cuvette and any visible air bubbles 

removed. The electroporator (Micropulser, Biorad Laboratories) was set to ‘Pichia’ setting 

(2.0 kV). The cuvette was incubated on ice for 5 minutes and then placed in the pre-cooled 

electroporator sleeve and pulsed. Ice cold sorbitol (1 ml) was quickly added to the cuvette 

and mixed with the transformed cells. Two hundred microlitre aliquots of the solution were 
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plated onto each of three YPD plates containing Zeocin. The plates were incubated at 30°C 

for two to three 3 days until colonies appeared. 

2.2.3.3 Preparation of Yeast Genomic DNA 

Yeast genomic DNA was isolated for use in PCR. Individual colonies were picked, 

resuspended in 10 µl double distilled water and 25 units of lyticase (Antherobacter luteum 

supplied by Sigma - Aldrich) were added to the suspension. The solution was incubated for 

10 minutes at 30°C and then transferred to -80°C for 10 minutes. The sample was thawed 

and centrifuged at 9000 xg for 10 minutes, and the supernatant containing the genomic 

DNA was collected and stored at 4°C in a microcentrifuge tube until tested by PCR (Linder 

et al., 1996).  

2.2.3.4 PCR Reactions 

Positive yeast transformants were identified by PCR amplification of yeast genomic DNA 

using BoNT/C or D subunit specific primers (PCRExpress, Thermo Hybaid). 

     Forward primer 5’ TACTATTGCCAGCATTGCTGC 3’ 
                             Reverse primer  5’ GCAAATGGCATTCTGACATCC 3’ 

Figure 2.1 Primers used on P. pastoris genomic samples. 

Reaction components and the PCR conditions are listed in Tables 2.3 and 2.4. Plasmid DNA 

containing the synthetic genes was used as positive control. Following amplification PCR 

reactions were run on a 1% agarose gel. 
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Table 2.3 PCR reactions – recipe for genomic and plasmid DNA  

              

Table 2.4 PCR reaction conditions  

 

2.2.4 Protein Expression  

2.2.4.1 Small Scale Protein Expression 

Positive transformants were shaken in 5 ml YPD liquid medium overnight at 30°C and 200 

RPM. The following morning the cultures were centrifuged at 3000 xg for 10 minutes and 

the supernatants discarded. The cell pellets were resuspended in 50 ml BMGY buffer in 250 

ml flasks. The cultures were shaken overnight at 30°C and 200 RPM. The following day the 

cultures were centrifuged at 3000 xg and the pellets resuspended in 10 ml BMMY medium 

in 50 ml Falcon tubes and shaken at 30°C and 200 RPM for four days. Methanol (50 µl) was 

added every 24 hours. 

 

Cycle Temperature Duration Repeat
1 94ºC 4 minutes 1x

94ºC 1 minute
Tm - 5ºC 1 minute

72ºC 1.5 minutes
3 72ºC 10 minutes 1x
4 4ºC hold

2 33x
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2.2.4.2 Large Scale Protein Expression   

Positive transformants were shaken in 5 ml YPD liquid medium overnight at 30°C and 200 

RPM. The following morning the cultures were centrifuged at 3000 xg for 10 minutes and 

the supernatants discarded. The cell pellets were resuspended in 500 ml BMGY buffer in 2 l 

flasks. The cultures were shaken overnight at 30°C and 200 RPM. The following day they 

were centrifuged at 3000 xg and the pellets resuspended in 250 ml BMMY medium in a 2 l 

flask and shaken at 30°C and 200 RPM for four days. Methanol (500 µl) was added to each 

flask every 24 hours. 

Following four days of growth cultures were centrifuged at 3000 xg for 10 minutes and the 

pellets stored at -20°C until required. 

2.2.4.3 Small Scale Pellet Lysis – Glass Beads 

Yeast cells were disrupted using a glass beater (Mini-Beadbeater, Biospec Products Inc.). 

Aliquots (1 ml) of cultures were added to 2 ml screw-cap tubes, centrifuged at 9000 xg for 3 

minutes and the supernatants discarded. The pellets were resuspended in 1 ml PBS buffer. 

Approximately 500 µl of 0.45-0.5 mm glass beads were added to the tubes and the tubes 

filled with PBS. The tubes were placed in a Minibead beater and shaken at 5000 RPM for 2 

minutes, centrifuged at 9000 xg for 3 minutes and the supernatants collected and stored at 

4°C.  

2.2.4.4 Large Scale Lysis – Sonication 

Cell pellets prepared in section 2.2.4.2 were removed from storage at -20°C and 

resuspended in a minimal volume of column wash buffer (500 mM NaCl, 20 mM sodium 

phosphate buffer, pH 7.4). The cell suspensions were transferred to 50 ml centrifuge tubes 

and sonicated using a Branson 450 sonicator. Cells were sonicated for 10 cycles of 10 bursts 
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per cycle. Between each cycle samples were cooled in liquid nitrogen briefly to reduce the 

heat of the sample but not frozen. Following sonication cell lysates were centrifuged at 9000 

xg for 10 minutes at 4°C. The supernatants were used immediately or stored at 4°C. 

2.2.4.5 Affinity Column Purification 

The expressed proteins were purified by affinity column chromatography using a pre-

packed 5 ml nickel NTA column (GE Healthcare). The nickel affinity column was 

equilibrated as recommended by the manufacturers. The column was washed with 5 column 

volumes (25 ml) water followed by 20 ml 100 mM NiSO4, another 5 column volumes of 

water and finally equilibrated with 5 column volumes wash buffer (500 mM NaCl, 20 mM 

sodium phosphate buffer, pH 7.4). Crude protein preparations were filtered through a 0.22 

µm filter and the filtrate applied to the column. Following column loading the column was 

washed with 25 ml wash buffer. The column was then washed with 25 ml wash buffer 

containing 40 mM imidazole. The purified His tagged protein was eluted with 25 ml column 

elution buffer (wash buffer containing 200 mM imidazole). One ml fractions were collected 

during the elution step.  

Protein concentrations of column eluates were determined spectrophotometrically at 280 nm 

using a Nanodrop spectrophotometer and the fractions containing protein peaks were pooled 

and dialyzed.  

2.2.4.6 Protein Dialysis 

Protein eluted from the nickel affinity column was dialyzed (12 kDa cut off) against PBS at 

4oC   (4 x 500 ml changes) over a 48 hour period. Dialyzed protein was stored at 4°C. 
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2.2.4.7 Protein Quantification 

Total protein was measured using a Nanodrop spectrophotometer model ND-1000. 

Absorbance readings were conducted in triplicate and the average reading was converted to 

a concentration using a BSA calibration curve. Samples were analyzed on SDS-PAGE and 

stained with Coomassie Brilliant Blue R-250. Bands obtained were quantified using ImageJ 

software (downloaded free of charge at http://rsbweb.nih.gov/ij/). The contribution of the 

band of interest to total protein was calculated by combining all the visible bands and then 

dividing the intensity of the band of interest by the combined value. The calculated value 

was then multiplied by the total protein determined from the calibration curve. The value 

obtained reflected the amount of expressed protein present in the sample. 

2.2.4.8 SDS-PAGE  

SDS-polyacrylamide gels (7.5%) were prepared, according to the recipe in Table 2.5:  

Table 2.5 Constituents added to prepare 7.5% SDS-polyacrylamide gels. 

 

 

 

 

 

 

 

                            

 

Bottom
Buffer/Solution 1 gel 2 gels

1.5 M Tris pH 8.8 1.25 ml 2.5 ml
water 2.4 ml 4.85 ml
10% (w/v) SDS 50 µl 100 µl
acrylamide/bisacrylamide 29:1 1.25 ml 2.5 ml
TEMED 5 µl 10 µl
10% (w/v) APS (add last) 50 µl 100 µl

Top
Buffer/Solution 1 gel 2 gels

0.5 M Tris pH 6.8 1.25 ml 2.5 ml
water 3.05 ml 6.1 ml
10% (w/v) SDS 50 µl 100 µl
acrylamide/bisacrylamide 29:1 665 µl 1.25 ml
TEMED 5 µl 10 µl
10% (w/v) APS (add last) 50 µl 100 µl
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 Gels were cast using a BioRad Miniprotean gel apparatus as described by the manufacturer.  

Protein samples were combined with an equal volume of 2x sample buffer and heated for 5 

minutes at 95˚C. Samples (10-20 µl per well) were loaded along with a sample of prestained 

protein ladder as a molecular weight marker (Shapiro, 1967). The gels were run at 100 V 

until the protein passed from the stacking to the resolving gel and the voltage was then 

increased to 200 V. Gels were run until the bromophenol blue reached the bottom of the 

gels.  Polyacrylamide gels were removed from the plates and stained with Stain solution 

(see recipe in section 2.1.6) for 20 - 60 minutes. The gels were transferred to destain 

solution (10% methanol, 10% acetic acid solution) overnight. Following destaining the gel 

was transferred to and stored in water.  

2.2.4.9 Western Blot Analysis 

PVDF (polyvinylidine difluoride) membranes (Immobilon cat# ISEQ00010, Millipore) were 

wetted by immersing in 100% methanol for 2 to 3 seconds, transferred to double distilled 

water for 2 to 3 minutes then transferred again to transfer buffer. Two sponges were placed 

on transfer cassette and two wet paper filters were stacked on the sponges. The SDS-PAGE 

gel was placed on top of the filters and the activated PVDF membrane on top of the gel. Two 

additional paper filters were laid on the membrane and overlaid with two sponges, see 

Figure 2.2.  
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                                                                                                                      (Image from fermentas.com) 

Figure 2.2 Protein transfer ‘sandwich’ from SDS-PAGE to PVDF membrane for Western 
blotting. 

Protein transfers were carried out at 100V in blotting buffer containing an ice brick for one 

hour. Following transfer the membrane was blocked with 4 ml of 3% BSA in TBST buffer. 

The membrane was shaken at 140 RPM room temperature for 20 minutes. Following 

blocking 4 µl of mouse anti-tetra His antibodies (Qiagen) were added to the blocking 

solution and incubated with membrane overnight at 140 RPM at room temperature. 

Following the overnight incubation, the membrane was washed with TBST (3 x 15 

minutes). The membrane was then incubated in a 1:2000 dilution of secondary antibodies 

(rabbit anti-mouse conjugated to horseradish peroxidase) in 3% BSA/TBST for 1 hour at 

140 RPM at room temperature.  

DAB solution was prepared by adding a 3,3’-Diaminobenzidine tablet into 5 ml double 

distilled water and dissolved by vortexing. Once dissolved, a tablet of urea hydrogen 
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peroxide was added and dissolved (DAB kit supplied by Sigma - Aldrich). The solution was 

stored at room temperature in the dark until used. 

Following washing (3 x 15 minutes in TBST) the membrane was developed in 5ml DAB 

solution.  Colour development of the membrane was stopped by rinsing the membrane in 

distilled water (Burnette, 1981). 

2.2.5 Immune Studies in Mice 

JCU Animal Ethics approval A1112 was obtained prior to commencing any animal work 

(see appendix VIII).  BALB/c mice used in this project were housed in an animal facility at 

the School of Veterinary and Biomedical Sciences at James Cook University. Experiments 

were carried out on male and female mice aged between 8 and 16 weeks.   

2.2.5.1 Injections 

Mice were injected intraperitoneally with 200 µl inoculates (as described in chapter 5) and 

monitored daily. 

2.2.5.2 Bleeding of  Mice 

Prior to bleeding, mice were transferred to a holding cage and warmed with a heating lamp 

for 5 to10 minutes. Emla cream (5%) (AstraZeneca) was applied to the tips of their tails and 

left for 5 minutes to allow the cream to numb the tail. The tip of the tail (2 to 3 mm) was 

excised with a scalpel blade and a capillary tube used to collect the blood samples (∼50 µl). 

Following collection the capillary tubes were placed in 1.5 ml centrifuge tubes and the 

blood transferred into the microcentrifuge tubes. Sample collection was performed quickly 

as slow blood flow led to coagulation in the capillary tube which prevented transfer of blood 

to centrifuge tubes. Samples were stored at 4°C. 
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2.2.5.3 Toxin Challenge Experiments 

Active botulinum toxin was diluted in sterile PBS buffer and 200 µl injected into each 

mouse intraperitoneally. Botulinum toxins were purchased from Metabiologics Inc. and 

imported from The United States (see Appendix VI for import license). and potency of each 

toxin was determined by the manufacturer (see Appendix VII). 

2.2.5.4 ELISA- Serum Samples Analysis 

ELISA assays were conducted in 96-well Greiner plates (Engvall and Perlmann, 1971). 

Purified BoNT C or D subunit (as described in Chapter 4) was prepared at a concentration 

of 50 µg/ml in PBS and 100 µl of diluted subunit added to each well. The plates were 

incubated at 4°C overnight. The following day the solution was discarded and the plate 

tapped on dry paper towel to eliminate residual liquid. The wells were washed three times 

with TBST (200 µl per well) and then incubated with 200 µl of TBST at room temperature 

for 15 minutes. The plates were tapped dry after each wash.  The washing procedure was 

repeated after every stage of the assay. 

Blocking solution (100 µl), prepared by dissolving bovine serum albumin (300 mg) in 10 ml 

TBST was added to each well and the plates incubated at 4°C for 3 hours to overnight and 

the solution discarded. 

Mouse serum samples were diluted in PBS (1:50) prior to analysis and 50 µl added per well.  

Samples were analyzed in duplicate. Mouse anti tetra-His antibody at a dilution of 1:1000 in 

PBS and PBS only, were also analyzed in duplicate and served as positive and negative 

controls, respectively. The mouse anti tetra-His antibody validated the presence of the his-

tagged protein and demonstrated that the anti-mouse secondary antibody used was binding 

properly. 
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Plates were incubated at room temperature for 1 hour with the serum samples and then 

washed with TBST. 50 µl of a secondary antibody (anti mouse antibody conjugated to 

horseradish peroxidase) diluted 1:2000 in TBST was added to each well. Plates were 

incubated at room temperature for 1 hour, the solution discarded and the plates washed with 

TBST. Commercially obtained TMB liquid substrate supplied by Sigma - Aldrich (100 µl) 

was added to each well and developed for 5 to 10 min after which 100 µl stop solution (2 M 

H2SO4) was added.  The absorbance at 450 nm was measured in a 96 well plate reader 

(Multiskan Ascent, Thermo Labsystems). 

2.2.5.5 Western Blot – Serum Sample Analyses 

Western blotting was carried out as described in section 2.2.4.9. Purified protein was run on 

SDS-PAGE in one continuous well, and transferred to PVDF membrane. Following transfer, 

the membrane was cut into strips. Strips were labeled by clipping the corners of the 

membrane – from uncut to all 4 corners cut and were processed in sets of 5. The serum 

samples were diluted 1:100 in 1 ml TBST/ 3% BSA and each sample was used to probe a 

single strip. Horseradish peroxidase conjugated anti-mouse antibodies at a final dilution of 

1:2000 in TBST were used as secondary antibody. Colorimetric DAB reactions were carried 

out as described in section 2.2.4.9. 
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Chapter 3 – Gene Design and Synthesis 

3.1 Introduction 

3.1.1 – Genetic Information 

There are seven known strains of C. botulinum, termed A-G which all produce potent 

neurotoxins affecting various elements of the SNARE pathway, as discussed in the Chapter 

1. The focus of this work involves specifically strains C (accession code# D90210) and D 

(accession code# S49407) as these are the two toxins primarily associated with botulism 

intoxication in cattle. Much background work has already been done on these two strains 

(Syuto and Kubo, 1981; Tsuzuki et al., 1988; Inoue et al., 1999) and sequence and structure 

information is available on both (Kimura et al., 1991; Lacy and Stevens, 1999; Jin et al., 

2007). 

The toxins are composed of three distinct domains: the catalytic, translocation and binding 

domains. Initially the toxin is translated as one long chain, but is then cleaved and forms two 

peptide chains held together by a disulphide bond. The distinct roles of the different areas of 

the protein allows for the truncation of the protein and analysis of each component in 

isolation. Analysis of the different domains of the toxin determined that the binding domain 

at the carboxy terminus of the heavy or large chain of the protein was sufficient to elicit an 

immune response in vivo (Clayton et al., 1995). The finding was very significant as it 

suggested an alternative and safer means of vaccination. Exposure to the binding subunit 

cannot cause botulism poisoning as the catalytic domain is absent, yet leads to immunity 

against the full length active toxin (Clayton et al., 1995; Potter et al., 1998). 
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 3.1.2 – Protein Expression 

Initial work with clostridial toxins focused on the tetanus rather than botulinum neurotoxin. 

Structurally the two are quite similar (Turton et al., 2002) and much of the work that was 

done on tetanus was later applied to the botulism system. 

Tetanus neurotoxin is composed of a light chain and a heavy chain. In 1986, the carboxy 

terminus of the heavy chain was sequenced and cloned in bacteria and was found to confer 

immunity in mice (Fairweather et al., 1986; Fairweather et al., 1987). Work was then 

carried out to increase yields and expression in E. coli was optimized by removing rare 

codons from the gene. This work was successful and increased yields from 3% total cell 

protein  up to 14% total cell protein (Makoff, 1989).  

A few years later multiple copies of the fragment were successfully integrated into P. 

pastoris. Expression of the protein was very effective and the yields were robust- up to 12 

g/L fragment C protein was isolated and purified from the expressing yeast (Clare et al., 

1991). The success of the tetanus expression project and the similarities between the tetanus 

and the botulinum toxins led to the same strategy being used on the various serotypes of the 

botulinum toxins. 

Heterologous expression of C. botulinum toxins began in the mid 90s. Bacterial and yeast 

systems were already routinely used in the lab and new technologies started emerging that 

assisted in the expression of full length proteins. In 1995 Clayton et al. were able to modify 

the GC content of the carboxy terminus of the heavy chain and eliminate rare codons in E. 

coli. The product was immunogenic and protective but protein expression yields were not 

discussed.  A few years later another group worked on the same subunit but from serotype 
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B. They used the P. pastoris system and claimed good yields (390 mg/kg cells) and good 

protection in the mouse model (Potter et al., 1998).   

Different approaches were tried, such as adding rare tRNA genes into E. coli to increase the 

yields of expression (Zdanovsky and Zdanovskaya, 2000), using His-tagged and Glutathione 

S-transferase (GST) tagged proteins (Woodward et al., 2003; Arimitsu et al., 2004), and 

expressing the entire large fragment of the toxin (Zhou and Singh, 2004).  

Typically expressed proteins underwent many rounds of purification using various 

chromatographic stages and achieving a purer end product. An example is the work done on 

the carboxy terminus of strain A. Following expression, the protein was run through three 

ion exchange chromatographic stages followed by a hydrophobic interaction 

chromatographic polishing step. The product was found to be greater than 95% pure, 

indicating that even after a significant series of purification steps, up to 5% contamination 

remained in the sample (Potter et al., 2000). 

Two competing strategies emerged to obtain high yields of the clostridial binding subunits– 

the bacterial expression system and the yeast expression system. The bacterial system, BL-

21 cells – E. coli cells with three rare tRNA genes integrated into the E. coli genome was 

commonly utilised in an effort to improve yields (Baldwin et al., 2008; Arimitsu et al., 

2004; Zhou and Singh, 2004). In more recent studies the yeast expression system used was 

exclusively the P. pastoris system (Potter et al., 1998, 2000; Byrne et al., 2000; Dux et al., 

2006; Webb et al., 2007). Previously S. cerevisiae was used to express proteins but was 

found to hyperglycosylate secreted proteins and thus lost favor (Romanos, 1991).  
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In vivo testing of expressed proteins typically showed that the subunits protected effectively 

against a challenge of up to 100 000 LD50 (Byrne et al., 1998; Webb et al., 2007; Baldwin et 

al., 2008). Other groups opted to settle for less aggressive challenges, such as 1000 LD50 of 

toxin of serotype E (Dux et al., 2006) and 5000 LD50 of toxin of serotype F (Byrne et al., 

2000).  

Preliminary work contributing to this project investigated the expression of the binding 

domain for strains C and D and was expressed in E. coli (Woodward et al., 2003). The 

bacteria provided ample material for in vivo research although yields were low and limiting, 

in the range of 2.0 to 3.0 mg per litre culture (Woodward et al., 2003). Given the potential 

application of such material in vaccine design, large amounts of the toxin's binding subunits 

were desired.  The bacterial expression system proved inappropriate for commercial scale 

production and an alternative was selected, the methylotrophic yeast P. pastoris. One of the 

main focuses of the present study was to transfer the expression from bacteria to yeast. 

3.1.3 – Codon Optimization 

To optimize protein expression the BoNT genes required modification to best suit the new 

expression system. In recent years, knowledge of codon bias in various organisms has 

improved expression and yields of heterologous proteins (Gustafsson, 2004). The central 

dogma dictates that nearly all organisms use the same codons and translate these to the same 

amino acids. In effect this implies that a gene can be transferred from organism to organism 

and expressed with no adverse affects.  Due to the redundancy of the genetic code, most 

amino acids are coded by more than one codon. It has been demonstrated that different 

organisms have different preferences regarding which codon sequence is chosen to code for 

a specific amino acid (Gustafsson, 2004). If a heterologous gene sequence with rare codons 
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is introduced into a new host, it will slow down translation and potentially create a 

bottleneck due to tRNA isoacceptor pools being low for those specific codons. Such 

shortages may hinder the expression of that sequence (Marin, 2008;  Te’o et al., 2000).  

To address this issue, codon bias tables have been empirically constructed that detail the 

preferred codon sequences used by various organisms. Table 3.1 shows the compiled codon 

usage data for the organism P. pastoris. Converting the gene to primarily use preferred 

codons in the host organism increases the possibility of higher protein yields. 

The redundancy of the code is such that the third base is ‘wobbly’ and typically it is the one 

requiring adjustment. The technical issues with changing every third base in a gene 

sequence are considerable and in the past have limited the use of this approach. However, 

new technologies exist and genes can be designed and synthesized within a very short time 

and incorporate significant modifications. The synthetic gene is first designed to include all 

required changes and modifications. This may include adding restriction enzyme sites for 

easier manipulation of the genes, replacing specific amino acids in order to study mutations 

on the expressed protein, or even creating a completely novel protein. Synthesis can then be 

carried out in house or outsourced to a commercial lab and sequenced for validation.  

For this project, codon optimization was not the only modification carried out on the gene 

sequences. Posttranslational modifications such as glycosylations can also adversely affect 

the structure and function of an expressed protein. The botulinum subunits have no catalytic 

function but the structure and immunogenicity can be modified by carbohydrates bound to 

the protein (Imperiali and O’Connor, 1999). Bacteria do not possess the enzymes required to 

posttranslationally glycosylate proteins and the botulinum toxins are not modified by 

glycosylation. It was therefore necessary to investigate the possibility of glycosylation in the 
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P. pastoris system and to make the appropriate changes to minimize the possibility of such 

modifications on the final products. 

Another factor taken into account during the design and synthesis of the two genes was the 

GC content of the gene. It is known that high AT in the genes can lead to premature 

terminations (Romanos et al., 1991). Work carried out on the C fragment of tetanus toxin 

led to small incomplete products when expressed in different yeasts. When the GC content 

was increased from 29% to 47% a full length product was expressed and isolated. There are 

several putative AT rich consensus sequences for early termination but nothing absolute is 

known about exact sequences leading to termination. The generally accepted hypothesis is 

that high AT content will lead to premature termination of the expressed protein (Romanos 

et al., 1992). By lowering the percentage of As and Ts, the likelihood of a premature 

termination decreases. When the GC content was modified in the tetanus fragment discussed 

above, levels of expressed protein in P. pastoris reached 25% of total cell protein.   

The AT content of the original genes was greater than 75%. The de novo synthesis of these 

genes provides the flexibility to reduce this imbalance. Optimizing for codon bias, however, 

places limitations on the extent to which the GC content can be manipulated. Ultimately GC 

content was improved in the genes at the cost of including suboptimal codons. This had the 

additional benefit of not relying solely on a single codon per amino acid as it might lead to 

depletion of the overly used tRNAs. Studies have shown that there is a correlation between 

isoacceptor tRNA molecules levels and codon bias. The theory states that high tRNA levels 

corresponding to a specific codon led over time to a clear codon bias utilizing the tRNA. 

The more highly expressed the gene the more pronounced the bias (Moriyama and Powell, 

1997; Bulmer, 1987; Hatfield et al., 1992). Table 3.2 indicates however, that even though 
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UUU 24.1 (1963)  UCU 24.4 (1983)  UAU 16.0 (1300) UGU  7.7 ( 626)
UUC 20.6 (1675)  UCC 16.5 (1344)  UAC 18.1 (1473) UGC  4.4 (356)
UUA 15.6 (1265)  UCA 15.2 (1234) UAA  0.8 (69)  UGA  0.3 (27)
UUG 31.5 (2562)  UCG  7.4 (598)  UAG  0.5 (40)  UGG 10.3 (834)

CUU 15.9 (1289)  CCU 15.8 (1282)  CAU 11.8 (960) CGU  6.9 (564)
CUC  7.6 (620)  CCC  6.8 (553)  CAC  9.1 (737)  CGC  2.2 (175)
CUA 10.7 (873)  CCA 18.9 (1540) CAA 25.4 (2069) CGA  4.2 (340)
CUG 14.9 (1215) CCG  3.9 (320) CAG 16.3 (1323)  CGG  1.9 (158)

AUU 31.1 (2532) ACU 22.4 (1820)  AAU 25.1 (2038)  AGU 12.5 (1020)
AUC 19.4 (1580) ACC 14.5 (1175)  AAC 26.7 (2168) AGC  7.6 (621)
AUA 11.1 (906)  ACA 13.8 (1118)  AAA 29.9 (2433)  AGA 20.1 (1634)
AUG 18.7 (1517)  ACG  6.0 (491)  AAG 33.8 (2748)  AGG  6.6 (539)

GUU 26.9 (2188)  GCU 28.9 (2351)  GAU 35.7 (2899)  GGU 25.5 (2075)
GUC 14.9 (1210)  GCC 16.6 (1348) GAC 25.9 (2103)  GGC  8.1 (655)
GUA  9.9 (804)  GCA 15.1 (1228) GAA 37.4 (3043) GGA 19.1 (1550)
GUG 12.3 (998)  GCG  3.9 (314)  GAG 29.0 (2360)  GGG  5.8 (468)

the codon bias is obvious for many amino acids, it is not absolute and the other synonymous 

codons (different codons coding for the same amino acid) are used as well. The inclusion of 

suboptimal codon sequences increased the available pool of tRNA used in translation. High 

levels of expression of a specific gene using only one codon per amino acid might create too 

much demand on a small number of tRNA molecules that might lead to bottlenecks and 

reduced expression (Marin, 2008).  

3.2 Methods 

Table 3.1 Codon bias table for P. pastoris. 

P. pastoris codon frequency table 
137 CD’s (81301 codons) 
Fields: [codon] [frequency: per thousand] ([number]) 
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Table 3.2  Codon bias table for P. pastoris arranged by amino acids.                   

 

 

 

 

 

 

 

 

 

 

 

Table 3.2 was generated from the data in table 3.1 and is arranged according to the amino 

acids encoded by each codon triplet. Information in Table 3.2 was used to examine the 

original sequence and make the various modifications. One example of clear codon bias is 

observed in the case of arginine where the preferred codon sequence is used ten times as 

often as the least preferred sequence. 

Amino Acid Codon (occurrence) % Occurrence Amino Acid Codon (occurrence) % Occurrence
GCU  (2351)  44.9 GAA  (3043) 56.3
GCC  (1348) 25.7 GAG  (2360)  43.7
GCA  (1228) 23.4 CAA  (2069) 61.0
GCG   (314)  6.0 CAG  (1323)  39.0
CGU  (564) 16.5 GGU (2075) 43.7
CGC   (175) 5.1 GGC  (655) 13.8
CGA   (340) 10.0 GGA  (1550) 32.6
CGG   (158) 4.6 GGG  (468) 9.9
AGA  (1634) 47.9 CAU  (960) 56.6
AGG   (539) 15.8 CAC   (737)  43.4

AAU  (2038)  48.5 AUU  (2532) 50.5
AAC  (2168) 51.5 AUC  (1580) 31.5
GAU  (2899)  58.0 AUA  (906)  18.1
GAC (2103)  42.0 UUA  (1265)  16.2
UGU   ( 626) 63.7 UUG  (2562)  32.7
UGC   (356) 36.3 CUU  (1289)  16.5

AAA  (2433)  47.0 CUC   (620)  7.9
AAG  (2748)  53.0 CUA  (873)  11.2

methionine AUG  (1517)  100.0 CUG  (1215) 15.5
UUU (1963)  54.0 UAA  (69)  
UUC  (1675)  46.0 UAG   (40)  
CCU  (1282)  34.7 UGA   (27)
CCC   (553)  15.0 ACU  (1820)  39.5
CCA  (1540) 41.7 ACC (1175)  25.5
CCG   (320) 8.7 ACA  (1118)  24.3
UCU  (1983)  29.2 ACG   (491)  10.7
UCC  (1344)  19.8 UAU  (1300) 46.9
UCA  (1234) 18.1 UAC  (1473) 53.1
UCG  (598)  8.8 GUU  (2188)  42.1
AGU  (1020) 15.0 GUC  (1210)  23.3
AGC  (621) 9.1 GUA   (804)  15.5

tryptophan UGG  (834) 100.0 GUG  (998)  19.2

cysteine
leucine

serine

phenylalanine

histidine

proline

asparagine
isoleucine

tyrosine

aspartic acid

valine

alanine
glutamic acid

glutamine

STOP

lysine

arginine
glycine

threonine
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The codon preference in Table 3.2 was used along with the original BoNT C and D carboxy 

terminal domains (see appendix I) to generate an optimized sequence to be used in P. 

pastoris.  

The NetNGlyc platform (http://www.cbs.dtu.dk/services/NetNGlyc/) was used to locate 

potential N-glycosylation sites in the original gene sequences. The N-glycosylation 

consensus sequence or sequon is Asn-X-Ser/Thr where X can be any amino acid except 

proline (Shakin-Eshleman et al., 1996). The determination of the potential N-glycosylation 

sites was made based on nine different algorithms used by the platform that determine a 

probability of glycosylation from zero to one. If the value passed the threshold of 0.5, the 

asparagine in the sequon was considered a candidate for N-glycosylation (see Figure 3.1).  

Once identified, the asparagines in the sequons predicted to be glycosylated were replaced 

with histidines. The first base of the asparagines codons AAU/C was replaced with cytosine 

to obtain CAU/C. This modification is considered conservative and is based on the 

similarities in the physical properties of the two amino acids. PAM250, BLOSUM62 and 

BLOSUM45 matrices were consulted regarding these similarities (http://www.nrbsc.org/gfx 

/genedoc/gdsim.htm). These matrices are designed primarily to perform protein alignments 

and provide a score for each set of amino acids compared. The scores are based on 

similarities within entire sequences in the case of PAM250, or else patterns found in 

conserved areas of sequences in the case of the BLOSUM matrices (Henikoff and Henikoff, 

1992). A positive score indicates an conservative evolutionary change and more likely to 

happen while a negative score reflects a change that occurs less than would be expected by 

random mutations alone. Even though each matrix is contructed a little differently and is 

used for different purposes all three matrices provided positive values in the conversion of 
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asparagine to histidine. The relevant conserved group here was composed of Asn, Gln, and 

His – amino acids with amide side chains that are capable of accepting and donating a 

proton simultaneously. Histidine was ultimately chosen due to a high codon similarity to 

asparagine requiring fewer modifications, and the positive values indicated in the similarity 

tables. 

BoNT/C Original 

 

YSKILSLQNRKNTLVDTSGYNAEVSEEGDVQLNPIFPFDFKLGSSGEDRGKVIVTQNENIVYNSMYESFSISFWIRINKW  80  
VSNLPGYTIIDSVKNNSGWSIGIISNFLVFTLKQNEDSEQSINFSYDISNNAPGYNKWFFVTVTNNMMGNMKIYINGKLI 160  
DTIKVKELTGINFSKTITFEINKIPDTGLITSDSDNINMWIRDFYIFAKELDGKDINILFNSLQYTNVVKDYWGNDLRYN 240  
KEYYMVNIDYLNRYMYANSRQIVFNTRRNNNDFNEGYKIIIKRIRGNTNDTRVRGGDILYFDMTINNKAYNLFMKNETMY 320  
ADNHSTEDIYAIGLREQTKDINDNIIFQIQPMNNTYYYASQIFKSNFNGENISGICSIGTYRFRLGGDWYRHNYLVPTVK 400  
QGNYASLLESTSTHWGFVPVSE 
................................................................................  80 
..........................................N..................................... 160 
...........N.................................................................... 240 
................................................N............................... 320 
................................................................................ 400 

    

BoNT/D Original 

 

PFNIFSYTNNSLLKDIINEYFNSINDSKILSLQNKKNALVDTSGYNAEVRVGDNVQLNTIYTNDFKLSSSGDKIIVNLNN  80  
NILYSAIYENSSVSFWIKISKDLTNSHNEYTIINSIEQNSGWKLCIRNGNIEWILQDVNRKYKSLIFDYSESLSHTGYTN 160  
KWFFVTITNNIMGYMKLYINGELKQSQKIEDLDEVKLDKTIVFGIDENIDENQMLWIRDFNIFSKELSNEDINIVYEGQI 240  
LRNVIKDYWGNPLKFDTEYYIINDNYIDRYIAPESNVLVLVRYPDRSKLYTGNPITIKSVSDKNPYSRILNGDNIILHML 320  
YNSRKYMIIRDTDTIYATQGGECSQNCVYALKLQSNLGNYGIGIFSIKNIVSKNKYCSQIFSSFRENTMLLADIYKPWRF 400  
SFKNAYTPVAVTNYETKLLSTSSFWKFISRDPGWVE 
........N...............N.......................................................  80 
.........N...................................................................... 160 
................................................................................ 240 
................................................................................ 320 
................................................................................ 400 

 

Figure 3.1 Native sequences of binding domains indicating putative N-glycosylation sites. 
The specific asparagines that pass the threshold are shown in pink with the other two amino 
acids of the sequon shown in blue. If the asparagines in a sequon do not pass the threshold 
level for glycosylation, the entire sequon is shown in blue. The algorithm used to determine 
putative glycosylation sites was found at www.cbs.dtu.dk/services/NetNGlyc/ using the 
NetNGlyc 1.0 server. 
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Sequence Length analyzed (bp) %GC content
BoNT/C original gene 1748 23.28
BoNT/D original gene 1386 23.52
BoNT/C synthetic gene 1464 42.83
BoNT/D synthetic gene 1324 36.03

Table 3.3 The modification of asparagines to histidines based on putative glycosylation sites 
using the NetNGlyc platform (http://www.cbs.dtu.dk/services/NetNGlyc/). 

 

 

 

 

As opposed to N-linked glycosylation, there is no consensus sequon for O-linked 

glycosylation. The only indications of potential O-linked glycosylations are an abundance of 

serine/threonine residues, or the presence of prolines near serine/threonine residues (Daly 

and Hearn, 2005). Due to the lack of a distinct consensus sequon, no modifications were 

made to the original sequences to prevent potential O-linked glycosylations. 

Table 3.4 GC content in original toxin domains and in synthetic genes.   

                  

 

 

 

The GC contents of the two genes were improved as can be seen in table 3.4. Originally 

both sequences had AT rich sequences, known to lead to premature termination of 

translation. Increasing GC content of the genes improved the chances of getting robust 

levels of full length protein.  

 

BoNT/C Amino Acid Changes  BoNT/D Amino Acid Changes 

N153H N6H 

N202H   N22H 

N319H   N87H 
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Figure 3.2 Construct composed of pPICZαA shuttle vector and synthetic gene inserted 
between EcoRI and XbaI in the multiple cloning site immediately downstream of the α-
factor. The AOX1 promoter region is shown in lime green and the 6-His tag is located 
downstream from the gene. The Zeocin selection gene is shown in purple. 

 

Synthetic genes were obtained from Epoch Biolabs in the pPicZαA vector (see Figure 3.2) 

along with sequencing they carried out on both constructs. As further validation of the 

products obtained they were again sequenced from both ends (see Figure 3.3). The 

sequencing was undertaken at Macrogen Inc. using forward and reverse primers designed to 

bind to areas of the pPICZα vector immediately upstream and downstream to the synthetic 

genes (see Appendix III for raw sequencing data). This allowed both genes to be sequenced 

with the same set of primers. The primers were designed to provide information regarding 

the ligation sites of the genes as well as the full length of the sequence including a section of 
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overlap when both sets of sequencing data were combined. Results were compared to the 

expected modified sequence. The sequencing data showed that the gene was in frame, had 

the 6-His tag, and corresponded to the sequencing provided by Epoch Biolabs (see figure 

3.4 for translated sequence of final synthetic gene sequences). No further sequencing was 

done on the genes.  

                             Forward primer 5’  TACTATTGCCAGCATTGCTGC 3’ 
                             Reverse primer  5’  GCAAATGGCATTCTGACATCC 3’ 

 

Figure 3.3 Primers used for sequencing validation of the synthetic genes obtained from 
Epoch Biolabs. 

 

BoNT/C Epoch 

MENTIPFNIFSYTHNSLLKDIINEYFNNIHDSKILSLQNRKNTLVDTSGYNAEVSEEGDV 
QLNPIFPFDFKLGSSGEDRGKVIVTQNENIVYNSMYESFSISFWIRINKWVSNLPGYTII 
DSVKNNSGWSIGIISNFLVFTLKQNEDSEQSIHFSYDISNNAPGYNKWFFVTVTNNMMGN 
MKIYINGKLIDTIKVKELTGIHFSKTITFEINKIPDTGLITSDSDNINMWIRDFYIFAKE 
LDGKDINILFNSLQYTNVVKDYWGNDLRYNKEYYMVNIDYLNRYMYANSRQIVFNTRRNN 
NDFNEGYKIIIKRIRGNTHDTRVRGGDILYFDMTINNKAYNLFMKNETMYADNHSTEDIY 
AIGLREQTKDINDNIIFQIQPMNNTYYYASQIFKSNFNGENISGICSIGTYRFRLGGDWY 
RHNYLVPTVKQGNYASLLESTSTHWGFVPVSEGLEQKLISEEDLNSAVDHHHHHH 
 

BoNT/D Epoch 

MFSYTHNSLLKDIINEYFNSIHDSKILSLQNKKNALVDTSGYNAEVRVGDNVQLNTIYTN 
DFKLSSSGDKIIVNLNNNILYSAIYEHSSVSFWIKISKDLTNSHNEYTIINSIEQNSGWK 
LCIRNGNIEWILQDVNRKYKSLIFDYSESLSHTGYTNKWFFVTITNNIMGYMKLYINGEL 
KQSQKIEDLDEVKLDKTIVFGIDENIDENQMLWIRDFNIFSKELSNEDINIVYEGQILRN 
VIKDYWGNPLKFDTEYYIINDNYIDRYIAPESNVLVLVRYPDRSKLYTGNPITIKSVSDK 
NPYSRILNGDNIILHMLYNSRKYMIIRDTDTIYATQGGECSQNCVYALKLQSNLGNYGIG 
IFSIKNIVSKNKYCSQIFSSFRENTMLLADIYKPWRFSFKNAYTPVAVTNYETKLLSTSS 
FWKFISRDPGWVEGLEQKLISEEDLNSAVDHHHHHH 

Figure 3.4 Translated amino acid sequences corresponding to synthetic genes. The modified 
amino acids are shown in red. The slight modification in length from the native forms is 
based on original sequences obtained from Dr. Woodward which were then modified (see 
Appendix II). 
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3.3 Discussion 

The project involved the move away from bacterial expression of the carboxy terminal 

domains of the C and D strains of C. botulinum toxins to expressing these in yeast instead. 

The aim was to use the available information base and create a system able to express the 

subunits efficiently and in large amounts so that they can eventually be used to develop a 

new generation botulism vaccine for cattle. 

The work presented above was undertaken to ensure that all steps were taken to achieve 

high levels of output. A vector was chosen with a strong signaling peptide to secrete the 

expressed protein into the medium for easier purification and isolation. Codon bias and GC 

content were taken into consideration when designing the synthetic genes, as well as 

eliminating possible N-glycosylation sites by altering the sequons predicted to be 

glycosylated by the NetNGlyc platform. Finally the genes were sequenced and analyzed 

upon their arrival to validate their identity.  

More recent work done on codon optimization has shed more light on this vital issue. In a 

recent study it was found that optimizing the sequence does not necessarily involve 

converting all codons to the most preferred three base combinations in the host organism. It 

was found that preferred codons were present in sections of genes used to code for the 

highly structured portions of proteins. However, in many cases rare codons were also 

present and coded for end or linking regions for the purpose of slowing down rates of 

translation in these areas to ensure proper protein folding. Eliminating these rare codons and 

replacing them with more preferred codons would actually affect protein translation kinetics 

which could lead to improperly produced products. (Angov et al., 2008).  
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In addition, another level of translational control was recently determined at the level of 

codon pairs. There are 3721 (612) possible codon pair combinations and a theoretical 

occurrence rate can be calculated for each pair. Empirical studies carried out on a large 

number of E. coli codon pairs found that some pairings were actually over-represented while 

others were under-represented (Irwin et al., 1995). This bias was found to have a direct 

effect on translational rates and efficiencies. Over-represented codon pairs translated more 

slowly than under-represented pairs and the effects were found to be dramatic in some 

cases; when an extremely over represented codon pair was replaced with an extremely 

under-represented codon pair the translational activity increased nearly 10-fold (Irwin et al., 

1995). Since the discovery of this phenomenon, sophisticated algorithms have been 

developed (available through CODA genomics) to determine the optimal sequence that 

takes into account codon pairings (Hatfield and Roth, 2007). Such an in depth mathematical 

analysis was not performed on the toxin subunits in the present study. The methodology 

used is proprietary and would have had to be outsourced. To date there is little evidence to 

support the claims made by this line of research and it is impossible to gauge the effects 

such modifications would have had on expression levels in the yeast host. 

The various modifications carried out on the two subunits were based on previous research 

done on heterologous protein expression, in bacteria and yeasts. Early attempts at gene 

modifications in yeast involved expressing a fragment of the tetanus toxin in S. cerevisiae 

(Romanos et al., 1991). It was found that fortuitous polyadenylation sites caused by AT rich 

domains in the gene resulted in truncated transcripts. By increasing the GC content of the 

fragment from 29% to 47% and reducing the AT rich domains the polyadenylation sites 

were eliminated. Full length transcript was produced and expressed effectively. The α-factor 

was used to secrete the protein from the cells and purify it from the culture medium. It was 
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found to be full length but hyperglycosylated and ineffective at raising an immune response 

in mice. De-glycosylation with endo H restored the immunogenicity of the expressed 

protein. At this stage, no mention was made of codon bias in the yeast although mention was 

made of codon optimized transcripts tested in E. coli. This was an important step forward in 

the expression of heterologous proteins as it showed clearly that genetic manipulation and 

codon modifications could be used to overcome truncation in foreign hosts and obtain full 

length products. 

Since then a variety of proteins was expressed in the P. pastoris system using codon 

optimized and GC modified genes. Among these are equistatin, a proteinase inhibitor from 

sea anemone (Outchkourov et al., 2002), anti-human anti-T cell immunotoxin (Woo et al., 

2002) and ancrod, an anticoagulant (Yu et al., 2007). Interestingly, the expressed ancrod 

protein was glycosylated and had to be treated with N-glycosidase F to yield the final 

functional protein.  

In a paper by Leonard Smith in 1998 there is a discussion regarding the glycosylation of 

secreted proteins in P. pastoris (Smith, 1998). He listed three potential solutions to the issue. 

1. Deglycosylate the end product as was done with the tetanus fragment described earlier. 2. 

Forego protein secretion and purify the protein from the yeast cell pellet. 3. Genetically 

modify the sequence to abolish the putative N-glycosylation sites. However, at the time this 

was deemed impractical and dropped.  

The use of codon optimization and GC content modification are now commonly used in 

improving yields in P. pastoris. However, to date, few attempts have been made to 

effectively eliminate potential glycosylation sites in the gene sequence. Early work done in 

1998 attempted to eliminate glycosylation sites through the use of suicide selection – a 
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method of selecting P. pastoris mutants with a reduced capacity for glycosylation (Martinet 

et al., 1997). They did manage to isolate mutants that incorporate fewer mannose units on 

expressed proteins, but did not discuss the effect it had on the protein or any improvement in 

protein yield or efficacy.  A more elegant experiment was conducted by O’Leary in 2004. 

Here O-linked glycosylation sites were removed by site directed mutagenesis. While there 

are no standard consensus sequences for O-linked glycosylation, they are known to occur in 

areas with high serine/threonine content, and were determined empirically in the expressed 

protein (von Willebrand factor C domain). This protein was known to be unglycosylated in 

the native host. Modification of the sites effectively prevented glycosylation and led to an 

unglycosylated full length product in P. pastoris. Again, no mention was made regarding 

expression levels and the effect of the modifications on total yields (O’Leary et al., 2004). 

Smith showed in 1998 that the botulinum neurotoxin subunits were glycosylated when 

secreted from P. pastoris and deglycosylation was required to obtain effective immunogenic 

products. To date this issue has not been properly addressed; a recent publication describing 

the expression of the C. botulinum binding domains of strains C and D did not mention the 

glycosylation of the secreted products (Webb et al., 2007). 

Any changes to the primary structure of the protein carry risk. However the changes made in 

the present study were found to be conservative in nature. The PAM 250 similarity table 

gave a value of +1 while the BLOSUM45 similarity table gave a value of +10. The standard 

matrix used in blast searches, BLOSUM62 gave a value of +1. The positive values from 

these tables indicate that the conversion from asparagine to histidine is conservative and is 

more likely to occur naturally over time than through random chance (http://www.nrbsc.org 

/gfx/genedoc/gdsim.htm). The matrices provide important information and were used to 
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determine which amino acid would replace the asparagines and in that manner eliminate the 

possibility of N-glycosylated products. However, it must be noted that the similarity tables 

were constructed primarily to be used as a statistical analytical tool to carry out protein 

sequence alignments and not for specific amino acid substitutions. It is feasible that in the 

context of the specific subunits designed, the substitution of asparagines with histidines may 

not have been neutral and might have even led to unwanted structural changes. Conservative 

changes have been shown to lead to significant phenotypic effects in some cases (Brickman 

and Armstrong, 2002). 

Both subunits were designed and constructed with care. The focus of the project was 

primarily to express the toxin subunits effectively in P. pastoris and to then verify them in 

vivo. With the current state of technology it was possible to outsource the actual synthesis of 

the genes and quickly obtain constructs with the desired modifications. This was the chosen 

methodology as it allowed more time for the more important aspects of the project. 

 It was not known ahead of time what effects the changes carried out would have on the 

immunologic properties of the expressed subunits. Analyzing these effects were part of the 

aims of in vivo testing. Once both synthetic genes were designed, synthesized, cloned into 

the pPICZαA vector and found to be correct and complete they were transformed into P. 

pastoris to commence work on protein expression. This work is described in the following 

chapter. 
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Chapter 4 – P. pastoris Transformation and Protein Expression 

4.1 Introduction 

One of the main aims of this research was to optimize expression of both protein subunits: 

BoNT/C and BoNT/D. Previous work has shown that these subunits could potentially lead 

to an effective bivalent vaccine against botulism intoxication (Clayton et al, 1995, 

Woodward et al., 2003). However, levels of expressed protein achieved in E. coli were 

limited and not compatible with commercialization of a new generation vaccine. 

Investigations were conducted to identify an expression system that could be used to 

generate the amounts of protein required to ensure a viable and cost effective end product. 

Among the expression systems available - from various yeasts to insect and mammalian 

cells to whole plants and even cell free systems -  the P. pastoris methylotrophic yeast 

system appeared the most well suited. Reasons for choosing the organism included: 

1. Growth of the cells is straightforward and does not require complex media.  

2. A generation time of 2 hours (Inan and Meagher, 2001) is nearly as fast as the E. coli 

system and allows rapid screening and testing of many transformants.  

3. It is a safe organism and and is defined as GRAS (generally regarded as safe) by industry. 

In a study in which P. pastoris and E. coli expression systems were compared 29 cDNA 

clones from human foetal brain were expressed. In the P. pastoris expression system all 29 

sequences produced soluble proteins, whereas in the E. coli system only nine clones 

produced soluble proteins, fifteen produced inclusion bodies with misfolded protein and five 

did not express the proteins at all (Lueking et al., 2000). This was postulated to be due to the 
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fact that either E. coli cannot handle high levels of disulphide bonds in proteins or that its 

cytoplasm has a reducing environment (Bardwell, 1994). 

P. pastoris was found to be faster growing, easier to manipulate, and more cost effective 

than baculovirus-transfected insect cells (Pichia Expression Kit, Invitrogen). The primary 

advantage to producing proteins with insect and mammalian cells is their ability to modify 

the products post-translationally. When expressing human proteins this can be a critical 

factor in determining successful expression. It is difficult to express human proteins in P. 

pastoris due to the different post translational modifications carried out on the products; 

however work is being done to humanize P. pastoris glycosylation for improved expression 

(Bretthauer, 2003). However, in the current project, the proteins expressed were bacterial 

and no modifications were required. As discussed in the previous chapter, steps were taken 

to actively prevent potential glycosylation of the expressed proteins. 

Transforming plants for expression of proteins in the leaves or in seed was considered but 

ultimately rejected. There are a number of attractions to generating a genetically modified 

plant that can elicit an immune response in cattle that may lead to immunity; it would 

definitely be cost effective and eliminate the cold chain- a temperature controlled supply 

chain. Currently many vaccines require refrigeration from production to the end user which 

can be costly and difficult to maintain (Haworth et al., 1993).  

Plant based vaccines however make it difficult to determine how much antigen was actually 

consumed and absorbed by the cattle and what would constitute a minimal effective dose. 

As well, as opposed to humans that have a simple digestive system, the one in cattle is far 

more complex with a rumen, reticulum, omasum and abomasums, small intestine, cecum 

and large intestine. The rumen acts as storage and fermentor of the feed while the reticulum 
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collects heavy feed or inedible items (such as metal pieces and nails). The omasum absorbs 

liquids from the feed and only then does the food enter the abomasums – the true stomach, 

where nutrients are absorbed. Waste is then processed in the intestines and cecum, although 

the exact function of the cecum has not been unequivocally established 

(http://www.extension.umn.edu/distribution/livestocksystems/components/DI0469-02.html). 

It is not known how expressed proteins in plants will fare in this digestive process, keeping 

in mind the chewing of the cud and the various digestive compartments. In addition, in the 

case of botulism, it is known that the effect of the toxin is assisted by a number of non-toxic 

chaperones. These chaperones transport the toxin safely through the gut and into the blood 

stream (Fujinaga, 2006). Without these, the expressed subunit in the plant would break 

down in the gut and fail to enter the bloodstream of the animal. 

A suitable vector was required that could be easily shuttled from E. coli into the P. pastoris 

system. The primary benefit to using this specific yeast was the strong promoter associated 

with AOX1- the gene encoding alcohol oxidase (see Figure 4.1). This promoter leads to 

high expression levels of genes downstream to it and as a result most vectors available for 

the yeast expression system utilize this promoter element. An effective selection method 

also had to be included. In yeasts this has traditionally involved essential amino acids 

selection, but more recently antibiotics such as Geneticin (G-418) and Zeocin have replaced 

this approach and made transformant isolation more straightforward. As well, Zeocin can be 

used to select for multiple copy integrations of the genes into the genome. A third element 

that simplifies expression and purification is the label attached to the gene of interest. The 

ideal vector would be easy to manipulate, transform, select and analyze and would provide a 

high yield of the protein of interest that would be easy to identify and isolate.  
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The pPICZα vector system was chosen as it met all the criteria discussed above. It has the 

AOX1 promoter element, inducible with methanol and tightly regulated. This promoter 

activates the expression of methanol oxidase, the first enzyme used by yeast in methanol 

utilization, (Figure 4.1). AOX1 is very stringent and is not affected by glycerol, glucose or 

ethanol and will switch on only in the presence of methanol as the sole carbon source. Once 

activated, the AOX1 promoter is very robust with the alcohol oxidase gene product 

accounting for up to 35% of the protein present in the cell (Sreekrishna et al. 1997). 

 

 

 

 

 

 

 

(Gellissen et al., 2005) 

Figure 4.1 Methanol utilizing pathway in the yeast P. pastoris. Alcohol oxidase (AOX) 
enzyme 1, catalyses the initial conversion of methanol to formaldehyde. This step requires a 
molecule of oxygen which is converted to hydrogen peroxide, but the oxygen is regenerated 
from the hydrogen peroxide in a reaction catalyzed by catalase. The formaldehyde leaves 
the peroxisome and is either oxidized to formate and carbon dioxide to create energy for the 
cell, or else is used to form cellular components. The formaldehyde condenses with xylulose 
5-monophosphate (Xu5P) to form glyceraldehyde 3-phosphate (GAP) and dihydroxyacetone 
(DHA). The DHA gets phosphorylated and along with the GAP forms fructose 1,6-
bisphosphate (FBP). A molecule of GAP is synthesized from three molecules of methanol. 
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Additionally, the vector has the S. cerevisiae α-factor secretion signal with a KEX2 cleavage 

site at its 3’ end (Figure 4.2). This allows for the effective secretion of the expressed protein 

following the cleavage of the factor in the Golgi by the KEX2 protease (Bader et al., 2008).  

The vector employs a Zeocin selectable marker, allowing for transformant selection in 

bacteria and in yeast. To assist in protein purification this system incorporates a 6-His tag 

sequence at the 3' end of the multiple cloning site. The vector was supplied in the three 

reading frames to further facilitate cloning of the gene of interest in the proper reading 

frame. 

 

 

 

 

 

 

 

 

(pPICZα A, B, and C, catalog no. V195-20, Invitrogen) 

Figure 4.2 Vector map of the shuttle vector pPICZαA used to transform P. pastoris. 

 

In heterologous gene expression systems yields of up to 12 g/litre (Clare et al., 1991) have 

been reported. P. pastoris is easy to work with and growth conditions, transformation 



103 

 

protocols, and expression conditions have all been optimized. The system can be used to 

express proteins that are either accumulated intracellularly or secreted from the cell. It has 

been reported that P. pastoris is better suited for heterologous gene expression compared to 

S. cerevisiae (baker's yeast) as the latter tends to hyperglycosylate expressed proteins 

(Abdul Jabbar and Nayak, 1987) whereas in P. pastoris the carbohydrate attachments are 

shorter. Additionally, there is no comparable robust promoter element in S. cerevisiae and 

this limits the expression of heterologous proteins in this well studied yeast.  

P. pastoris is an ideal system for mass production of protein. P. pastoris was classified as 

'generally regarded as safe' (G.R.A.S.) by the American Food and Drug Administration. 

This designation indicated that the organism poses no risks and led its use in numerous 

industrial preparations.   

A list of clostridial neurotoxins that have been successfully expressed in P. pastoris is 

included in Table 4.1. The yields obtained vary dramatically from a few milligrams of 

protein to 12 grams of expressed protein per liter of culture, as in the case for the tetanus 

toxin. It should be noted that the purification process in each instance was different, and so 

it is difficult to reach clear cut conclusions based merely on direct comparison of yields.  
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Table 4.1 Expression levels of several Clostridial proteins expressed in the P.  pastoris 
system. All the proteins listed in the table were localized intracellularly and not secreted.  

Protein(s) Expressed Quantities Reference 

Clostridium botulinum 
neurotoxin (BoNT) serotype A 

and B  
 78 mg/L Smith L.A., 1998 

Clostridium botulinum 
neurotoxin, serotype A 

450 mg/kg cells Potter K.J. et al., 2000 

Clostridium botulinum 
neurotoxin heavy chain 
fragment, serotype B 

390 mg/g Potter K.J. et al., 1998 

Clostridium botulinum 
neurotoxin serotype F 

240 mg/kg cells Byrne M.P. et al., 2000 

Clostridium botulinum 
neurotoxin serotype A binding 

domain 
2.4 mg total Byrne M.P. et al., 1998 

Clostridium tetani Tetanus 
toxin fragment C 

12 g/L Clare J.J. et al., 1991 

 

Table 4.1 shows various clostridial antigens expressed in P. pastoris. However, the 

expression of heterologous proteins is not limited to the generation of antigens to be used in 

immunization. Proteins have been generated to act as therapeutic drugs, such as insulin, 

interferon and clotting factors (Dingermann, 2008). They have been generated to genetically 
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modify and improve food crops, such as the creation of high β-carotene producing rice 

(‘Golden Rice’). Finally a wide variety of enzymes and other proteins are generated for 

research purposes and used in molecular biology and biochemistry laboratories all over the 

world. There is much concern regarding the prevalence of heterologous protein production, 

and in some cases the public prevented the adoption and use of a genetically modified crop 

that could have direct health benefits on the population (Yonekura-Sakakibara and Saito, 

2006). The subunits expressed in this research are safe to manufacture and produce, do not 

pose public health risk and are not designed to be used as drugs or have enzymatic activity.  

4.2 Methods 

4.2.1 Zeocin Antibiotic Optimization 

YPD plates were prepared with different amounts of Zeocin (25 µg/ml to 400 µg/ml) and 

untransformed cells from all three strains were streaked on the plates. They were incubated 

at 30°C and the numbers of surviving colonies on each plate were counted. 

4.2.2 Strain Selection 

The three strains (GS115, KM71, SMD1115) were prepared for PEG 1000 transformations 

and each transformed with 5 µg of the synthetic BoNT/C gene in pPICZαA vector linearized 

with SacI. As well, pPicZαA vector, also linearized with SacI was transformed into the three   

strains.  

PEG 1000 transformation was carried out (see section 2.2.3.1) and the cells were streaked 

on YPD plates containing 200 µg/ml of Zeocin. Plates were incubated at 30°C for three days 

until colonies appeared. Three colonies from each strain were transferred to nine flasks 

containing BMGY expression media and grown for 24 hours at 30°C and 250 RPM. The 

cells were then centrifuged aseptically at 3000 xg for 10 minutes in a JA20 rotor (Beckman 
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Coulter Inc.). The cells were resuspended in expression medium BMMY containing 

methanol and 1 ml samples were collected and stored at -80°C. Flasks were returned to the 

shaker incubator and incubated at 30°C and 250 RPM. Methanol was added to the flasks 

every 24 hours over a period of four days, and during this time 1 ml samples were collected 

daily and stored as above.  

The collected samples were thawed and lysed using 0.45 mm glass beads and a mini-bead 

beater (Cole Palmer) shaking at 5000 RPM for 2 minutes. The samples were centrifuged 

briefly to separate the beads from the lysate and 750 µl of the lysates collected and 

transferred to fresh tubes. 

NunC microtiter medium binding protein 96 well plates were used for the analysis. 

Triplicate samples of 200 µl per well of the crude protein lysates were added and incubated 

overnight at 4°C. The plates were then verified using anti tetra-his antibodies followed by 

anti mouse secondary antibodies bound to horseradish peroxidase. Tetramethylbenzidine 

(TMB) was used as artificial substrate and the color intensity was measured at 450 nm.  

4.2.3 Analysis of Transformants 

Transformants were identified using colony PCR (see Materials and Methods section 

2.2.3.3). Genomic DNA was amplified by PCR using the gene specific primers listed in 

Figure 3.3. Positive colonies were grown in YPD medium and glycerol stocks prepared and 

stored at -80°C.  

4.2.4 Protein Expression 

Protein expression in P. pastoris was carried out in two stages; growth and expression. Cells 

were grown in BMGY medium containing 1% glycerol and the washed cell mass transferred 

to a similar medium (BMMY) containing 0.5% methanol in place of the glycerol. Growth 
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and expression were carried out at 30°C and 225-250 RPM. Beveled flasks were used and 

culture volumes did not exceed 10% of flask volumes.  

4.2.5 Cellular lysis 

A one L culture of BoNT/C was grown in BMGY and then split into three equivalent 250 

ml cultures that were expressed in BMMY for four days. Following expression the cultures 

were centrifuged at 3000 xg for 10 minutes and resuspended in 30 ml nickel column 

washing buffer (500 mM NaCl, 20 mM sodium phosphate buffer pH 7.4). Glass beads were 

added to one sample, which was then shaken in a glass beater (Mini-Beadbeater, Biospec 

Products Inc.) as described in 2.2.4.3. The other two samples were sonicated for 10 cycles 

with 15 pulses per cycle. The sonicated samples were immersed in liquid nitrogen for 

several seconds between cycles to cool but not freeze the samples. 

The three lysates were centrifuged at 12000 xg for 20 minutes and filtered through a 0.45 

µm filter. A nickel column was used to purify each sample and 1 ml fractions were collected 

of the eluted proteins. The absorbance of the fractions was measured at 280 nm in a 

Nanodrop-1000.  

4.2.6 Medium Lyophilization 

Cultures (50 ml) were grown, protein expression induced with methanol and, at the end of 

the expression stage, the media were lyophilized overnight until dry. The dried material was 

resuspended in a minimal amount of PBS (1 to 2 ml) concentrating the samples up to 50 

times. The material was centrifuged at 12000 xg for 5 minutes to pellet impurities that could 

not be resuspended, and the cleared solution was transferred to a clean tube. The impurities 

observed were culture medium residues that were insoluble at a much higher concentration. 
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4.2.7 Analysis of Cell Pellet and Medium 

A large scale sample of P. pastoris containing BoNT/C was prepared, grown in 500 ml 

BMGY and expressed in 200 ml BMMY over four days. The culture was centrifuged and 

both the cell pellet and medium analyzed. The cell pellet was sonicated and the filtered cell 

lysate run through a nickel affinity column (see section 2.2.4.5 in Materials & Methods).  

The medium was lyophilized to powder and then resuspended in a small volume of nickel 

column wash buffer and run through a nickel column. 

4.2.8 Protein Sequencing 

The purified protein, extracted from the cell pellet with the use of glass beads was purified 

through a nickel column. The samples was run on a standard 7.5% SDS-PAGE gel and the 

band of interest (at ~55 kDa) was excised and sent for sequencing at the University of 

Newcastle  (New South Wales, Australia). 

4.2.9 Comparative Study of Eight Cultures 

A large study was carried out to study the reproducibility of expression. Eight identical 250 

ml flasks were used to grow and express 25 ml cultures of of a single clone of P. pastoris 

expressing BoNT/C. Expression was carried out over four days at 30°C and 250 RPM with 

0.5% final volume of methanol added daily.  

Cultures were centrifuged at 3000 xg for 10 minutes and resuspended in 5 ml nickel column 

wash buffer and sonicated in the Branson 450 sonifier 10 cycles with 15 pulses per cycle. 

Samples were cooled briefly in liquid nitrogen and following sonication they were 

centrifuged at 12000 xg for 10 minutes and the cleared lysate collected. The sonicated cell 

masses were run on SDS-PAGE gel and a Western blot analysis carried out using anti tetra-

His antibody as probe.  
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4.2.10 Protein Expression Protocol 

200 ml cultures were grown and expressed in BMMY medium over four days, with 0.5% 

final volume of methanol added daily. The cultures were then centrifuged at 3000 xg for 10 

minutes and cell pellets were resuspended in column wash buffer and sonicated. The crude 

cell lysate was centrifuged at 12000 xg for 20 minutes to clear the cell debris and then 

filtered through a 0.45 µm filter to remove any particles that might block the nickel column. 

The lysate was run through the column and the eluted protein was collected in 1 ml 

fractions. These were measured in the Nanodrop-1000.  

4.2.11 BSA Calibration Curve 

A calibration curve was constructed using bovine serum albumin (BSA). Four 10 mg/ml 

stock solutions of BSA in PBS were prepared by first weighing approximately 10 mg and 

then adding PBS to the exact volume to reach a final concentration of 10 mg/ml. A two-fold 

dilution series was set up from each stock solution. Each series was then measured 

separately at OD280 using the Nanodrop spectrophotometer (Model ND-1000), with four 

measurements made for each dilution. 

4.3 Results 

4.3.1 Protein Expression in Bacterial Cells 

The first set of experiments conducted was done to repeat the expression achieved in E. coli 

(Woodward et al., 2003). To this end, two different strains, NM522, a standard transforming 

strain and BL21-Codonplus cells from Stratagene were used. BL21 cells contain three rare 

tRNA genes – argU, ileY, and leuW which have been shown to increase heterologous 

expression of AT rich genes (Strategies 14, Stratagene). Expression constructs were kindly 

provided by Dr. Woodward and are based on the carboxy terminus of unmodified genes of 



 

BoNT/C and BoNT/D. The cells were transfected using heat shock method and selection 

was done on plates containing ampicillin. Three colonies of each strain were chosen and 

grown. 

The selected colonies were induced with 1mM IPTG for 3 hours at 37°C and 250 RPM.  

Equal volume of cells were mixed with 2x SDS loading buffer, heated to 95°C for 5 minutes 

and run on SDS PAGE. Figure 4.3 shows the protein patterns observed in cells that were 

induced versus those that were not induced and table 4.3 

the bands as well as protein levels achieved in the various colonies collected, using an 

internal control as baseline. 

bright band that did not appear to be influenced by the induction with IPTG. 

show that some expression 

show any expression above background levels. 

 

Figure 4.3 SDS PAGE gel of heterologous protein expression in two different 
induced with IPTG. The BoNT/C doublet is predicted to be approximately 45 kDa while the 
internal control was selected to standardize against intensity variations between the lanes. 

 

 

 

BoNT/C and BoNT/D. The cells were transfected using heat shock method and selection 

was done on plates containing ampicillin. Three colonies of each strain were chosen and 

colonies were induced with 1mM IPTG for 3 hours at 37°C and 250 RPM.  

Equal volume of cells were mixed with 2x SDS loading buffer, heated to 95°C for 5 minutes 

and run on SDS PAGE. Figure 4.3 shows the protein patterns observed in cells that were 

versus those that were not induced and table 4.3 lists calculations of

the bands as well as protein levels achieved in the various colonies collected, using an 

internal control as baseline. The internal control band was chosen as it was a 

bright band that did not appear to be influenced by the induction with IPTG. 

show that some expression was observed in the standard cells while the BL21 cells d

show any expression above background levels.  

gel of heterologous protein expression in two different 
induced with IPTG. The BoNT/C doublet is predicted to be approximately 45 kDa while the 
internal control was selected to standardize against intensity variations between the lanes. 
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BoNT/C and BoNT/D. The cells were transfected using heat shock method and selection 

was done on plates containing ampicillin. Three colonies of each strain were chosen and 

colonies were induced with 1mM IPTG for 3 hours at 37°C and 250 RPM.  

Equal volume of cells were mixed with 2x SDS loading buffer, heated to 95°C for 5 minutes 

and run on SDS PAGE. Figure 4.3 shows the protein patterns observed in cells that were 

lists calculations of the intensity of 

the bands as well as protein levels achieved in the various colonies collected, using an 

The internal control band was chosen as it was a dominant 

bright band that did not appear to be influenced by the induction with IPTG. The results 

s observed in the standard cells while the BL21 cells did not 

gel of heterologous protein expression in two different E. coli strains 
induced with IPTG. The BoNT/C doublet is predicted to be approximately 45 kDa while the 
internal control was selected to standardize against intensity variations between the lanes.  
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Table 4.2 Quantification of the SDS PAGE gel bands. Bands in Figure 4.3 were quantified 
using ImageJ software (http://rsbweb.nih.gov/ij/). The BoNT/C bands from all samples were 
standardized against the internal control and then the induced samples were compared 
against the uninduced samples. 

 

The data presented in Figure 4.3 and in Table 4.2 indicate that some BoNT/C was expressed 

in both cell types, with NM522 showing better expression than the BL21 strain. The level of 

expression is low, with only one transformant showing levels slightly higher than twofold 

above background levels. These results were consistent with those obtained previously 

(Woodward et al., 2003) and were not pursued further.  

4.3.2 Initial work with P. pastoris and Transformation  

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Determination of the Zeocin sensitivity of different P. pastoris strains. No 
survivors were observed in any strain above 400 µg/ ml Zeocin. 

Strain colony# IPTG inductionBoNT/C (rel. units)Internal Control (rel. units)BoNT/C/Internal Control induced/uninduced
1 410.9 386.3 1.06 1.94
1 induced 840.1 406.4 2.07
2 334.4 428.0 0.78 2.29
2 induced 782.6 437.0 1.79
3 induced 896.9 317.3 2.83
1 226.1 746.8 0.30 1.89
1 induced 383.2 670.6 0.57
2 236.6 568.7 0.42 1.43
2 induced 245.3 411.7 0.60

NM522 

BL21
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P. pastoris selection was based on resistance to Zeocin antibiotic (Invitrogen). Before 

carrying out yeast transformations it was essential to calibrate the amount of Zeocin 

required for effective selection of transformants. Three P. pastoris strains were kindly 

provided by Dr. Jon Harris (Queensland University of Technology, Brisbane) - GS115, 

KM71 and SMD1115. The three strains have a histidine deficiency while KM71 also has an 

arginine deficiency.  SMD1115 differs from the other two strains in that it does not secrete 

proteases into the medium - a useful feature when working with secreted proteins 

(Cereghino and Cregg, 2000). 

The Zeocin product manual (Invitrogen) provided a range of effective concentrations from 

50 µg/ml to 300 µg/ml. As seen in Figure 4.4, the three strains show similar survival 

patterns, with KM71 showing greater overall resistance to the antibiotic. The results 

indicated that the antibiotic was active in the range described in the manual and that all three 

strains provided were sensitive to it. A final Zeocin concentration of 200 µg/ml was selected 

as it provided the best balance between effective cell growth inhibition and prudent use of 

an expensive and toxic antibiotic.  

Four standard protocols have been optimized for the transformation of P. pastoris including 

electroporation, spheroplast production, lithium chloride and PEG 1000 chemical 

transformations. Two methods were selected and tested; PEG 1000 and electroporation. 

Transformation by lithium chloride is an older method yielding low numbers of 

transformants and did not show any advantage over the PEG 1000 method so was not 

attempted. Spheroplast production was not attempted since it was described as being similar 

in expected yields to electroporation with no additional benefit (Pichia manual, Invitrogen). 
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PEG 1000 promotes transformation (see section 2.2.3.1 in Materials & Methods) without 

removing the cell wall but is far less efficient than electroporation. The cells are placed in a 

hypertonic solution along with the plasmid of interest and then exposed to PEG 1000 (Klebe 

et al., 1983). This method has many advantages that make it the ideal method for routine 

use. PEG 1000 competent cells are stable and can be stored for long periods at -80°C. Once 

prepared, the transformation of the P. pastoris becomes straightforward and quick, allowing 

many transformations to be performed at once, or alternatively over a period of time. The 

plasmid DNA can be used immediately following linearization as it does not require 

desalting or other purification steps. While more convenient, PEG 1000 transformation 

yields fewer transformed colonies and cannot produce colonies with multiple integration 

events (Higgins and Cregg, 1998).   

Electroporation (see Materials and Methods section 2.2.3.2), which involves transient 

increases in membrane permeability as a result of an electrical discharge requires between  5 

and 20 µg of linear DNA. The advantages of electroporation are that it is very efficient, 

typically yields a high number of transformed colonies, is easy to set up and requires few 

buffers.  Importantly, electroporation can lead to the integration of multiple copies of the 

gene of interest and this can dramatically increase the levels of protein expression (Clare et 

al., 1991). However, electroporation is labor intensive and time consuming as 

electrocompetent cells lose their efficacy if not used on the day they are prepared. 

Furthermore, the electrical discharge requires that the cells and DNA are present in a low 

salt environment. This necessitated the precipitation and resuspension of digested linear 

DNA in a low salt buffer or water. Finally, if the DNA/cell suspension contained too many 

ions, or if air bubbles were not effectively removed from the specialized electroporating 
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cuvette, the system short circuited or 'arc'ed during the electroporation and caused loss of 

both cells and DNA.  

 

Figure 4.5 Expression studies using three strains of P. pastoris. Samples were collected over 
four days and tested in triplicate in a 96 well plate, using anti-tetra-his antibodies followed 
by anti-mouse secondary antibody bound to HRP. The substrate used was TMB, and the 
plate was measured at OD450. The error bars are based on standard deviations of the signals 
obtained from the samples tested in triplicate. 

 

The three strains obtained were grown and transformed with the BoNT/C synthetic gene in 

pPicZα vector using the PEG1000 transformation protocol. Results of strain selection (see 

section 4.2.2) shown in Figure 4.5 indicate that some expression above background levels 

was observed for strains KM71 and SMD1115, while strain GS115 did not show any 

difference between the samples with the synthetic gene and those transformed with vector 

alone. Strains indicating some level of expression (KM71 and SMD1115) show erratic 

signals over the period of expression with strain KM71 showing slightly higher levels of 
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expression above background. The error bars are based on standard deviation values 

calculated using the following formula obtained through Excel: 

                                                         SD =  

Protein above background levels were observed in two strains, SMD1115 and KM71, and it 

was determined that these would be used in future transformations. While the data obtained 

fluctuated from day to day as well as between the triplicates as shown by the large error 

bars, some of the data did show a distinct difference between the expressed protein samples 

and the vector-only samples. For example at 72 hours expressed protein in KM71 was 

higher than the vector-only samples with small, non overlapping standard deviation bars. 

The same was observed at 60 hours for strain SMD1115.  

The results obtained from the various strains indicate that the approach used was not optimal 

in determining heterologous protein expression. Simply lysing the cells and using the total 

protein led to a large assortment of proteins present in the wells. The desired proteins could 

have been either masked or unavailable for antibody binding. As well, the anti-tetra his 

antibody recognizes any protein with four or more histidine residues and this may have 

contributed to the erratic signals observed in the samples tested. Antibodies specific to the 

expressed protein might have led to more representative signals but these were not available. 

The signal fluctuations observed hindered the analysis of the data and made it difficult to 

reach absolute conclusions. The verification procedure following transformation was 

subsequently changed from ELISAs to Western blots as the latter technique first separates 

the proteins based on size and thereby provides more information regarding the presence, 

sizes, and amounts of the expressed proteins. 



 

4.3.3 Isolation of  Transformants and Protein Expression

 

Strain SMD1115 was initially used for transformation due to its lack of secreted proteases. 

However competent cells failed to grow well and over time 

KM71 was then used and found to be more stable and more consistent over 

strain KM71 was used for the remain

carried out on on this strain alone. 

selected and analyzed for gene integration. Following transfe

containing Zeocin, colonies were picked and verified by PCR to determine which ones had 

properly integrated the synthetic gene. Primers designed to amplify the synthetic gene were 

designed and added to genomic DNA isolated usi

liquid nitrogen (Linder et al.,

the synthetic gene was also amplified using the same primers. PCR reactions were run on 

1% agarose gels (see figure 4.6).

Figure 4.6 PCR reactions of 10 colonies 
of synthetic gene. BoNT/C in pPicZ
products of colonies that did not integrate the synthetic gene, while in lane 
colony is isolated that yields a PCR product of the proper size.

Transformants and Protein Expression 

Strain SMD1115 was initially used for transformation due to its lack of secreted proteases. 

However competent cells failed to grow well and over time could no longer be transformed

KM71 was then used and found to be more stable and more consistent over 

strain KM71 was used for the remainder of the project with all transformants and analyses 

carried out on on this strain alone. Yeast transfected with BoNT/C synthetic gene

selected and analyzed for gene integration. Following transfection and selection on medium 

containing Zeocin, colonies were picked and verified by PCR to determine which ones had 

properly integrated the synthetic gene. Primers designed to amplify the synthetic gene were 

designed and added to genomic DNA isolated using lyticase and a freeze thaw cycle in 

et al., 1996). As a positive control, the pPicZα

the synthetic gene was also amplified using the same primers. PCR reactions were run on 

1% agarose gels (see figure 4.6). 

reactions of 10 colonies of transformed strain KM71 verified for integration 
of synthetic gene. BoNT/C in pPicZαA vector used as positive control. Lanes 1
products of colonies that did not integrate the synthetic gene, while in lane 
colony is isolated that yields a PCR product of the proper size. 
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Strain SMD1115 was initially used for transformation due to its lack of secreted proteases. 

could no longer be transformed. 

KM71 was then used and found to be more stable and more consistent over time. As a result 
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verified for integration 
A vector used as positive control. Lanes 1-9 show PCR 

products of colonies that did not integrate the synthetic gene, while in lane 10 a positive 



117 

 

PEG 1000 transformations were found to be very inefficient at transforming the available 

strains of P. pastoris. Based on the results obtained from the Zeocin survival curves, nearly 

all the colonies that were able to grow on selection media should have integrated the gene, 

but Figure 4.6 shows this not to be the case, with only one positive transformant out of 10. 

Improper integration might have led to antibiotic resistance that did not include the gene of 

interest. Alternatively, cells that were transformed with the construct but did not integrate 

the plasmid might show antibiotic resistance for a time, but are much less stable than 

transformants with integrated genes. The former are much more likely to lose the plasmid 

due to a variety of factors such as culture conditions, media composition and growth rate 

(Thiry and Cingolani, 2002). Further transformations yielded other clones, but the efficiency 

remained low and ultimately a pool of four to five clones was obtained for BoNT/C and 

BoNT/D.  

Colony #10 shown in Figure 4.6 was grown and expressed in BMMY medium for a period 

of four days. The culture was incubated at 30°C and 250 RPM and methanol was added 

daily to a final concentration of 1 mM. Following the four days of expression, the cells were 

centrifuged at 3000 xg in a JA20 rotor (Beckman Coulter, Inc.) and the cell pellet was lysed 

using 0.5 mm glass beads. The lysate was cleared of cellular debris and beads by 

centrifugation at 12000 xg for 10 minutes.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 4.7 Western blot showing protein expression in colony#10
showing presence of synthetic gene 
and run on SDS-PAGE. Mouse anti
P. pastoris transformed with pPicZ

 

The Western blot shown in Figure 4.7 was a time course done on colony 10 which sho

his-tagged protein being expressed in 

pPICZαA vector only and expressed for 

first direct evidence of protein expression from a transformed colony. 

To obtain material for protein sequencing, expression of colony#10 was repeated as above. 

The lysate was filtered through a 0.45 µm filter and run through a nickel column. 1 ml 

fractions were collected of the eluted protein and each fraction was measured at 280 nm

the Nanodrop-1000. Fractions with the highest optical densities were pooled and run on 

SDS-PAGE and visualized with 

SDS-PAGE gel, suspended in PBS buffer and sent to the University of Newcastle to 

out protein sequencing using Edman degradation

Western blot showing protein expression in colony#10
showing presence of synthetic gene – see figure 4.6). Samples were collected over 

PAGE. Mouse anti-his antibodies were used as probe. The control used was 
transformed with pPicZαA vector and expressed alongside colony#10.

The Western blot shown in Figure 4.7 was a time course done on colony 10 which sho

tagged protein being expressed in P. pastoris. The same strain transformed with 

A vector only and expressed for four days does not yield any bands. 

first direct evidence of protein expression from a transformed colony.  

n material for protein sequencing, expression of colony#10 was repeated as above. 

The lysate was filtered through a 0.45 µm filter and run through a nickel column. 1 ml 

fractions were collected of the eluted protein and each fraction was measured at 280 nm

1000. Fractions with the highest optical densities were pooled and run on 

PAGE and visualized with Stain solution. The putative band was excised from the 

PAGE gel, suspended in PBS buffer and sent to the University of Newcastle to 

out protein sequencing using Edman degradation (see Figure 4.8)
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n material for protein sequencing, expression of colony#10 was repeated as above. 
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1000. Fractions with the highest optical densities were pooled and run on 

. The putative band was excised from the 

PAGE gel, suspended in PBS buffer and sent to the University of Newcastle to carry 

see Figure 4.8). The amino acid 
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sequencing data is included in Appendix V. BoNT/D was not sequenced in this way. 

Identity of BoNT/D was determined by Western blot – bands obtained were found to be 

similar in size to the ones observed for BoNT/C and the use of anti-his antibodies indicated 

that the primary sequence included a His tag (see figure 4.12 c.).  

Protein sequencing was carried out to confirm the identity of the bands. The band that was 

sent to be sequenced was excised from an SDS-PAGE gel and the resolution was such that 

the doublet observed in the Western blot (see Figure 4.7) could not be separated. As a result 

the material that was sequenced was composed of more than one protein. In addition the 

expressed protein was never purified to homogeneity and it is possible the excised band 

contained other impurities along with the protein doublet. These variables no doubt led to 

the weak signals obtained from the protein sequencing carried out (see Appendix V). Very 

little information was sent regarding the sequence data obtained apart from the 

chromatograms in the Appendix. While the peaks obtained were small, there are observable 

differences in the peaks of the residues sequenced as compared to the other amino acid 

peaks shown on the chromatograms. Blast searches carried out with slightly different 

sequence data (for example changing the second residue from an I to a Y or the third residue 

from an I to an S failed to identify the C subunit but also did not identify P. pastoris 

proteins.  
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M E N T I P F N I F S Y T H N S L L K D I I N E Y F  N N I H D S K I L S L Q N R K N 
T L V D T S G Y N A E V S E E G D V Q L N P I F P F D F K L G S S G E D R G K V I 
V T Q N E N I V Y N S M Y E S F S I S F W I R I N K W V S N L P G Y T I I D S V K N 
N S G W S I G I I S N F L V F T L K Q N E D S E Q S I H F S Y D I S N N A P G Y N K 
W F F V T V T N N M M G N M K I Y I N G K L I D T I K V K E L T G I H F S K T I T 
F E I N K I P D T G L I T S D S D N I N M W I R D F Y I F A K E L D G K D I N I L F N 
S L Q Y T N V V K D Y W G N D L R Y N K E Y Y M V N I D Y L N R Y M Y A N S R 
Q I V F N T R R N N N D F N E G Y K I I I K R I R G N T H D T R V R G G D I L Y F D 
M T I N N K A Y N L F M K N E T M Y A D N H S T E D I Y A I G L R E Q T K D I N 
D N I I F Q I Q P M N N T Y Y Y A S Q I F K S N F N G E N I S G I C S I G T Y R F R L 
G G D W Y R H N Y L V P T V K Q G N Y A S L L E S T S T H W G F V P V S E G L E 
Q K L I S E E D L N S A V D H H H H H H  

Figure 4.8 Protein sequence of BoNT/C subunit showing the start methionine at the amino 
end and the 6 histidine tag at the carboxy end. The highlighted underlined region was the 
sequence obtained through Edman degradation. 

 

The seven amino acids stretch sequenced and shown above was analyzed by a protein Blast 

search that was automatically adjusted for short input sequences and was found to 

correspond perfectly to subunit C HC. The amino acid sequence obtained was not located at 

the N-terminal end of the protein but 20 amino acids downstream from the initiating 

methionine. The N-terminal deletion may have been due to proteolytic cleavage by the 

KEX2 located in the Golgi apparatus in P. pastoris. The pPicZα vector contains a specific 

KEX2 cleavage site immediately upstream from the start codon (see Appendix IV) and it is 

in place to cleave away the α-factor signal peptide. Recent papers investigating the KEX2 

consensus sequence have shown that it targets sites composed of lysine, arginine and 

aspartic acid residues (Bader et al., 2008). The exact cleavage site of the sequenced protein 

was between amino acids 19 and 20, namely lysine and aspartic acid suggested that the 

KEX2 endopeptidase might have been responsible for the cleavage of the subunit 20 amino 

acids downstream of the start site (Powner and Davey, 1998).  
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In a recent paper (Webb et al., 2007) expression of the same binding subunit from strain C 

followed by sequencing of the resulting protein indicated that 22 amino acids were cleaved 

from the amine end of the protein. Various attempts to prevent this cleavage by adjusting 

fermentation conditions and other purification parameters were made but could not prevent 

this effect. No explanations were given regarding the cause of the truncation, except to say 

that the subunit from strain D was also found to be truncated. The phenomenon appears to 

be common and often observed with these subunits. 

The expressed protein reacted with anti tetra-his antibodies confirming the presence of the 

six his tag at the C-terminal end of the protein. Taken together, the sequence data and the 

Western blot analysis provide strong evidence to support the expression of the BoNT/C 

subunit in P. pastoris.  

4.3.4 Investigations of Various Expression Parameters 

Cell lysis became an issue when cultures sizes increased tenfold from the initial 25 ml small 

scale cultures to 250 ml medium scale cultures. The use of glass beads was found to be less 

effective as the pellet size increased and an alternative method was tested to compare the 

two procedures. Sonication is the disruption of cell walls and cell lysis through the use of 

sound at constant amplitude (Branson, Inc.). It has been shown to be a very effective and 

reproducible method of cellular lysis in larger volumes (Schwarz et al., 2007). 
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Figure 4.9 Combined data of three purifications done of equivalent cultures of P. pastoris 
expressing BoNT/C. The graphs show levels of protein eluted from nickel column following 
different cell disruption methods.  

Figure 4.9 demonstrates the effectiveness of the two approaches. The use of glass beads 

provided acceptable yields during small scale expression of the protein but could not 

properly lyse the bulk of the cell pellet from larger cultures. The measured absorbance 

values for the fractions purified following lysis by glass beads (blue line) are much lower 

than the other two sets of samples purified following sonication. This implied that the bulk 

of the cells were not effectively lysed with the glass beads, the lysate contained less total 

protein and as a result the amount of protein purified through the nickel column was very 

low compared to the other two samples tested. Sonication was found to be much more 

effective and was adopted as the preferred method of cell disruption in medium and large 

size cultures. 

An important element that was investigated was the issue of protein secretion. The vector 

selected and used in this research was pPicZα containing an α-factor secretion signal 
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designed to expel the expressed protein from the cell. Early small scale studies failed to 

show protein in the medium. Initial studies focused on the cell mass and on effective lysis 

and extraction of protein from the lysate.  

Secretion was further explored in the larger culture volumes. The lack of secreted protein in 

the medium was thought to be due to the dilution of the expressed protein in a large volume. 

To test this possibility cells were expressed over four days and the medium was cleared of 

cells by centrifugation at 3000 xg for 10 minutes. The cell mass itself was sonicated and run 

through a nickel column, while the clear medium was lyophilized overnight until dry. The 

resulting powder was dissolved in a minimal amount of nickel column washing buffer and 

run through a column. Fractions were collected in both cases and measured at 280 nm. 

Fractions with the highest absorbance levels were kept and analyzed by SDS-PAGE and 

Western blot. 

 

 

 

 

 

 

 

 

 



 

a. 

 

 

 

 

 

 

b. 
 

 

 

 

 

 

 

 

 

 

 

c. 

 

 

 

 

 

Band # (from top) Area (sq. pixels) % of totalArea (sq. pixels)
1 1316.1 21.5
2 972.3 15.9
3 1707.0 27.9
4 340.3 5.6
5 293.0 4.8
6 620.2 10.1
7 455.6 7.4
8 419.3 6.8

Fraction 8
Sonicated Cell Mass

 

 

Area (sq. pixels)% of total Area (sq. pixels) % of totalArea (sq. pixels)
1160.9 23.4 2897.9 45.8
921.5 18.6 924.5 14.6
689.2 13.9 297.2 4.7
681.9 13.7 547.6 8.7
287.8 5.8 247.9 3.9
690.4 13.9 846.5 13.4
236.1 4.8 427.6 6.8
295.5 6.0 136.3 2.2

Fraction 9 Fraction 7
Sonicated Cell Mass Lyophilized Medium
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Area (sq. pixels)% of total
1817.8 33.2
806.6 14.7
348.1 6.4
462.2 8.4
417.8 7.6
888.1 16.2
469.7 8.6
263.9 4.8

Fraction 8
Lyophilized Medium
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d. 

 

 

 

 

Figure 4.10 Results obtained from protein purification of expressed subunit C in P. pastoris. 
Both yeast cell pellet and medium (BMMY medium) were analyzed. a. Western blot 
compares the lyophilized culture medium fraction 8 as well as fractions 8 and 9 from the 
sonicated cell mass probed with anti tetra his antibodies. Fraction 7 from the lyophilized 
culture medium was also included but the blot was damaged and the Fraction 7 lane did not 
yield useful information and so was not included in the figure above. The blot was cropped 
to eliminate the areas that were affected and only four partial lanes are shown. b. shows the 
SDS-PAGE results of the fractions shown to contain the highest protein content of the 
lyophilized medium samples and the sonicated cell mass samples following nickel column 
purification. Note the increased intensity of the medium samples at the 55-kDa range. The 
bands from the Coomassie stained gel in b. were then analyzed using ImageJ band analysis 
software and the corresponding band intensities are provided in c. The highlighted band 
(blue arrow) represents the band of interest. d. Data showing yields obtained for the 
fractions analyzed. The values were converted to mass using a BSA standard curve and 
using the values shown in Figure 4.10 c masses were calculated for the subunit bands. The 
ratio indicates that yields in the lyophilized sample were 2.27 times higher than in the 
sonicated sample. 

  

The SDS-PAGE gel (Figure 4.10 b) shows that neither sample was completely pure; both 

showed a number of bands. However, the band of interest was more intense in the secreted 

fractions than in the intracellular fractions. To determine the amount of the subunit in the 

sample, ImageJ software, supplied for download free of charge from the NIH 

(http://rsbweb.nih.gov/ij/) was used to quantify the bands observed. Figure 4.10 c shows the 

calculated areas as well as the percent of the total protein of the sample that each band 

represents. Based on this data, the subunit constituted a higher percentage in the secreted 

fraction than it did in the intracellular fraction. When the yields are compared the subunit 

Fraction OD280 fraction yield (mg) % of total subunit yield (mg) OD280 fraction yield (mg) % of total subunit yield (mg)
7 0.1555 0.253 45.8 0.116
8 0.363 0.624 21.5 0.134 0.7475 1.311 33.2 0.435
9 0.274 0.465 23.4 0.109

sum of subunit yields (mg) 0.243 0.551

lyophilized/sonicated 2.27

Sonicated Cell Mass Lyophilized Medium



 

from the lyophilized sample was found to be 2.27 times more abundant than the protein 

obtained in the sonicated sample. The data and analysis 

conclusively that the protein is being secreted from the cells and is more abundant in the 

BMMY medium than in the cell mass. 

Expression levels and reproducibility were tested in 

(see section 4.2.9). The Western blot in Figure 4.11 showed that a protein was present which 

reacted with the anti-tetraHis antibodies, and is likely the expressed protein. Interestingly, in 

the secreted sample a smaller immunoreactive band was detected and

breakdown product of the expressed protein. 

 

 

 

 

 

 

 

Figure 4.11 Western blot showing samples from the 8 cultures of 
BoNT/C. Samples run were total protein samples from sonicated cell masses. The crude 
protein samples were not run through nickel columns.
the diagonal arrow was also observed in lanes 4 and 8.

 

Figure 4.11 indicates that 

variability even though all 

in the same way. Wet cell masses and total protein were also measured for all 

(see Table 4.3). Absorbance readings were measured of crude undiluted lysates and fall 

from the lyophilized sample was found to be 2.27 times more abundant than the protein 

obtained in the sonicated sample. The data and analysis carried out on the two samples show 

conclusively that the protein is being secreted from the cells and is more abundant in the 

BMMY medium than in the cell mass.  

Expression levels and reproducibility were tested in eight independent cultures of colony#10 

The Western blot in Figure 4.11 showed that a protein was present which 

tetraHis antibodies, and is likely the expressed protein. Interestingly, in 

the secreted sample a smaller immunoreactive band was detected and

breakdown product of the expressed protein.  

Western blot showing samples from the 8 cultures of P. pastoris
BoNT/C. Samples run were total protein samples from sonicated cell masses. The crude 
protein samples were not run through nickel columns. A smaller unknown band 

was also observed in lanes 4 and 8. 

that the eight cultures display high levels of protein expression 

variability even though all were grown and expressed under the same conditions and treated 

in the same way. Wet cell masses and total protein were also measured for all 

Absorbance readings were measured of crude undiluted lysates and fall 
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from the lyophilized sample was found to be 2.27 times more abundant than the protein 

arried out on the two samples show 

conclusively that the protein is being secreted from the cells and is more abundant in the 

independent cultures of colony#10 

The Western blot in Figure 4.11 showed that a protein was present which 

tetraHis antibodies, and is likely the expressed protein. Interestingly, in 

the secreted sample a smaller immunoreactive band was detected and may represent a 

P. pastoris expressing 
BoNT/C. Samples run were total protein samples from sonicated cell masses. The crude 

A smaller unknown band indicated by 

high levels of protein expression 

grown and expressed under the same conditions and treated 

in the same way. Wet cell masses and total protein were also measured for all eight samples 

Absorbance readings were measured of crude undiluted lysates and fall 
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within the measurable range of the Nanodrop-1000 instrument. The Nanodrop 

spectrophotometer can accurately measure a BSA solution of up to 100 mg/ml and an 

optical density of 75.0 (Nanodrop Technologies, Inc.). The bands were then quantified from 

the Western blot (Figure 4.11) using ImageJ Software (http://rsbweb.nih.gov/ij/). Little 

correlation between the variables was very low with an R2 value of 0.279 between 

expression levels and cell masses and an R2 value of 0.0918 between expression levels and 

absorbance readings at OD280.  

Table 4.3 Measurements taken of cultures expressing BoNT/C.  Cells were centrifuged, 
media was discarded and wet cell pellets weighed. Following sonication and lysis of the 
pellets, the crude cell lysates were quantified on the Nanodrop-1000. The relative peak areas 
were determined using ImageJ software on figure 4.11. 

 

 

 

 

 

 

Possible sources of variation in the levels of expression might by due to proteases expressed 

by the yeast itself. Such degradation has been shown to occur during heterologous 

expression in P. pastoris (Singh et al., 2008). The degradation seen was found to occur at 

the C-terminus of the protein. This could have occurred in the present research as any 

truncation of the C-terminal would have cleaved off the 6-His tag and led to lower signals in 

the Western blot.  Other research claims that N-glycosylation can actually protect proteins 

from protease degradation (Daly and Hearn, 2005; Yan et al., 1999). During the design of 

the synthetic gene, putative N-glycosylation sites were eliminated (see figure 3.1). This 

sample pellet wet mass (g) OD280 Relative Peak Area
1 1.28 24.74 1789.08
2 0.93 11.24 1152.06
3 1.14 23.06 419.21
4 1.24 20.92 2240.01
5 1.13 14.52 2067.41
6 1.49 23.27 1253.77
7 1.23 13.33 1136.55
8 1.59 26.04 3015.67
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important modification might have reduced the overall stability of the expressed protein in 

the yeast and led to its degradation.   

Results shown in figure 4.11 indicate that in some cases expression levels were quite robust. 

However, reproducibility is an important consideration that must be improved upon. It is 

essential to have a system that is producing high levels of protein in a consistent and 

reproducible manner for a variety of reasons. Reproducibility of expression is required when 

testing new variables or when optimizing the system. High levels of fluctuation can mask 

improvements in the methodology. As well, it is important to understand how much specific 

protein the cells can produce and/or secrete as these values have great significance in the 

commercialization of the vaccine. Variability in expressed protein will make the 

transformed P. pastoris less viable commercially as value of the vaccine is directly linked to 

yields of expressed protein. 

4.3.5 Subunit Expression Levels 

The expressed subunits were to be tested in an animal model. To conduct such testing, 

BoNT/C and BoNT/D were needed in large enough amounts. Apart from the testing carried 

out above, large scale expression was carried out repeatedly to obtain the quantities needed. 

The data was collected from extractions carried out on sonicated cell mass and not 

lyophilized medium samples. 
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Figure 4.12 a. Protein elution profiles (measured a
chromatography of subunits C and D. 
indicate signal intensities obtained from fractions collected off nickel affinity column 
chromatography of subunit C and subunit D. 
several different inductions of 
transformants were expressed and purified. b. A sample Western blot of BoNT/C eluted 
from nickel column. The control used was an aliquot of the material sent for protein 
sequencing. c. Western blot of BoNT/D showing various fractions
column. The arrows indicate the expressed subunits in figures 4.12 

 

The graphs from figure 4.12

collected from the various protein elutions. As seen from SDS

the material eluted from the columns was not purified to homogeneity but the protein of 

interest was clearly visible on the gel

even though the background levels were not homogeneous

relative abundance of the band of interest in comparison with the total number of distinct 

bands observed. The assumption was made that the background levels within a given 

were uniform enough to enable 

in the sample.  

                             BoNT/D Eluted Protein Fraction# 

elution profiles (measured at OD280) from nickel affinity column 
chromatography of subunits C and D. Profiles were adjusted to align the peaks. 
indicate signal intensities obtained from fractions collected off nickel affinity column 
chromatography of subunit C and subunit D. Subunit C purifications were carried out on 
several different inductions of the same transformant; in the case of sub
transformants were expressed and purified. b. A sample Western blot of BoNT/C eluted 
from nickel column. The control used was an aliquot of the material sent for protein 
sequencing. c. Western blot of BoNT/D showing various fractions

The arrows indicate the expressed subunits in figures 4.12 b and 

from figure 4.12 a show the absorbance readings of the various fractions 

arious protein elutions. As seen from SDS-PAGE gels (Figure 4.10 b.) 

the material eluted from the columns was not purified to homogeneity but the protein of 

clearly visible on the gel. Background corrections were not done on the data, 

ugh the background levels were not homogeneous, since the data of interest was the 

relative abundance of the band of interest in comparison with the total number of distinct 

bands observed. The assumption was made that the background levels within a given 

were uniform enough to enable accurate calculations of the percentage of expressed protein 
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) from nickel affinity column 
Profiles were adjusted to align the peaks. Graphs 

indicate signal intensities obtained from fractions collected off nickel affinity column 
ubunit C purifications were carried out on 

ubunit D three different 
transformants were expressed and purified. b. A sample Western blot of BoNT/C eluted 
from nickel column. The control used was an aliquot of the material sent for protein 
sequencing. c. Western blot of BoNT/D showing various fractions eluted from nickel 

and c. 

absorbance readings of the various fractions 

PAGE gels (Figure 4.10 b.) 

the material eluted from the columns was not purified to homogeneity but the protein of 

Background corrections were not done on the data, 

he data of interest was the 

relative abundance of the band of interest in comparison with the total number of distinct 

bands observed. The assumption was made that the background levels within a given lane 

accurate calculations of the percentage of expressed protein 
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Previous experiments carried out indicated that the amount of BoNT/C subunit was greater 

than 20% of total eluted protein (see Figure 4.10 c.). The 20% value was chosen as a 

conservative estimate of the minimum content of expressed subunit in the total protein 

fractions.  

Total eluted protein was calculated using a BSA standard curve to convert the optical 

densities measured to amounts of protein. The measured optical density of 10 mg/ml BSA at 

280 nm was 5.62, while the value provided by the National Institute of Standards and 

Technology (NIST) has it listed at 6.67 (Anonymous (2004) NIST). The institute used 

ultrapure BSA in a saline solution while the material used in this research was standard 

laboratory grade BSA dissolved in PBS. It is likely that the purity and buffer used affected 

the absorbance readings measured. The calculated masses read off the BSA standard curve 

are listed in table 4.4. The values were multiplied by the 20% (subunit content in the protein 

sample) to obtain the estimated amount of the subunit in the sample.  

Table 4.4 A summary of the yields of the purification of strain C and D. The tables show the 
calculated yields for the various extractions carried out above. The values were obtained 
using a BSA calibration curve. Total eluted protein refers to calculated amounts from the 
peak fractions that were pooled and measured. Using the fraction volume of 1 ml, the 
determined protein concentrations were converted to mass. To get an approximation 
regarding the levels of subunit eluted off the column, the total protein values were divided 
by a factor of 5 (see text). The yields per liter were calculated by multiplying the subunit 
yield by 5 since protein expression was carried out in 200 ml of medium. 

 

Purification Total Eluted Protein (mg) Approximate Yield of Subunit (mg) Approximate Subunit Yield (mg/L)

1 2.15 0.43 2.15

2 14.50 2.90 14.50

3 8.14 1.63 8.14

4 7.89 1.58 7.89

5 9.85 1.97 9.85

6 4.74 0.95 4.74
7 0.96 0.19 0.96

 1 - D1 2.75 0.55 2.75

 2 - D1 3.46 0.69 3.46

 3 - D1 0.20 0.04 0.20

 1 - D2 2.46 0.49 2.46
 1 - D3 3.47 0.69 3.47
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The graphs and Western blot shown in Figure 4.12 are semi quantitative and indicate levels 

of protein eluted from the nickel column. The procedure was repeated several times to gain 

some insight regarding the reproducibility of expression and nickel column purification. 

While the results indicate that eluted protein was consistently obtained, as can be seen in 

Table 4.4 the levels of expression vary greatly from batch to batch. The differences 

observed should diminish once the system is scaled up and dedicated infrastructure is set up 

to express the protein on a continuous basis (Shepard et al., 2000).  

4.4 Discussion 

The proteins of interest were never purified to homogeneity, and other bands were present 

on the SDS-PAGE gels (See figure 4.10b.). It is not known why purification through the 

nickel column did not lead to a single pure product. The SDS-PAGE shows many minor 

bands and a few stronger ones. Additional bands can also be seen in the Western blots 

presented, as in Figures 4.11 and 4.12c. The bands visible on the Western blot have the 6 his 

tag and probably represent breakdown products of the subunit. Other bands might be 

endogenous P. pastoris proteins that were not washed off the column prior to elution or 

proteins that bound or had interactions with the his-tagged protein (Muller K.M. et al., 

1998). Other studies report a variety of contaminants which proved very difficult to 

eliminate. In work done by Potter et al. the expressed protein of interest was eluted with a 

second protein of 17 kDa. Changing the NaCl concentration in the buffers reduced the 

intensity of the contaminant, but was unable to eliminate it completely (Potter et al., 2000). 

These contaminants reduce the purity of the eluted sample and must be taken into account 

when quantifying the amounts of expressed protein produced.  
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A more accurate method of quantifying the purified protein was to run an SDS-PAGE gel 

with the fractions to be measured and then to use software tools such as ImageJ (free 

software downloaded from the NIH at http://rsb.info.nih.gov/ij/) to quantify the intensity of 

the bands obtained. The subunit band was integrated for density in each lane and compared 

with the total integrated density of the other quantifiable bands in the same lane to obtain the 

percentage of the subunit in the total protein. Proteins present at the dye front and at the top 

of lane were smeared and not included in the calculations. This method was more accurate 

as it allowed the quantification of a specific band, assuming no interfering co-migrating 

bands, whereas the absorbance measurements and quantification based on the standard BSA 

curve could only provide the total concentration of protein in the sample. 

The expression systems were set up from scratch and BoNT/C and BoNT/D were shown to 

be expressed in P. pastoris. Initial protein expression in P. pastoris failed to detect secreted 

protein in the growth media and could only be observed in lysed cell mass. However, when 

the expression was modified and the culture medium was concentrated by lyophilization, 

expressed protein was detected. The yields obtained were promising, with a 2.27 fold 

increase in subunit yield over sonicated cell mass, and indicated that the focus should be 

redirected towards protein extraction from the medium. The lyophilization work that was 

carried out was done in the later stages of the project. In vivo work in mice was already 

underway and initial trials were complete. It was decided not to use the materials isolated 

through lyophilization as it was not possible to conduct an additional in vivo trial to compare 

the materials obtained from both isolation procedures. The subunit was present in both the 

sonicated cell mass and the lyophilized BMMY medium, but the protein contaminants 

observed in the SDS-PAGE (Figure 4.10 b) were not the same. An example of the 

difference is band 3 which is bright in the sonicated sample but hardly visible and a little 
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higher in the lyophilized sample. It is not known what effects these contaminants would 

have on the mice and more work is required in this matter. With the detection of protein in 

the media it was possible to scale up the procedure and work primarily with culture 

supernatant although isolation and purification methods would have to be adjusted to allow 

for greater culture volumes.  

Similar work has been reported by other groups (Webb et al., 2007). All work done in 

recent years has involved the use of fermentors to grow and express the proteins. This 

allows for far greater cell density (Cereghino and Cregg, 2000), and improved yields. As a 

proper fermentor, allowing real time monitoring of culture conditions and continuous 

methanol feed was not available; the work was done manually and carried out in 2 L 

beveled flasks. This reduced the overall efficiency and reproducibility of expression.  

The reproducibility trial (Figure 4.11) provided the most direct evidence that the expression 

system devised was problematic and required further optimization to achieve effective and 

reproducible data. Technically every effort was made to treat all samples in the same 

manner, from inoculation to growth and expression under the same conditions to the 

addition of methanol and lysis. While it is expected that manually processing eight separate 

flasks will always prove less uniform than an automated system handling a single large 

batch, the variations observed were dramatic, for example the robust signal of sample eight 

compared to the faint signal observed for sample three. Given that the conditions were the 

same for all samples and and eight started from the same original culture, only technical 

issues would account for such variation. Small differences in handling might over time lead 

to greater and greater discrepancies between the samples. The combined duration of the 

growth phase and the expression phase was five days. During those five days the samples 
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cultures were handled on a daily basis. Collecting samples and testing them daily for protein 

expression would have would have provided important information regarding the fitness of 

the samples and helped pinpoint the source of the variation. 

Previous work carried out on subunit expression in bacteria described yields of 0.5 mg/L 

which were ultimately optimized to 2-2.5 mg/L, but no mention is made regarding the 

specific yields of each subunit (Woodward et al., 2003). The subunits were His-tagged and 

were purified through nickel column and low molecular weight protein contaminants were 

observed in the samples but no evidence was presented. In the present study, levels obtained 

for the D subunit were 3 mg/L, only marginally higher than the ones described above. 

However, the yields obtained for the C subunit were nearly 15 mg/L – a sevenfold 

improvement over the bacterial system. The purity levels of the products cannot be 

compared since no data was provided in the bacterial expression report, however, in both 

cases nickel column purification was the only method utilized and it is likely that the purity 

levels were similar. The yeast system was found to be more robust overall and more likely 

to produce higher yields of heterologous protein than the bacterial system.  

Future work on the expression of BoNT/C and BoNT/D should focus on standardization of 

the protocol. A dedicated system has to be set up so that the number of variables is kept to a 

minimum. This would include media, buffers, glassware, and nickel columns. The columns 

should be tested to ensure proper protein binding and yields. Lysis of yeast cells introduced 

great variability and if it is not possible to get consistent results through sonication, an 

alternative method should be investigated such as using a cell homogenizer or a French 

press. Another approach would be to focus on purification of the protein from the medium 

as this eliminates the need for lysis. The samples can be lyophilized or precipitated and 
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resuspended in a smaller volume and put directly through the column. It is essential that the 

different steps in growth, expression, and purification be tested repeatedly to determine and 

minimize sources of deviation between batches. Further work also needs to be done to 

isolate multiple copy transformants, which have been shown to express more protein (Clare 

et al., 1991). 

4.5 Conclusions 

Further purifications were not carried out on the samples. One of the considerations in 

preparing a veterinary vaccine is to balance purity against preparation costs. Every 

additional purification would effectively yield a more purified sample but at additional 

costs. Apart from higher costs of production, every step in purification leads to a certain 

amount of product loss which also increases global costs and reduces the value of the 

vaccine – if veterinary vaccines exceed the average market costs ($0.25 per dose in 

Australia) they become harder to market might not be used by the cattle growers (Turner 

and Stephens, 2008). Current production practices are described in European 

Pharmacopoeia 5.0 (monograph 01/2005:0361) and state that veterinary botulism vaccines 

of strains C and D are to be prepared by lysing C. botulinum cells and inactivating the 

lysate. No mention is made of material purity or elimination of cellular debris. The 

procedures described in the chapter did not yield a single pure protein. However, 

experimental evidence did show that the subunits were expressed and were partially purified 

by nickel column. 

The following chapter describes the preparation and testing of the subunits in vivo, in 

BALB/c mice. During the in vivo testing, expression studies were continued and ran in 

parallel in order to improve the system and maintain a supply of expressed protein. 
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Chapter 5 – In Vivo Testing of expressed Subunits 

5.1 - Introduction 

Most studies of heterologous expression of botulinum subunits include in vivo testing to 

show that the products obtained were of the correct conformation and purity to provide 

protective immunity against a challenge of botulinum toxin (Potter et al., 1998, Arimitsu et 

al., 2004, Baldwin et al., 2008). The vaccination schedules differ from group to group as do 

the adjuvants and the choice of test subjects, although they are predominantly mice. One or 

more subunits are injected into the animals and then, following a period of time for the mice 

to mount an immune response, they are challenged with the toxin and monitored. Since 

botulism is caused by a potent neurotoxin, the only variable monitored is survivor ratio in a 

group of mice rather than presence of symptoms of botulinum poisoning.  

The amount of protein injected into the mice also varies from study to study, and in some 

cases can range dramatically from 0.008 µg to 5 µg (Byrne et al., 2000). In the latter 

instance, the protein was determined to be 98% pure but the actual efficacy of the expressed 

subunit could only be assessed empirically and warranted the testing of a large range of 

concentrations during the initial phase of vaccine development (Byrne et al., 2000).   

As well the toxin dose used to challenge the mice varies dramatically, from 106 LD50 for 

serotype A (Clayton et al., 1995), a well studied serotype, to 1000 LD50 for serotype E (Dux 

et al., 2006). In most cases a range of toxin dosages are reported, to provide a better 

indication regarding how well the expressed protein protects and immunizes the animal 

(Clayton et al., 1995, Woodward et al., 2003) 
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In the present study the strain of mice chosen was BALB/c, standard and common 

laboratory mice which were readily available. Animals were obtained from the James Cook 

University Small Animal Facility.  Approval for animal-based research was obtained from 

James Cook University, Approval number A1112 (Appendix VIII). The animals were 

housed, maintained, and all work done was carried out in accordance with the Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes (NHMRC) and 

James Cook University guidelines.  Unvaccinated controls run along with the vaccinated 

mice gave an indication of toxin potency and provided a baseline against which the 

vaccinated mice were measured.  

Injected protein alone is often not immunogenic and requires an adjuvant to increase 

stimulation of the immune system. Intervet Ltd. supported the present study and provided 

five adjuvant formulations they had developed for use in veterinary vaccines. The 

information provided along with the adjuvants was minimal since proprietary materials were 

involved. The goal of this project was to develop a formulation that could be scaled up and 

produced commercially. Utilizing a current Intervet Ltd. adjuvant would allow for easy 

adaptation and scaling up of the final formulation should the vaccine be considered for 

commercialization.  

Initial testing was based on the Quil A adjuvant containing saponins. It was chosen due to 

its physical properties and ease of use. It arrived as a sterile solution, stable at room 

temperature and ready to be combined with the protein and used. As well, it was shown to 

be inappropriate for human usage but effective in eliciting humoral and cellular responses in 

a number of veterinary vaccines (Sun et al., 2009; Campbell and Peerbaye, 1992).  
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Later testing compared all five adjuvants side by side with the most effective one used for 

the final in vivo tests done using both subunits. 

Full length, active botulinum toxin strains C and D were purchased from Metabiologics, 

Ltd. (Madison, Wisconsin, USA).  LD50s were not performed as this information was 

provided by Metabiologics, LTD. They determined the LD50s of both subunits by injecting 

the mice intravenously with the toxin and measuring the time it took the mice to die. This 

data was then converted to an accurate LD50 based on a calibration curve developed in house 

at Metabiologics (Carl Malizio Metabiologics LTD, personal communication).  There is no 

mention of strains or sizes of the mice used to determine final LD50 quoted in the 

documentation. This is critical information as it is known that variations exist in the immune 

response in different mouse strains (Esposito et al., 1969). 

5.2 Methods 

5.2.1 Sample preparation 

The pooled protein samples were dialyzed against PBS to remove the high salt and 

imidazole introduced in the nickel column (see section 2.2.4.6). Final quantification and 

verification was carried out on SDS-PAGE. The expressed subunits were not pure to 

homogeneity; the bands were quantified using ImageJ Software (http://rsbweb.nih.gov/ij/) 

and the relative abundance of the expressed protein determined as a percent of the total 

dialyzed sample. The concentration of the total sample was determined 

spectrophotometrically at 280 nm and the absorbance converted to concentration using a 

BSA calibration curve. The total sample concentration was multiplied by the percent of 

expressed protein determined from the SDS-PAGE gel described above. The calculated 

concentration was used as final concentration of subunit in PBS buffer. The proteins were 



 

mixed with an adjuvant obtained from Intervet and injected into the mice (see Table 5.

preparation of inoculum). 

5.2.2 In Vivo Trials 

The injected subunits were expected to cause a

anti-subunit antibodies over the vaccination period. This period lasted 

involved an initial injection followed by a booster 

challenged with active toxin 

were monitored for five days, a standard length of time used in other studies (Potter 

1998, Byrne et al., 1998, Webb 

mice 96 hours post-challenge 

2005). The length of time the mice were observed post

overall conclusions of the testing. Survival rates were measured and compared to naïve mice 

challenged alongside the vaccinated mice with the same active toxin.

Figure 5.1 Timeline of in vivo
in all trials performed. 

 

mixed with an adjuvant obtained from Intervet and injected into the mice (see Table 5.

 

The injected subunits were expected to cause a humoral response in the mice and generate 

subunit antibodies over the vaccination period. This period lasted 

involved an initial injection followed by a booster two weeks later. The mice were 

challenged with active toxin two weeks following the booster. Once challenged, the mice 

days, a standard length of time used in other studies (Potter 

., 1998, Webb et al., 2007) although other groups opted to observe the 

challenge (Clayton et al., 1995, Woodward et al., 2003, Baldwin 

2005). The length of time the mice were observed post-challenge should not affect the 

overall conclusions of the testing. Survival rates were measured and compared to naïve mice 

side the vaccinated mice with the same active toxin. 

in vivo testing done on BALB/c mice. This testing regime was used 
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mixed with an adjuvant obtained from Intervet and injected into the mice (see Table 5.4 for 

humoral response in the mice and generate 

subunit antibodies over the vaccination period. This period lasted four weeks and 

weeks later. The mice were 

owing the booster. Once challenged, the mice 

days, a standard length of time used in other studies (Potter et al., 

., 2007) although other groups opted to observe the 

., 2003, Baldwin et al., 

challenge should not affect the 

overall conclusions of the testing. Survival rates were measured and compared to naïve mice 

 

testing done on BALB/c mice. This testing regime was used 
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Prior to the challenge, tail bleeds were done to collect serum samples from the mice in the 

study (see figure 5.1 for trial timeline). A small section of the tail (2-3 mm) was cut with a 

scalpel and a glass capillary was used to collect approximately 50 µl of blood from the site 

of incision. The blood samples were centrifuged at 10000 xg and the serum collected and 

transferred to new tubes. Samples were stored at 4°C. 

Unless otherwise stated, all testing conditions were carried out on groups of five mice. The 

injected volume into each mouse was 200 µl, and the injection was intraperitoneal into the 

abdomen. 

5.2.2.1 Activity of Commercial Toxins  

Potency of the botulinum toxins strains C and D (Metabiologics Ltd.) was tested by the 

company. They injected the toxins intravenously into the mice and measured the time it took 

for the mice to perish. They were able to convert that time period into an accurate LD50 

measurement. Upon their arrival they were tested to ensure they were active following 

transport. Two different dosages of both toxin strains were injected into naïve mice and their 

potency measured. All the mice succumbed to the toxins and perished within a few hours of 

injection. At the higher dosage of 105 LD50/mg paralysis and death was observed within two 

hours of injection, while at 103 LD50/mg death occurred within 6-7 hours following 

injections. 

5.2.2.2 First BoNT/C Trial 

Various dilutions of expressed protein were mixed with Quil A and injected 

intraperitoneally into the mice (see Table 5.1 for sample preparations). 
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Table 5.1 Inoculations prepared for injection into BALB/c mice. The calculated 
concentration of BoNT/C subunit was combined with Quil A adjuvant and sterile PBS was 
used to bring the volume up to 2.5 ml for each sample. 

 

 

Table 5.2 Toxin levels used to challenge different groups of BALB/c mice in the first in vivo 
trial. 

BoNT/C Concentration Injected Toxin Dosage LD50/mouse 

100 µg/ml 4.2x103 

100 µg/ml 42 

50 µg/ml 4.2x103 

50 µg/ml 42 

20 µg/ml 4.2x103 

20 µg/ml 42 

10 µg/ml 4.2x103 

10 µg/ml 42 

5 µg/ml 4.2x103 

5 µg/ml 42 

naïve mice 1 mouse 4.2x103, 1 mouse 42 

 

Serum samples collected were tested by ELISA and by Western blot. Western blots were 

later discontinued as the data proved difficult to quantify and the number of samples that 

could be tested in this way was limited compared to ELISAs. The objectives were to show 

final concentration (ug/ml) stock (est. ug/ml) total volume (ml) amt needed (ug)  subunit (ul) Quil A (ul) PBS (ul)

100 2.5 250 676 12.5 1812

50 2.5 125 338 12.5 2150

20 2.5 50 135 12.5 2352

10 2.5 25 68 12.5 2420

5 2.5 12.5 34 12.5 2454

370
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an immune response in the mice and determine whether the proliferation of antibodies 

against the subunit was quantifiable by ELISA and by Western blot.  

5.2.2.3 Second BoNT/C Trial 

In this trial a single inoculum concentration of 50 µg/ml subunit, prepared as per table 5.1, 

was tested. The variable in this set of experiments was the active toxin dose used in the 

challenge. Table 5.2 shows the different amounts used in challenging the mice.  

The dosages used were based on the LD50 provided by Metabiologics. The LD50 was 

different for the two toxins ordered and the wrong value was used in the calculation of the 

strain C toxin challenge, so that the amounts of toxin used to challenge the mice were not 

standard. The LD50 provided for strain D (9 x 107) was actually used to calculate and 

prepare the active strain C toxin (which has an LD50 of 1.9 x 107). As a result the levels used 

were 4.7x less than initially calculated. The ratios between the challenge groups were not 

affected by this error; there is a 1000 fold difference between the high challenge and the low 

challenge in the first trial and there are two fold differences in the dosage of the toxin 

between the groups in the second trial. The error was discovered after the second trial and 

the necessary corrections were made for the subsequent three trials carried out. 

Table 5.3 Dosages of toxin used to challenge mice in the second in vivo trial. 

BoNT/C Concentration Injected Toxin Dosage LD50/mouse 

50 µg/ml 

4.2 

2.1 

1.05 

0.42 

0.21 
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5.2.2.4 Adjuvant Trial 

The five adjuvants provided by Intervet were used to prepare the subunit for injections. 

Again, a final concentration of 50 µg/ml of the subunit was used and mixed with the 

adjuvants in table 5.4. 25LD50 active toxin was used to challenge the mice. 

Table 5.4 Adjuvants used and methods of preparation (based on information provided by 
Intervet LTD.). 

 

5.2.2.4 Bivalent Formulation Trial 

Both subunits were added to aluminium hydroxide adjuvant and prepared as described in 

Table 5.5. 50 µg of each subunit was added and 20 mice were vaccinated. Four weeks after 

the start of the trial 10 mice were challenged with BoNT/C toxin and 10 were challenged 

with BoNT/D. An equal number of naïve mice were challenged with each toxin. Challenge 

dose was 25LD50 for each toxin. 

Table 5.5 Bivalent formulation preparation. The inocula contains Al(OH)3 adjuvant as well 
as both subunits. The volumes prepared were sufficient for 20 mice as well as extra dead 
volume as required in inoculations. 

 

 

with antigen 100 µl sonicate water and ECO and then combine 3.7 ml with antigen
control -

with antigen 1.9 ml 100 µl 1.8 ml mix with antigen
control 1.9 ml - 1.9 ml

with antigen 1.9 ml 100 µl 1.8 ml mix with antigen
control 1.9 ml - 1.9 ml

with antigen 3.32 ml 100 µl 380 µl combine adjuvant with antigen and shake at RT for 15 minutes then add Tris pH 7.5
control 3.42 ml - 380 µl

QUIL A with antigen 47.5 µl 100 µl 3.65 ml
(10 mg/ml saponin) control 47.5 µl - 3.75 ml

Water PBS Preparation NotesFormulation Adjuvant Adjuvant Type

mix with antigen (25 µg saponin/mouse)

ECO

diluvac forte

X-solve

Al(OH)3

100mM Tris 
pH 7.5

1.9 mg/ml 
BoNT/C 
antigen

5.5 ml 4.5 ml

with antigen 2.78 ml 200 µl 3.86 ml 380 µl
control 6.84 ml - - 380 µl

preparation notes
Al(OH)3 

adjuvant
combine adjuvant with antigen and shake 

at RT for 15 minutes then add Tris

BoNT/C BoNT/D

Antigen 
Concentration

Antigen VolumeAntigen Volume

1.9 mg/ml 98.5 µg/ml

formulation
Antigen 

Concentration 100 mM Tris pH 7.5
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5.2.3 Western Blot Analysis of Serum Samples 

Ten serum samples from the 50 µg/ml immunized mice in the first trial (see section 5.2.2.3) 

were used as a source of primary antibodies against BoNT/C subunit. As a control, one lane 

was probed with anti tetra His antibodies. The protocol is discussed in Materials and 

Methods, section 2.2.5.5. 

5.2.4 ELISA Testing of Serum Samples 

Vaccinated mice serum samples, a selection of the naïve mice serum and other controls such 

as anti tetra His and buffer only were tested on an ELISA plate coated with purified 

expressed BoNT/C. The ELISA protocol used is described in the Materials and Methods 

section 2.2.5.4.  

5.3 – Results and Discussion 

The mouse studies were conducted in order to test the efficacy of the expressed protein 

subunit in eliciting an immune response. Initially a study was carried out with mice 

receiving various amounts of the subunit and then challenged by a high dose – 4.2x103 LD50 

and a lower dose – 42 LD50 of toxin. Prior to the challenge serum samples were collected 

and were tested by Western blot and ELISA (see Figure 5.2 and 5.3).  

a. 
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b. 

 

 

 

 

 

 

Figure 5.2  a. A typical Western blot of BoNT/C probed with serum samples from different 
mice as well as one strip of blot probed with anti-his antibody as positive control. Bands 
visible around 55 kDa were quite faint but showed greatest intensity at the range of 50µg 
expressed protein per mouse. The serum obtained from the naive mice failed to show any 
bands in the region of the expressed protein. b. When an ELISA was carried out with the 
same samples, greater intensities were obtained for the inoculated mice with the highest 
readings seen at the range of 50 µg protein per mouse.  

 

Results from the testing of the serum indicated that there was an immune response to the 

inoculations and antibodies specific to the BoNT/C were produced. 50 µg of protein seemed 

to elicit the highest intensity levels on the Western and ELISA. However, both 

concentrations of the active toxin in the first trial were found to be too high for the mice to 

handle and almost all the mice died relatively quickly (see Table 5.6). At the lower dosage 

however, a few did survive the challenge indicating a certain level of protection from the 

toxin. However the early deaths of most animals indicated that the toxin challenge was too 

great for the level of protective immunity following the vaccination regime.  
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Table 5.6 Survivor ratios of first in vivo trial. Highlighted rows indicate mouse sets with 
survivors. 

 

 

 

 

 

 

A second Western blot was carried out on the 10 serum samples from the 50 µg/ml 

vaccinated mice from the first trial (Figure 5.3). All serum samples show specific binding to 

the subunit. Other bands did appear on the blots but this may be due to the impurities 

present in the expressed protein sample used to inoculate the mice. The same sample was 

run on SDS-PAGE to test the serum samples (see for example Figure 4.10 b). The two 

bands seen in the Western blot correspond well to the top two bands quantified in figure 

4.10 b.  It is not unexpected that the proteins from both bands present in the inoculum would 

raise an immune response in the mice. The identity of the ~53 kDa band seen in Figure 5.3 

is unknown but may be due to proteolytic cleavage of the subunit (see section 4.3.3), a 

hypothesis supported by protein sequencing data which indicated cropping of 20 amino 

acids at the N-terminal end (see figure 4.8). The presence of the bands indicated that 

antibodies were also raised in the mice against the binding subunit; however, the intensities 

of the bands differed from one sample to the next.  

 

Subunit Concentration Survivor Ratios
100 µg/ml 0/5
 50 µg/ml 0/5
 20 µg/ml 0/5
 10 µg/ml 0/5
   5 µg/ml 0/5
100 µg/ml 1/5
 50 µg/ml 0/5
 20 µg/ml 2/5
 10 µg/ml 0/5
   5 µg/ml 0/5
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Figure 5.3 Western blot of expressed BoNT/C subunit probed with serum samples obtained 
from all the mice inoculated with 50 µg/ml subunit C
subunit concentrations. The lane next to the ladder was the control and contained the same 
expressed BoNT/C subunit probed with anti
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The first trial proved that the toxin levels used were too high to obtain any useful data 
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blot of expressed BoNT/C subunit probed with serum samples obtained 
from the first trial testing various 

. The lane next to the ladder was the control and contained the same 

second trial was based on data gathered from the 

Western blot and ELISA carried out on the serum collected from the mice and not on 

eaths of nearly all the mice following the toxin challenge (see 

The first trial proved that the toxin levels used were too high to obtain any useful data 

test was repeated but with a constant subunit 

µg/ml) and varying lower toxin challenges. In this case, the challenging 

doses proved too low and most mice survived the challenge (See Table 5.7). Only at the 

was there mortality during the five days following 

the challenge. In this case as well we see a slight difference between the vaccinated and 

/mouse dosage lost all but one 
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mouse and mortality occurred at days two and three post challenge. In the vaccinated mice 

group challenged with 4.2 LD50 two of the five mice did succumb, but on day five post 

challenge. Here again the data is not absolute but hints at a different pattern of mortality 

between the vaccinated and the naïve mice at the highest dosage tested.  

 

Table 5.7 Survivor ratios of variable dose trial. Highlighted rows show effect of toxin and 
partial protection from challenge in vaccinated mouse set as opposed to naïve mice. 

 Gender Toxin Dosage/Mouse Survivors/Total 
Time of Death    

(days post-challenge) 

V
ac

ci
na

te
d 

female 4.2LD50 3/5 2 deaths, day 5 

male 2.1LD50 5/5  

female 1.1LD50 4/5  

female 0.4LD50 5/5  

male 0.2LD50 5/5  

N
aï

ve
 M

ic
e 

male 4.2LD50 1/5 3 deaths, day 2 
1 death, day 3 

male 2.1LD50 5/5  

male 1.1LD50 5/5  

male 0.4LD50 5/5  

male 0.2LD50 5/5  

 

Variation in immune response was observed in the ELISA carried out on the serum samples 

from the second trial (see Figure 5.4). Antibody levels were inconsistent and fluctuated 

significantly from mouse to mouse. Antibody levels should have been similar for all 

vaccinated mice as the same concentration of the subunit was provided and the serum 



150 

 

0

0.2

0.4

0.6

0.8

1

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3

4.2LD50 2.1LD50 1.1LD50 0.4LD50 0.2LD50 naïve mice

O
D

4
5

0

ELISA Results of BoNT/C Subunit in QuilA Adjuvant

samples were collected prior to the toxin challenge. In effect the ELISA was carried out on 

25 replicate mice that underwent the same vaccination schedule.  

The combination of the BoNT/C subunit with the QuilA adjuvant led to a partial immune 

response in some of the mice. In order to improve the immune response and determine the 

effect the adjuvant had on the results, all five Intervet adjuvant formulations were tested side 

by side.  

Figure 5.4 Serum samples tested in 96-well microtiter plate against expressed BoNT/C 
subunit. Anti-mouse antibody bound to HRP was used to detect levels of antibody raised in 
the mice against the expressed BoNT/C subunit. Naïve mice were not inoculated with the 
subunit and show little or no signal. 

  

The results of the adjuvant testing yielded very critical data. In some cases the vaccine 

proved to have little effect, as in ECO, Diluvac Forte and Quil A (see table 5.8). X-solve did 

show a slight difference between the test and control groups, but in the aluminium 

hydroxide gel formulation was there a clear difference between the vaccinated and 

unvaccinated mice. Animals given adjuvant only all died in the first day post challenge, 
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while three of the five vaccinated mice survived. The other two vaccinated animals died on 

the first day post challenge and this may indicate a fault in the vaccination procedures or be 

a consequence of the variability already seen in the immune response of the test animals.  

Table 5.8 Survivor ratios of adjuvant trial. The highlighted row indicates the most effective 
subunit and adjuvant combination tested. All mortalities were recorded on the first day of 
the trial. 

Adjuvant 
Inoculated with 50µg/ml BoNT/C Subunit Inoculated with Adjuvant Only 

Survivors/Total Survivor/Total 

ECO 0/5 0/5 

diluvac 
forte 1/5 1/5 

X-solve 2/5 1/5 

Al(OH) 3 3/5 0/5 

QUIL A 1/5 1/5 

 

The X-solve and Al(OH)3 data presented in Table 5.8 was analyzed statistically using the z 

–test (see Table 5.9). Given the small group size a t-test could also have been used here, but 

the z-test was tried and led to data which was determined to be accurate and logical. The 

population of inoculated mice was compared to the population of naive mice and 

significance was observed only in the case of the Al(OH)3 adjuvant. The null hypothesis 

stated that there was no difference between the two populations. The z-score calculated the 

location of the population on a bell shaped normal distribution while the z-critical 

determined the threshold of significance at a given confidence level. The z-score for the 

Al(OH)3 was found to be above the Z-critical value calculated at 99% confidence. The 

group inoculated with the aluminium based adjuvant and BoNT/C subunit was determined 
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to be significantly different from the group inoculated with the adjuvant only. On the other 

hand, The X-solve set did not pass the Z-critical value at 99% confidence or even at a much 

lower confidence level of 90% and was determined to be not significant. 

 

Table 5.9 The statistical comparison of two populations based on the normal distribution of 
the data. The null hypothesis states that the difference between the populations is 0. Time of 
death was not a factor as all deaths occurred on the first day of the challenge. 

 

Figure 5.5 shows the results of ELISA testing of serum samples collected from the mice of 

the adjuvant trial. Result demonstrated that the X-solve adjuvant was able to raise the 

immune response and protect two mice from the challenge, but the serum of one of the 

vaccinated mice that succumbed to the toxin had low levels of antibodies. The adjuvant 

seemed to hold promise but behaved inconsistently, with differences that were calculated to 

be not significantly different from the control group, and was not used in further trials. Only 

the Al(OH)3 adjuvant presented elevated antibody levels in all mice injected with the 

subunit formulation indicative of a robust immune response that raised an assortment of 

antibodies and did correlate with partial protection against the toxin as three of the five mice 

(60%) survived the challenge. As well, low levels were observed in the controls that 

received Al(OH)3 adjuvant only as would be expected (see Figure 5.5). The bivalent 

formulation trial was therefore set up using the Al(OH)3 adjuvant (Brewer, 2006). 

Z-score Z-critical 99% Z-critical 90%
0.707 2.576 1.645X-Solve: Inoculated vs Naïve

Yes at a 99% confidence level as 2.739 
is greater than 2.576

Not significant
Conclusion

Al(OH)3: Inoculated vs Naïve 2.739 2.576 1.645
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Figure 5.5 ELISA results of the adjuvant trial. Testing was done in a 96 well plate coated 
with BoNT/C subunit. Anti-mouse antibody bound to HRP was used to bind to serum 
antibodies, and TMB was used as artificial substrate to generate the signal.  Serum samples 
from all the survivors were tested. As well, representative samples from the dead mice were 
also tested. Sets showing distinct differences between vaccinated and control mice were 
tested more vigorously than sets showing no difference, for example the ECO set. Not every 
set had mice conforming to all four groups listed. For example, the lack of survivors in the 
ECO set led to the gaps observed in the graph.   

The variability in the results obtained in the ELISAs may be due to the purity of the 

inoculating material; the presence of contaminants might have led to a less focused immune 

response. The microtiter plates used to carry out the ELISA were coated with the same 

material used to inject the mice –the subunits along with the other proteins eluted from the 
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nickel column. There is no doubt that antibodies were also raised against these other 

unknown proteins as indicated in Western blot analysis of serum samples. As a result there 

was a pool of protective and non-protective antibodies in the serum. While the ELISA 

method gave an indication of the ability of the inoculum to induce antibodies production in 

the mouse, it could not discriminate between protective and non-protective antibodies. One 

method that could have reduced the levels of non-protective antibodies would have been to 

run depletion studies using protein from non transfected P. pastoris. Antibodies raised 

against yeast contaminants present in the inoculums would have been removed from the 

solution and in this way cleaner more accurate signals could have been obtained. 

Another approach would have been to coat the mictotiter plate with pure toxin. This would 

prevent antibodies binding to the impurities in the inoculated sample and would lead to 

cleaner signals. As well, binding to the toxin would have provided strong evidence that the 

antibodies raised against the subunits can recognize the toxin itself. The use of pure toxin 

could also have been tried in the context of a Western blot. This too would have 

demonstrated the presence of antibodies that could recognize and bind specifically to the 

toxin and not merely to the expressed subunit. These approaches were not carried out due to 

the prohibitive costs of obtaining pure botulinum toxins in amounts required for such 

testing.  

Another way to ascertain the presence of protective antibodies would be to conduct serum 

neutralization tests- extract serum from the mice, combine with active toxin and then 

reintroduce the mixture into syngeneic mice. Protective antibodies in the serum would bind 

to the toxin and prevent it from causing harm to the mice.   
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A trial with subunit D only in aluminium hydroxide adjuvant was carried out but difficulties 

with the dosage of the toxin led to poor results. Initially 20 LD50 was used as a challenge, 

but no mice, vaccinated or naïve, died over five days. When a higher dosage (50 LD50) was 

given both groups of mice died within two to three days. The second challenge was carried 

out to investigate whether there was any difference between the vaccinated and control 

groups. Based on the results obtained from the trial, no differences were observed between 

the two groups.  

The trial failed to provide any meaningful information regarding the effect, if any, of the 

subunit D formulation on the mice. Serum samples were collected prior to the challenge but 

were not tested since the ELISA data alone could add nothing meaningful to the trial.  If 

antibodies to subunit D were not produced in the mice, and signal intensities were 

equivalent in the inoculated and naïve groups, some of the mice were expected to perish in 

the first challenge. If the ELISA data indicated that the mice inoculated with the formulation 

had higher antibody levels, some level of protection was expected following the second 

challenge. The only conclusion drawn from the trial involved the toxin itself- the strain D 

toxin did not lead to the disease state in the mice. This trial again highlights the difficulties 

in basing such trials on LD50 determination provided by the manufacturer. LD50 trials were 

not permitted due to ethical considerations, but in this type of testing, an accurate measure 

of toxicity is crucial for the success of the trial. 20 LD50 should have led to the death of the 

naïve mice and this raised concerns regarding the actual toxicity levels of the toxin. The 

reduced toxicity might have been due to such technical issues as storage temperature during 

transport or on the effects of freeze/thaw on the toxins, as they were kept at -20°C according 

to the manufacturer’s instructions. As demonstrated, 50 LD50 was sufficient to cause the 

mortality of all mice indicating that the toxin was still active enough to lead to botulism in 
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the mice. The dosage given to the mice in the final bivalent formulation trial was adjusted to 

account for the potency observed. 

Table 5.10 Survivor ratios of bivalent formulation trial. The mice were inoculated with a 
formulation containing both subunits. Half the group (10 mice) was challenged with strain C 
toxin and the other half with strain D toxin. 

 

 

 

 

 

 

In the final trial 20 mice were inoculated with subunits C and D in the aluminium hydroxide 

adjuvant. Results indicate that 50% of mice injected with BoNT/C survived the challenge. 

This is consistent with the adjuvant trial where 60% survival was recorded. As opposed to 

the first BoNT/D trial described above, the BoNT/D subunit formulation did show some 

protective qualities and two of 10 mice survived the toxin challenge. The naïve mice 

perished within a single day of the challenge but four of the inoculated mice survived and 

were protected from the toxin for three days, upon which two more mice died.  

 Strain C Toxin Challenge Strain D Toxin Challenge 

 Gender Survivors/Total Gender Survivors/Total 

Vaccinated  Male 5/10 Male 2/10 

naïve  Male 1/10 Male 0/10 
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Figure 5.6 ELISA data collected from bivalent formulation trial. All serum samples were 
tested in triplicate and measurements for the different groups of mice were combined and 
averaged. Serum from the previous adjuvant trial was tested on both plates as were serum 
samples obtained from naïve mice. Adjuvant only data was obtained by testing sera obtained 
from mice injected with Al(OH)3 adjuvant only.  

 

As seen in Figure 5.6 serum samples were tested twice- once on a plate prepared with the 

BoNT/C subunit and once on a plate prepared with the BoNT/D subunit. The error bars are 

quite high in some cases and limit the accuracy of the approach. Nonetheless, the ELISAs 

carried out on the serum samples proved interesting. The bivalent formulation led to higher 

than background signals on both C and D ELISA plates. One of the serum samples collected 

from the previous adjuvant optimization trial was tested alongside the bivalent formulation. 

The BoNT/C in Al(OH)3 adjuvant was shown in figure 5.5 to provide a high signal on the 

ELISA plate. The bivalent signals were lower than the BoNT/C signals obtained in the 

adjuvant trial. This indicated that the mice were capable of generating antibodies against 

both subunits but at lower levels than against a single subunit. When the same serum sample 
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from the adjuvant trial was tested on the ELISA plate coated with BoNT/D, signal strength 

was lower even with the error bars taken into consideration, indicating little cross reaction 

between strains. This was not surprising due to the low similarity between the two 

sequences (see appendix I for alignment of both subunits). There is only 42% identity 

between the BoNT/C and BoNT/D expressed subunits as analyzed by the LALIGN analysis 

tool (http://www.ch.embnet.org/software/LALIGN_form.html). The adjuvant only and 

naïve mice signals were low against both subunits, indicating that the signals obtained were 

due to specific antibodies binding to the subunits.  

The mice in the first trial, testing different BoNT/C subunit concentrations, were challenged 

with a high dose of toxin and none survived. Future trials reduced the toxin levels to check 

whether the formulation provided any measure of protection against the toxin. In the second 

trial the BoNT/C subunit concentration remained constant and different levels of toxin were 

used to challenge the mice. The highest dosage was 4 LD50. Some effect was observed but 

the results were not conclusive. 

The results obtained in the adjuvant trial with the aluminium hydroxide adjuvant were found 

to be significant. The dosage given to the mice was enough to kill most of the unprotected 

mice in all groups and all of the unprotected mice in the aluminium hydroxide control. The 

only set that had three mice (60%) survive was the one given BoNT/C in aluminium 

hydroxide adjuvant. This was later repeated in the bivalent formulation trial with a larger 

sample of mice and again 50% of the mice survived the challenge (see Table 5.10). BoNT/D 

was subject to fewer trials and a lower level of protection was observed in the final bivalent 

formulation trial. 
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The results obtained in the in vivo trials can be indicative of many issues that need to be 

addressed. As stated in chapter 4, the purification of the expressed protein needs to be 

improved. The presence of other eluted proteins of varying sizes no doubt impeded the 

amplification of the specific antibodies sought. It is not known how immunogenic these 

contaminants are or how the immune system handled the mixture. It can be argued that the 

current vaccines available to use of cattle are merely solutions of lysed clostridial cells that 

are inactivated prior to immunizations (Anonymous (2005) European Pharmacopoeia). 

Purity is not a factor in these formulations and yet they are effective, cheap, and offer cattle 

protective immunity from botulism. However, botulism subunit vaccine formulations 

developed by various groups are typically purified to near homogeneity before testing in 

animals (for example Webb et al., 2007). Rarely are crude samples tested, but when this is 

reported a correlation exists between sample purity and effective immunity in the mice. 

Initially bacterial cell lysate expressing a clostridial binding subunit was used to immunize 

the mice. The crude sample did confer a high level of immunity in the mice, up to 106 LD50, 

however some of the mice perished before receiving the challenging toxin. The cause of the 

deaths was determined to be the bacterial contaminants present in the lysate since a similar 

crude formulation was prepared from baculovirus expressed protein and did not result in any 

deaths. A purified sample of the same protein expressed in bacteria provided a similar high 

degree of protection without causing fatalities in the mice (Clayton et al., 1995).   

The partially purified samples used in the present research did contain protein impurities. It 

is possible that the inoculations weakened the mice to such a degree that merely injecting 

the toxin was enough to cause their deaths. In fact in a few cases, such as the adjuvant trial, 

it was observed that all deaths occurred on the first day following the challenge. Additional 
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purification steps might have led to fewer side effects in the mice and caused fewer deaths 

before and after the toxin challenge. 

In vivo trials were done to test the efficacy and antigenicity of the expressed subunits on the 

immune system. The results were not as unequivocal as were hoped but the methodology is 

sound and further testing and optimization will in time improve the efficacy of the 

formulations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



161 

 

Chapter 6 – Discussion and Future Directions 

6.1 Discussion of Study 

Botulism is a serious problem among cattle herds, in Australia and around the world. In 

northern Queensland, with extensive farming practices, consumption of carcasses and bone 

chewing due to pica can often lead to intoxication (Meyer, 1956). Where cattle are raised 

under intensive farming conditions contaminated silage may cause botulism outbreaks 

(Notermans et al., 1981; Martin, 2003) Effective herd vaccination is the best line of defense 

against botulism poisoning and the need for a safe effective vaccine is of great importance.  

Current vaccines are based on inactivated whole toxin. This entails extracting live toxin 

from C. botulinum, inactivating the product with formaldehyde and then extensive in vivo 

testing to ensure that the prepared vaccine no longer contained active toxin and is safe, and 

that it protects the animal from botulism poisoning. While effective, the current vaccines 

available are hazardous to produce and require safety testing of every batch produced 

(Byrne and Smith, 2000). The aim of this project was to provide a safe and economical 

alternative to the current vaccines on the market. 

The work carried out has direct significance in the field. Current vaccines and vaccine 

regimens are effective at protecting cattle from botulism, but in recent years have been 

shown to fail and leave the animals unprotected (Steinman et al., 2006; Steinman et al., 

2007). The recommendations made were to introduce a third booster shot to improve 

immunity in the herd but this solution is costly, time consuming and not guaranteed to 

protect the cattle over time. The development of a new vaccine formulation can address the 

issue of vaccine failure and provide a much needed alternative.  
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Previous work, which led directly to the present project showed the binding subunit (the 

carboxy terminal end of the heavy chain) to be effective in mouse trials. Expression levels 

obtained from the bacterial expression system were limited (Woodward et al., 2003). The 

objectives of the project were to transfer the expression from E. coli to a yeast expression 

system and optimize expression of the two subunits primarily involved in cattle intoxication 

– strains C and D. As well, in vivo trials were done to validate the effectiveness of the 

approach and to determine a formulation for a bivalent botulism vaccine. Ultimately this 

information could be applied and scaled up to produce sufficient levels of the subunits to 

market an effective, safe, and inexpensive vaccine that will protect the cattle herds from 

botulism intoxication. 

The binding subunit of the toxin has been shown to elicit an immune response in vivo and in 

itself is completely safe and harmless (Lee et al., 2007; Woodward et al., 2003). Production 

of these subunits can be performed in a standard PC2 lab without extraordinary safety 

measures needed. As well, the final vaccine need only be tested once to show effective 

immune response in vivo before it is distributed, and even that can be eliminated once the 

product is produced in a standardized reliable manner. 

To ensure a successful transition between bacterial expression and fungal (yeast) expression 

the two genes encoding the binding domains of strains C and D were designed de novo. 

Care was taken to eliminate rare codons while at the same time increase GC content in the 

synthetic genes. Putative N-glycosylation sites were abolished by converting the asparagine 

residues in the suspected sequons to histidine residues. More elegant and complex 

algorithms exist today to fine tune the sequence and these were discussed in Chapter 3. 

The synthetic genes were designed, expressed, and cloned in frame into the yeast shuttle 

vector pPICZαA. The genetic work done was a success in that the designed genes were 
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obtained as desired and were verified by sequencing (Macrogen, Korea). However, in vivo 

testing of the expressed products indicated that the subunits provided only partial protection 

against the botulinum toxins tested. The presence of impurities in the protein samples tested 

might have reduced the effectiveness of the formulations. This could be tested by running 

additional in vivo trials following further purification steps. It is also possible that the initial 

design of the genes was not optimal and that too many changes were introduced which 

might have led to structural changes in the proteins. Altered three dimensional structures of 

the subunits would have reduced the immunogenicity of the antigens. This issue needs to be 

elaborated further by redesigning the genes and testing them anew. 

Successful transformations that were obtained were analyzed using PCR on genomic 

samples isolated and positive clones were then grown to determine expression of the 

subunits. Work was carried out on the positive clones to measure and improve expression by 

testing expression conditions and extraction protocols.  

The end results were proteins being expressed and secreted from stable P. pastoris 

transformants and the proteins isolated from the medium and partially purified through a 

nickel column. The work done on the synthetic genes and the cloning was validated with the 

sequencing of the purified C subunit. The genes coded for the right protein subunits and 

were in frame with the 6-his tag located at the 3’ end on the vector.  

Protein expression in P. pastoris proved to be the most time intensive and laborious 

component of the project. There were a number of limitations that had to be overcome in 

order to obtain heterologous protein from the yeast. The infrastructure, techniques, media 

and facilities did not exist and the system had to be created from the ground up. Yeast 

strains were not available and had to be obtained from another laboratory. Growth, storage, 

and transformation conditions for the yeast had to be elucidated. There was no yeast 
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expression work done at the university at all, and no one with current hands on knowledge 

of P. pastoris. Once protein expression was observed, scaling up the experiment proved 

impossible as fermentors with critical oxygen and methanol sensors were not available. Had 

these restrictions been identified at an early stage of the project and the expression 

component of the project been transferred to another facility that was set up for such work, 

it is possible that progress would have been faster and more meaningful. Potential 

collaboration with other institutions could have led to better transformations and better 

yields. It is vital that such collaborations do occur, especially for projects that have 

immediate, real world applications.  

The work paved the way not only for in vivo testing of the subunits but also for the use of 

the P. pastoris expression system on other genes, provided there is collaboration with other 

laboratories that routinely use the system.  The bacterial expression system is well defined 

and routinely used in the laboratory. However, there are occasions when yields of a 

particular gene are low or problematic. In some cases inclusion bodies are formed during 

expression, complicating the purification of the product (Patra et al., 2000). The P. pastoris 

system provides an elegant alternative to address the issues which sometimes hinder 

bacterial expression. 

An area that should be explored is protein purification after expression. The nickel column 

used was essential in purifying the histidine tagged protein. However, impurities remained 

in all batches produced. Animal vaccines, as opposed to human vaccines, cannot exceed a 

certain cost per dose. This is why current botulism vaccines are merely lysed clostridial cells 

followed by toxin inactivation (Anonymous (2005) European Pharmacopoeia). They are not 

pure, not homogeneous and vary widely from preparation to preparation. With this 

constraint in mind, no attempts were taken to continue purification of the subunits. Other 
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research done in the field discussed several rounds of purification, detailing various columns 

used and other techniques (for example Yun-Zhou et al., 2009; Webb et al., 2007). Each 

step of purification led to a purer product but at a cost of time, labor, and reduced yields. It 

is very possible that a purer product would have led to a more effective vaccine. One low 

cost approach to improving purity of the expressed subunits would be to increase the 

molecular weight cut-off of the dialysis tubing. This could eliminate many smaller proteins 

contaminants. While smaller bands were observed on the denaturing SDS-PAGE gels 

carried out, it is not known how many small native proteins were present in the final protein 

solution. However, as the size of the subunits is known and constant, there would be no risk 

in using 30 kDa cut-off or even 40 kDa and dialyzing against PBS for two to three days. 

An issue which requires more investigation is the integration of multiple copies of the gene. 

In P. pastoris copy numbers can enhance yields dramatically and multiple copy integrations 

are often sought (Mansur et al., 2005; Barbier et al., 2004; Vassileva et al., 2001). While 

positive clones were obtained through the various transformations carried out, PEG 1000 

transformations have been shown to be incapable of producing multiple copy integrations in 

P. pastoris (Higgins and Cregg, 1998). This was empirically confirmed with the isolated 

clones; none expressed higher levels of protein or seemed to be different or superior to the 

other transformants. Refocusing on electroporation or switching to spheroplasting might 

lead to multiple copy transformants and should be done in conjunction with optimizing 

yields of available clones (Pichia manual, Invitrogen).  

A key factor involved in the production of the vaccine was cost effectiveness. The task was 

not merely to produce the two subunits in yeast, but rather to work out protocols and 

procedures for the large scale and economical production of a bivalent vaccine. With this in 

mind, guidelines had to be determined and put in place from the start of the project. P. 
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pastoris is a well recognized and often used strain in industry and is considered safe. It has 

the ability to produce high levels of protein and does not require complex media or 

formulations to express heterologous proteins.  

The overall effectiveness of the formulation was far from absolute. At best a 50% protection 

from the active toxin was achieved and this only at toxin levels of 20 LD50, far lower than 

the values published by others (Byrne et al., 2000, Potter et al., 2000, Webb et al., 2007, 

Baldwin et al., 2008). In fact, the first challenge attempted to replicate the levels of toxin 

used in other studies and led to the death of all the mice, naïve and immunized. The toxins 

did not always achieve the desired effect and questions arose regarding their potency. It was 

not possible to conduct LD50 studies in house as there is a move away from such 

experiments as they are considered unethical. The conditions and determination of potency 

in the purchased toxins proved less than accurate under the conditions in this study. As a 

result much time was spent challenging mice to no avail only to increase the amount of 

toxin injected into the mice and have them all perish. In the future toxin potencies need to be 

determined accurately in order to obtain reliable and reproducible results. 

There are a number of potential explanations to the low effectiveness of the expressed 

proteins. In order to get optimal yields from the expressing system many modifications were 

made on the gene. It has been shown that sometimes codon changes are not without effect 

and using only favored codons can lead to improper expression (Angov et al., 2008). As 

well, research has shown that glycosylation can affect overall protein structure and stability 

(Imperiali and O’Connor, 1999; Daly and Hearn, 2006). The glycosylation sites that were 

abolished could also have led to minor changes in the three dimensional structure of the 

subunit. Any changes in structure would lead to antibody formation that would not 

effectively recognize the active toxin or bind to it properly.  This issue could be addressed 
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by making a series of synthetic genes, some closer to the original sequence and others with 

more modifications and compare their effectiveness in vivo in parallel testing. Perhaps too 

many codon changes proved detrimental, or else the asparagines should not have been 

converted to histidine residues. There are a wide number of alternatives that could be tested. 

P. pastoris is the current gold standard in heterologous protein expression in industry. 

However, new systems such as the K. lactis system and the H. polymorpha system are now 

also available and these should be tried alongside the P. pastoris system to compare final 

yields of expression and the purity and quality of the expressed proteins. The main reason P. 

pastoris was chosen was due to its status as a safe expression system that is well known in 

industry. The use of newer, more exotic alternatives could lead to complications and delays. 

They should be tested however as any substantial improvement in yields might make the 

efforts worthwhile. This line of testing would require new synthetic genes be synthesized 

and vectors replaced. 

In a recent paper by Webb, source of the active toxin was discussed and it was mentioned 

that strains C and D are transfected with bacteriophages which causes the toxicity in the 

strains (Webb et al., 2007). Due to these phages, there is more regional variability in the 

sequences of these toxins compared to other known clostridial strains. The synthetic genes 

were based on sequences of strains C and D obtained from Pubmed and posted by Oguma 

and Inoue respectively (accession codes# D90210 and S49407). These Japanese strains may 

differ enough from the active toxins obtained from Metabiologics LTD. in the US to reduce 

the effectiveness of the vaccine formulation. Sequence data of the active toxins is not 

available for direct comparison. Other sources of toxin should be found and used to 

challenge the mice to verify this possibility. 
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Finally other technical reasons might be at play, from the strain of mice to the inoculation 

schedule. One paper (Baldwin et al., 2008) reported a primary injection followed by three 

booster shots over 52 days prior to challenge. This would not be feasible for a cattle vaccine, 

but could be tested in the lab to determine the effect, if any, of multiple booster shots. 

The work did not lead to a finished product but did provide an initial framework and direct 

evidence that the subunits can be expressed in P. pastoris and do provide a level of 

protection against direct challenge by botulinum toxin. Future work in the field can build 

upon the research conducted to achieve the goal of an alternative commercial vaccine 

against botulism in cattle. 

6.2 Future directions 

 

The objectives set out at the start of the project have been achieved. The genes were 

redesigned and transformed into P. pastoris. Expressing clones have been isolated and 

expression of both subunits has been demonstrated. Both subunits were tested in mice and 

have been shown to be partially effective at immunizing the mice from challenge with active 

toxin. While effectiveness was found to be less than 100%, an effective adjuvant system has 

been determined from among the five tested, and fine tuning is required with larger mouse 

population sizes to improve the effectiveness of the final formulation. 

The project can now expand in different directions. One important area that should be 

investigated was discussed in Chapter 4 and involves the automation of the protein 

expression. Protein expression has to be scaled up and done in a fermentor that can monitor 

such conditions as O2 and methanol levels. It should provide a continuous methanol feed 

and be dedicated to the production of the subunits. One study comparing the addition of 

methanol every 24 hours to continuous feed showed unequivocally that higher rates of 
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expression are obtained by keeping the levels of methanol in the culture at constant levels 

(Guarna et al., 1997). Fermentation would lead to higher yields and would increase batch to 

batch reproducibility. Online monitoring is also essential for proper quality control as 

deviations during the expression stage would be identified. 

The other aspect of the project that was not dealt with but is essential involves testing the 

vaccine on cattle. The initial work done here indicates that the samples tested resulted in an 

immune response, but the response is in the system tested, namely BALB/c mice. No 

conclusions can be drawn regarding the effectiveness of the vaccine on cattle and this 

definitely requires further investigation.   

To further improve the effectiveness and value of the work done, the design and formulation 

could include the Hc subunit from strain B. The vaccines currently available do not include 

this strain although botulism outbreaks in cattle have been shown to be caused by strain B as 

well (Notermans et al., 1981; Kelch et al., 2000). It would not require extensive work since 

the framework for expression and testing have been set up. By creating a trivalent cattle 

botulism vaccine the protection offered to the cattle would be improved and it would 

constitute an important prophylactic measure against botulism intoxication in cattle.  A 

strain B vaccine is available (BotVax® B, Neogen Corporation), but is specifically designed 

for use in horses. While it is always possible to add another vaccine to the schedule, a 

trivalent vaccine would be a more elegant and economical solution. 

6.3 Conclusions 

The project involved the development of an effective bivalent vaccine against botulism 

strains C and D to be used on cattle. The aims were to create an effective system that could 

be scaled up to industrial levels and eventually reach commercialization of the new vaccine.  



170 

 

The research described and detailed in this report show that progress has been achieved 

towards the production of such a vaccine, but much work is still required – in standardizing 

expression levels, and protein purification. The next logical step is to transfer this work to 

the industrial level and automate the system. It shows great potential and can be used as a 

starting point for large scale production of the two subunits required to formulate an 

effective vaccine. 
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