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Resume 

Un nouveau type d'anticorps, les anticorps a domaine simple (sdAb), se prete a une 

multitude d'applications. Le ToxA5.1, capable de lier et de neutraliser I'enterotoxin A 

produite par Clostridium difficile (TcdA), a ete developpe. Le C. difficile resistant aux 

antibiotiques, causant des diarrhees severes, est un probleme auquel les hopitaux doivent 

faire face. Le but de cette etude etait de determiner 1'impact, sur l'expression du sdAb 

ToxA5.1 dans E. coli TGI, de divers parametres. Suite a une optimisation du procede de 

production, la temperature et le controle du pH se sont averes etre les parametres affectant 

le plus l'expression proteique ou 503 mg/L du ToxA5.1 furent produit en bioreacteur. La 

quantification des proteines fut effectuee a l'aide de mesures densitometriques et 1'analyse 

de la cinetique fut effectuee par analyse Biacore. Les resultats obtenus ont permis une 

simplification du milieu de culture et de la procedure de purification tout en conservant les 

proprietes du ToxA5.1. 
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Abstract 

Single domain antibodies (sdAb) have emerged as a family of novel antibodies that 

have vast applications. Of particular relevance, ToxA5.1, a sdAb capable of binding to, and 

therefore neutralizing, Clostridium difficile toxin A (TcdA) has been developed. The 

antibiotic resistant version of C. difficile bacterium is of major health concern worldwide, 

particularly in hospital settings, causing severe gastrointestinal disorders. In this study, we 

investigated various parameters affecting the expression of the ToxA5.1 sdAb in E. coli 

TGI and optimization of culture conditions revealed that temperature and medium 

buffering are critical parameters affecting small-scale expression of this recombinant 

protein. Large-scale expression was achieved in bioreactor at 503 mg/L of recombinant 

protein. Protein quantification was performed using SDS-PAGE densitometry while 

binding activity against TcdA was assessed via Biacore. Our studies also led to medium 

simplification for small-scale expression, shorter expression time and simpler purification 

process without impairing on the quality of the expressed recombinant protein. 
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Chapter 1; Introduction 

Progress in recombinant DNA technologies resulted in the production of numerous 

high-value bioproducts in the form of recombinant proteins and other molecules, which 

could not have been produced via traditional chemical synthesis and Escherichia coli has 

been one of the most important workhorses for the production of these molecules [1]. To 

this end, therapeutic molecules are probably the ones having the biggest impact on the 

humanity. For instance, according to the Center for Disease Control in the United States, 

over 24 millions people in the USA alone have to fight diabetes and need daily insulin 

injection. The insulin used by these people is recombinant human insulin, which is 

produced by recombinant E. coli or recombinant yeast. 

From the idea of producing a molecule to the actual marketing of the product, 

molecular biologists must first engineer a bacterial strain that will express the desired 

molecule. Once strain construction is completed, engineers take over to express the 

molecules at optimized conditions. In the process of optimisation, several factors can 

impact on the yield and productivity of the product and it is these factors that must be 

sought and understood in order to significantly increase the expression level. 

The work done for this MASc thesis looked at what impact growth conditions had 

on the expression in an E. coli strain of a particular novel type of antibody, a single domain 

antibody, that could be used to treat people infected with antibiotic resistant strains of 

Clostridium difficile. 

Antibodies are a family of high-value products, which are becoming more and more 

popular to a great extent because of their versatility. They are used in applications where 
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high specificity is required ranging from immuno staining to drug delivery directly to a 

specific target. 

Estimated to account for over 30% of the biotechnology market in 2008 [2], 

antibody production is a fast growing and lucrative market with worldwide sales reaching 

over $17 billion for monoclonal antibodies in 2008 [3]. However, monoclonal antibodies 

have their limitations such as the high production costs associated with mammalian cell 

culture, immunogenicity that causes efficacy reduction and safety concerns, and large size, 

which prevents them from accessing immunosilent epitopes or from crossing certain tissue 

barriers like the blood-brain barrier [4]. In order to circumvent these problems, 

conventional antibodies have been broken into fragments such as antigen binding (Fab), 

crystallizing fragments (Fc), variable light chain (VL) and variable heavy chain (VH) 

domains have been linked together (scFv) or rearranged in multimeric units. However, all 

of the aforementioned fragments are lacking the long serum half-life and binding 

specificity of conventional immunoglobulins G (IgGs) [3]. These fragments are 

complicated to engineer since light and heavy domains have to be linked together using 

flexible peptides. They also have lower binding affinity than the parent molecule [5]. 

In the quest for even smaller fragments, single domain antibodies were engineered 

[6]. These small single domain antibodies (sdAb) consisting of only the variable portion of 

the conventional antibody were demonstrated to be able to bind antigens but with much 

less strength than their full size counterparts [7, 8]. In 1993, investigating what seemed to 

be faulty results from an experiment, a group of Belgian researchers discovered that 

naturally occurring sdAbs were already produced in camelidae [9]. These sdAbs were 

capable of binding antigen with the same strength as their conventional counterparts, 
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opening the door to new possibilities using sdAb [9]. The major difference between the 

synthetically engineered and naturally occurring sdAb reside in the absence of the variable 

domain of the light chain (VL) on synthetic sdAb which exposes an hydrophobic surface 

and therefore impairs on the protein solubility, resulting in aggregation thus a lower yield 

of soluble proteins [5]. 

Among many others, one of the applications foreseen for sdAb is toxin binding 

which can prevent the adverse effect of toxins in the human body. To this end, a 

recombinant E. coli TGI strain has been engineered by the Antibody Engineering Group 

from the Institute for Biological Science of the National Research Council Canada in 

Ottawa to express sdAb ToxA5.1 that is capable of binding and thus neutralizing the 

enterotoxin A (TcdA) excreted by the bacterium Clostridium difficile. Since C. difficile 

causes toxin-mediated diseases, it is believed that the binding of the sdAb to TcdA will 

reduce the severity of the symptoms C. difficile associated diseases (CD AD) as it has been 

the case with the use of mAb [10-17]. 

The work done for this thesis aimed at ascertaining whether or not the sdAb 

ToxA5.1 could be expressed in bioreactor at levels sufficient to support up-coming animal 

studies investigating the potential of ToxA5.1 as a toxin neutralizing agent. This was 

achieved by first looking at how parameters such as inducer concentration, supplemental 

carbon source, medium buffering and temperature affected sdAb ToxA5.1 expression in 

flasks culture. Then, once parameters affecting the expression were identified, bioreactors 

were used to express, in large quantity, the desired ToxA5.1 sdAb under different 

concentrations of glucose and glycerol. 

3 



References 

Chemier, J.A., et al., Trends in microbial synthesis of natural products and biofuels. 
Advances in enzymology and related areas of molecular biology, 2009. 76: p. 151-
217. 
Holliger, P. and P.J. Hudson, Engineered antibody fragments and the rise of single 
domains. Nature Biotechnology, 2005. 23(9): p. 1126-1136. 
Gibbs, W.W., Nanobodies. Scientific American, 2005. 293(2): p. 78-83. 
Muruganandam, A., et al., Selection of phage-displayed llama single-domain 
antibodies that transmigrate across human blood-brain barrier endothelium. The 
FASEB journal : official publication of the Federation of American Societies for 
Experimental Biology, 2002. 16(2): p. 240-242. 
Muyldermans, S., Single domain camel antibodies: Current status. Reviews in 
Molecular Biotechnology, 2001. 74(4): p. 277-302. 
McFarland, L.V., et al., Nosocomial acquisition of Clostridium difficile infection. 
New England Journal of Medicine, 1989. 320(4): p. 204-210. 
Dick, H.M., Single domain antibodies. BMJ (Clinical research ed.), 1990. 
300(6730): p. 659-660. 
Gussow, D., et al., Single domain antibodies (dAb's): Binding activities from E. coli 
by expression of a repertoire of immunoglobulin variable domains. Fresenius' 
Journal of Analytical Chemistry, 1990. 337(1): p. 47. 
Hamers-Casterman, C , et al., Naturally occurring antibodies devoid of light chains. 
Nature, 1993. 363(6428): p. 446-448. 
Babcock, G.J., et al., Human monoclonal antibodies directed against toxins A and B 
prevent Clostridium difficile-induced mortality in hamsters. Infection and 
Immunity, 2006. 74(11): p. 6339-6347. 
Casadevall, A., E. Dadachova, and L.A. Pirofski, Passive antibody therapy for 
infectious diseases. Nature Reviews Microbiology, 2004. 2(9): p. 695-703. 
Corthier, G., et al., Protection against experimental pseudomembranous colitis in 
gnotobiotic mice by use of monoclonal antibodies against Clostridium difficile toxin 
A. Infection and Immunity, 1991. 59(3): p. 1192-1195. 
Lyerly, D.M., et al., Passive immunization of hamsters against disease caused by 
Clostridium difficile by use of bovine immunoglobulin G concentrate. Infection and 
Immunity, 1991. 59(6): p. 2215-2218. 
Taylor, C.P., et al., Open-label, dose escalation phase I study in healthy volunteers 
to evaluate the safety and pharmacokinetics of a human monoclonal antibody to 
Clostridium difficile toxin A. Vaccine, 2008. 26(27-28): p. 3404-3409. 
Salcedo, J., et al., Intravenous immunoglobulin therapy for severe Clostridium 
difficile colitis. Gut, 1997. 41(3): p. 366-370. 
Sougioultzis, S., et al., Clostridium difficile toxoid vaccine in recurrent C. difficile-
associated diarrhea. Gastroenterology, 2005.128(3): p. 764-770. 
Kuijper, E.J., et al., Emergence of Clostridium difficile-associated disease in North 
America and Europe. Clinical Microbiology and Infection, 2006. 12(12 SUPPL. 6): 
p. 2-18. 

4 



Chapter 2: Literature review 

2.1 Engineering background 

2.1.1 Effects of parameters on growth and recombinant protein expression 

At the molecular biology level, several strategies can be used in order to increase 

the expression of recombinant proteins. For instance, in certain expression systems such as 

E. coli, codon usage or codon bias used in the recombinant protein sequence can enhance 

the expression as E. coli favours certain codons more than others [1,2]. Another option is 

to select a strong promoter or use high copy number vectors, both of which would lead to a 

higher protein expression. A stronger promoter will yield large number of mRNA thus 

more proteins and a larger number of vector copies will yield more protein factories per 

bacterium thus more expressed proteins. In addition, the choice of expression vector 

(bacterial RNA polymerase or T7 bacteriophage RNA polymerase), the choice of E. coli 

strain and the protein sequence can also greatly affect the expression levels of a protein [2]. 

Once the recombinant strain is constructed, engineers would be able to manipulate 

the growth and expression conditions to optimize recombinant protein expression. Factors 

having the most effects on recombinant proteins expression are inducer selection and 

concentration, temperature at which growth and expression take place, fermentation 

medium pH and composition, cell growth rate and production of metabolic by-products. 

2.1.2 Inducer selection and concentration 

Organisms used for recombinant protein expression often possess a mechanism, 

which can be turned on at a desired time, to initiate expression. This mechanism is usually 
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under the control of an inducer, a chemical substance, that is added to the fermentation 

medium when induction conditions are favourable. A commonly used inducer for 

recombinant protein expression is Isopropyl-p-D-1 -thiogalactopyranoside (IPTG), which is 

functional for expression systems employing the lac operon. This compound can enable the 

transcription of the lac promoter since it is a lactose analog, which stops the repression of 

the gene located downstream of the operon. When lactose analogs are present, they bind to 

the repressor, which is attached to the DNA, causing its release thus enabling RNA 

polymerases to access the DNA in order to initiate the transcription process. Once added to 

the fermentation broth, IPTG concentration remains constant due to the presence of a 

sulphur bond, which is not hydrolysable thus preventing IPTG biodegradation. 

It is also possible to use lactose as an inducer. Several strategies have been tested 

[3-5] and the choice of strategy depends on the protein to be expressed. Using lactose as an 

inducer can greatly reduce the cost of fermentation since IPTG is an expensive chemical 

that is suitable for small-scale expression but in large-scale fermentation, cost associated 

with its use can become prohibitive. In addition to the price, large amount of IPTG needed 

for larger bioreactor would also be of concern because of the potential toxicity of IPTG 

when used for therapeutic proteins production [6, 7]. 

The concentration of inducer can also play a crucial role in the expression yield. It 

has been reported that E. coli can be induced with as low as 0.1 raM IPTG while some 

systems may require up to 2 raM [8]. This all depends on the induction timing (when the 

inducer is added to the fermentation broth), the duration of the induction period and the 
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temperature at which induction takes place [9]. As for many systems in biological science, 

parameters must be tailored for a specific system and inducer is no exception [10]. 

2.1.3 Temperature 

Temperature influences both cell growth and recombinant protein expression in all 

bacterial strains. Lower temperatures have an effect on the expression of certain genes. It 

was demonstrated that expression of OmpA gene, responsible for the synthesis of 

transmembrane proteins, is less efficient at temperature lower than 28°C when compared to 

temperature of 37°C [11]. As another example, Bortolussi and Ferrieri reported the absence 

of their target protein, an antigen, when cells were grown at temperature lower than 30°C 

for a short period of time [12]. 

The effects of temperature on cell growth can be largely described by the Arrhenius 

equation. Lower biomass concentration at higher temperature can be explained by the fact 

that E. coli growth follows an Arrhenius type equation with an optimal temperature range 

between 23°C and 37°C outside which growth rate diminishes drastically [13]. On the 

other hand, lower temperature, despite reduced growth rates, might be desirable to enhance 

protein solubility [14]. When expression temperatures are lowered, fewer proteins are 

expressed, as discussed previously. This reduction in protein expression causes a reduction 

of the intracellular protein concentration which in turns reduces protein aggregation. When 

proteins aggregate, they tend to form inclusion bodies which are insoluble. Following cell 

lysis, these inclusion bodies remain enclosed in the bacterial debris and further 

denaturating steps are required for the extraction of the recombinant proteins in a soluble 

form. 
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2.1.4 pH 

Fermentation medium pH is of great importance for proper cell growth and protein 

expression as environmental pH greatly affects the behaviour of the outer membrane [15, 

16]. When cells are in the presence of low or high pH, gene transcription of stress response 

proteins is induced by the pH variation and the metabolism resources are utilized in the 

stress response caused by harsh environmental conditions. Consequently, less resources are 

allocated to cell growth or to the expression of other types of proteins than those implicated 

in the stress response [17]. Furthermore, as will be discussed later, organic acids can 

penetrate cell membrane and interfere with proton driven pumps. Lower environmental pH 

causes lower intracellular pH due to organic acid penetration and intracellular protein 

conformations are affected by the increase of protons, preventing them from performing 

their intended tasks. 

2.1.5 Medium composition and carbon source 

In E. coli culture, medium composition can vary depending on the particular strain 

used or the particular target protein to express. From minimal medium to complex medium 

containing component such as amino acids and other compounds whose identification and 

quantification cannot be determined, each of them have its advantages and disadvantages. 

The minimal mineral medium is usually used in laboratory settings to select certain strains 

or to grow wild type bacteria but is not able to provide other factors or supplements found 

in complex medium that could yield the highest biomass. Defined medium enables a 

control of every component in the media and can be used to investigate the effect of a 

particular component on cell growth or protein expression. On the other hand, complex 

media cannot be used to ascertain the effect of some components, as the exact composition 
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of this media is unknown. One of the advantages of these complex media is the growth 

factors and other trace elements provided by the yeast extract usually found in the 

ingredients, which help bacteria thrive. A supplemental carbon source can be added to any 

of the above medium providing an energy source supporting cell growth. The most 

common sources of carbon are glucose and glycerol but other sources such as lactose, 

sucrose, mannose, succinate, fructose, or xylose can also be used [18-20] each of them 

having an effect on specific growth rate with glucose yielding the highest growth rate of all 

the carbon sources [21]. 

The carbon source used by bacteria can serve as an energy source in the form of 

ATP (adenosine triphosphate) and NADH2 (nicotinamide adenine dinucleotide), which are 

the end products of total oxidation of the carbon molecule in the presence of oxygen. When 

E. coli is grown aerobically, part of its energy comes from the Krebs cycle also known as 

TCA (tricarboxylic acid) cycle, which can be seen in Figure 2-1. For a glucose molecule, 

the cycle is completed twice since glucose is broken into two pyruvate molecules each 

going once in the cycle for a total yield of six ATPs. If no favourable carbon sources such 

as sugars or sugar alcohols are present in the medium, bacteria can also utilized other 

carbon sources such as amino acids to support cell growth. This is one of the possible 

reasons why, when E. coli is grown in complex medium without sugar supplementation, 

the pH rise as when amino acid utilization releases ammonia. 
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Figure 2-1: Metabolism of glucose entering the Krebs cycle [21]. 

2.1.5.1 Glucose catabolism 

Aerobic catabolism of glucose can be separated into three phases: 1) Embden-

Meyerhof-Parnas pathway (EMP), 2) Krebs cycle, and 3) Electron transport chain. In the 

EMP pathway, a glucose molecule is broken into two pyruvate molecules which enter the 

Krebs cycle and are converted into CO2 and NADH. NADH is used, in several metabolic 

reactions, as an electron carrier. The Krebs cycle serves three purposes which are: 1) to 

provide electrons via NADH for respiratory pathways and biosynthesis, 2) to provide 

carbon backbone for anabolism and finally, 3) to generate energy in the form of ATP and 
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this may be accomplished using the pool of NADH produced [22]. Growth on glucose is 

the fastest with a specific growth rate of 0.94 h"1 but it is also the one producing the most 

by-product due to glucose overflow in the TCA [21] as can be seen in Figure 2-2. 

(iosTl-

PTS 

Glucose 

-*• Glucose6P 1 1.66 h—- MononwrB 

dp 
FructoseBP 

ok 
Fructose bisP 

I 8.711 8.711 
TriosePs —| Q.13 |—- Monomers 

3PGIycerai» —11.28 [—•*• Monomere 

(16JDT1 

PIS 

Penat Pyruvate —] 0.52 r—- Mononwre 

'PIC \ P E P C 

Monomers -«—| 2.18 h~Pyruvate 

110.571 2-34 

V 
ng] 

Acetate —I 1.59 r--Monomers 

Acetate Oxa 
I Qlutarate 

ExcJete M } — - — 

Figure 2-2: Flux analysis of E. coli grown on glucose [21]. 
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2.1.5.2 Glycerol catabolism 

E. coli can also use glycerol for metabolic reactions. Growth on this carbon source 

is slower than growth on glucose (0.70 h"1 compared to 0.94 h"1), probably because only 

66% of the carbon atoms are delivered to the Krebs cycle. It is interesting to notice that, as 

shown in Figure 2-3, glycerol catabolism does not produce acetate and the only major 

products associated with glycerol utilization are biomass, CO2 and water [21]. 
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Figure 2-3: Flux analysis of E. coli grown on glycerol [21]. 
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2.1.5.3 Acetate catabolism 

Acetate can also be used for cell growth but it is much less effective as the specific 

growth rate on acetate is only 0.43 h"1. Since acetate is an anabolite of the acetyl CoA, 

catabolism of acetate implies that the reverse reactions must be carried out, consuming 

ATP in the process, as can be seen on Figure 2-4. 
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Figure 2-4: Flux analysis of E. coli grown on acetate [21]. 
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2.1.6 Critical growth rate 

The growth rate of the bacterial culture depends on several factors. First, a source of 

carbon must be present to provide the carbon backbone of cell materials and the bio-energy 

for cell metabolism. For aerobic growth, oxygen must also be present as the final electron 

acceptor. When other factors are not limiting, it was reported that increasing initial glucose 

concentration corresponded to increasing specific growth rate [23]. Maximal growth rate 

does not necessarily lead to maximization of the biomass or desirable products. For 

instance, when E. coli cells are grown in high concentration of glucose, an overflow of the 

acetyl CoA pool to the Krebs cycle yields higher concentration of acetate [21, 24-36]. It 

has been reported that E. coli metabolism favours the maximization of ATP production 

[37] and this is why when excess glucose is present in the medium, acetate formation is 

favoured as a secondary pathway for ATP production since it produces the second largest 

pool of ATP and NADH2 [29]. It has also been reported that the use of complex medium 

(e.g. yeast extract or tryptone) results in acetate formation at lower growth rate (dilution 

rate of 0.2 h"1) than the use of a defined medium (dilution rate of 0.35 h"1) [38]. As it will 

be seen in the next section, acetate is a metabolic by-product that may have an inhibitory 

effect on both cell growth and recombinant protein expression. Since acetate formation is 

related to cell growth rate, several strategies have been attempted to reduce its formation by 

controlling the specific growth rate under a critical value [27, 31, 39, 40]. The critical 

growth rate, defined as the rate at which E. coli produces minimal amount of acetate, can 

be achieved by controlling glucose uptake and dissolved oxygen. These strategies include 

controlling the rate at which bacteria are growing by controlling the rate of glucose 

consumption or by addition of chemicals that can alter the consumption of glucose [24, 25]. 
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2.1.7 Acetate and other by-products formation 

As discussed above, acetate formation is closely related to the specific growth rate 

which is related to the glucose concentration in the medium [28]. Acetate has been shown 

to cause cessation of cell growth when its concentration is higher than 10 g/L [41, 42] but 

can affect growth at concentration as low as 0.5 g/L [32]. Furthermore, acetate also has 

inhibitory effects on protein expression as it specifically inhibits oxygen and glucose 

uptake, resulting in the reduction of recombinant proteins expression [39, 43]. It is also 

suspected of reducing the proton motive pump by disturbing transmembrane pH gradient 

[31, 44]. Cherrignton et al. reported that short-chain acids could impair on RNA, DNA and 

other macromolecules synthesis [45]. They hypothesised that not only the protons would 

be responsible for this inhibition but also, upon diffusion in the cell, organic acids would 

dissociate and resulting anions could impair the synthesis of these macromolecules. Other 

metabolic by-products such as lactate, the second preferred by-product excreted from an 

overflowing glucose metabolism which once protonated yields lactic acid [21], pyruvate 

and ethanol can also be detrimental to cell growth and protein expression [27]. 

2.2 Molecular Biology background 

2.2.1 Recombinant protein expression 

Recombinant DNA techniques are common practices since the late 60 's and in 

order to facilitate the manipulation of recombinant DNA, vectors have been developed 

enabling bacterial strains to express proteins that are not intrinsic. An expression vector or 

plasmid usually consists in circular double stranded DNA, which must contain an origin of 

replication, a promoter sequence, a selection marker and a multiple cloning site. The origin 

of replication must be present for the bacteria to replicate the plasmid DNA once it is inside 
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the cytoplasm thus increasing the number of copies of the plasmid present in each 

bacterium. The promoter sequence is a sequence on which the RNA polymerase must bind 

to initiate DNA transcription leading to mRNA that will subsequently be translated into 

proteins. The selection marker is used to ensure that only the bacteria bearing the vector 

will grow. The multiple cloning site enables directional cloning of the desired gene in the 

bacteria. For a gene to be transcribed into mRNA, it must be in the proper orientation (5'-

3') and this is achieved by inserting specific restriction enzyme sites to the gene product 

when it is amplified via the polymerase chain reaction [46]. 

Once inside the bacteria, the bacterial machinery replicates the vector and when 

proper conditions exist, protein expression will occur. As discussed previously, an inducer 

is required to promote protein expression when an inducible promoter is used. The inducer 

system is a set of genes, an operon, to which the RNA polymerase must bind in order to 

initiate transcription of the DNA into mRNA, which will be translated into protein. The 

widely used lac operon is a set of genes involved in the lactose catabolism. When no 

lactose is available, catabolite repression of the operon takes place. This is achieved by the 

binding of a repressor molecule to the operon, which prevents the RNA polymerase from 

binding the operon. If lactose is available, metabolite of lactose, allolactose, binds to the 

repressor protein, modifying its conformation and preventing its binding to the operon thus 

enabling the RNA polymerase to initiate DNA transcription. Since the recombinant protein 

gene is located downstream of the lac operon, the recombinant DNA gets translated with 

the other lac operon genes [46]. 
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2.3 Clostridium difficile associated diseases (CDAD) and sdAb ToxA5.1 

2.3.1 Clostridium difficile 

Clostridium difficile is a sporulating anaerobic Gram-positive bacterium, which has 

been the leading and deadliest cause of nosocomial diarrhea colitis around the world [47, 

48]. In the USA alone, it is estimated that 3 million cases per year associated to C difficile 

diseases (CDAD) are costing over a 1 billon dollars in health care services [49]. The 

emergence of these outbreaks is tightly associated with the overconsumption of broad-

spectrum antimicrobial drugs [50] as elimination of the normal gut flora by these 

antimicrobial drugs is essential for C. difficile colonization [51]. 

The pathogenicity of C. difficile is associated with the production of enterotoxin A 

(TcdA) and cytotoxin B (TcdB) [47, 48, 52-55], which belong to the family of large 

clostridial toxins/glycosyltransferase. TcdA (308 kDa) and TcdB (270 kDa) are amongst 

the largest reported toxin to date and both target intracellular components Rho, Rac, and 

Cdc42 [47], which are proteins responsible for the regulation of the formation of actin 

filament-based structures and also for the assembly of adhesion sites needed for extra­

cellular matrices [56]. 

2.3.2 Toxin A 

Once the toxins are excreted in the gut by C. difficile, they are up taken into the 

target cells, intestinal epithelial cells, via surface receptor-mediated endocytosis and gain 

access to the cytosol [55, 57-59]. Inside the cytosol, TcdA and TcdB start to modulate host 

cell physiology by interfering with protein responsible for the production of the actin 

skeleton, cell junctions and by interfering with cell signalization [55]. 

17 



2.3.3 Antibody therapy 

It has been demonstrated that the severity and the duration of the CDAD is linked to 

the amount of toxin present [60] and that large quantities of anti-TcdA IgG are sufficient to 

prevent CDAD resurgence in patients [61, 62]. In order to prevent CDAD, 

immunoglobulin-directed therapy was investigated and several reported protection effects 

in the murine model [61, 63-69]. By binding to the toxin, the antibody can prevent the 

toxin from binding to its intended receptor on the epithelial cell. Since it has been reported 

that TcdA can be neutralized by monoclonal antibodies, the use of a novel type of 

antibodies, single domain antibodies that are antibodies found in camelidae and 

cartilaginous fish [70], could also be used as toxin inactivator as reported in some papers 

[39,71]. 

2.4 Single domain antibodies 

2.4.1 Discovery, Structure and Properties 

Discovered in 1993 [70], camelidae sdAb , termed VHH, have similar structure to 

human variable domain (VH). These molecules are comprised of three complementary 

determining regions (CDR) providing antigen binding and four framework region 

constituting the core structure of the molecule [72]. SdAb have several unique properties, 

which make them very promising therapeutic agents. The major difference between 

synthetically engineered and naturally occurring sdAb is that the absence of the variable 

domain of the light chain (VL) on synthetic sdAb exposes hydrophobic surface impairing 

on the protein solubility, resulting in aggregation thus low yield of soluble proteins [73]. 
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The major advantage of sdAb is their small size. With a molecular weight of around 

15 kDa, sdAb are much smaller than conventional antibodies (-160 kDa) and engineered 

fragments (-55 kDa for heavy chain and -25 kDa for light chain). This property provides 

easy molecular manipulations in terms of cloning and expression since the information for 

the antibody is located on a single gene, which requires only a small set of defined primers 

for PCR reactions [74, 75]. Ease of manipulations leads to a faster overall production of the 

antibody with a period of about four months from immunization of the llama to the 

production of the antibody in E. coli [76, 77]. Shorter times in the development of sdAb 

make them cheaper to produce and for a wider range of targets [74]. Furthermore, their 

small size enables them to reach surface epitopes that are either hidden in crevasses or 

inaccessible due to conformation (immunosilent) to conventional antibodies [74, 76]. Being 

able to cross tissue barrier such as the brain barrier [78] is a great advantage to deliver 

payload of therapeutics agent to areas that are not accessible to their conventional 

counterparts. Another advantage related to small size is the density of biosensors that can 

be achieved on a detection surface. 

As mentioned previously, these antibodies are highly soluble, which makes 

production of high concentrations advantageous since no precipitation occurs and therefore 

no reduction in the activity of the molecules. SdAb are also very stable with a shelf life of 

several months at room temperature. They can also withstand temperature as high as 90°C, 

extreme pH as well as digestion from proteases [72-76, 79, 80]. These properties enable 

oral administration of sdAb, which could minimize immunogenic reaction seen when mAb 

are injected in the blood stream [81]. Furthermore, it has been demonstrated that repeated 

injections of sdAb did not yield any immunogenic reaction in mice and this might be due to 
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a structural similarity between VHH and VH (which is the human form of the variable 

heavy chain domain) [72]. Unfortunately, not all sdAb will yield successful in vivo 

response as reported in Conrath et al. [82]. But improving proteolytic stability through 

molecular manipulations yielded satisfactory results in the survival rate of piglets exposed 

to a bacterial toxin [83]. Furthermore, if longer serum life is required, sdAb can be fused 

with albumin [84, 85] or immunoglobulin molecules [83], which provides significantly 

extended serum life. 

Finally, producing sdAb is relatively less expensive than mAb. Since they do not 

require extensive folding and therefore can be produced in prokaryotic cells (e.g. E. coli) or 

in eukaryotic microbial cells (e.g. yeasts) of which fermentation is less expensive in both 

capital and operation cost, and easier to scale-up. Downstream processing of microbial 

fermentation broth is also less extensive [74, 76, 77]. Harmsen and De Haard have 

summarized some of the advantages of sdAb, which are shown in Table 2-1. 

Table 2-1: Advantages of camelidae single domain antibodies [72]. 

Advantage Molecular basis 

Facile genetic manipulation Single-domain nature 
Increased functional size of immune libraries No decrease in library size because of reshuffling of VL and VH domains 
Facile production of multivalent formats More flexible linker design and no mispairing of VL and VH domains 
Facile production of oligoclonal preparations from single cells No mispairing of VL and VH domains 
High physicochemical stability Efficient refolding due to increased hydrophilicity and single-domain nature 
High solubility Increased hydrophilicity 
Recognition of hidden antigenic sites Small size and extended flexible CDR3 
Rapid tissue penetration, fast clearance Small size 
Well expressed Efficient folding due to increased hydrophilicity and single-domain nature 

It is generally agreed among researchers that the most significant advantages of 

sdAb over conventional antibodies are their small size and high solubility. However, no 

sdAb are currently in clinical trials, as further studies on animal models are required. 
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2.4.2 Potential Applications of sdAb 

The potential applications for sdAb are the same as for conventional antibodies 

except with a larger scope due to the size difference as discussed above. 

2.4.2.1 Detection and Biosensors 

As with conventional antibodies, sdAb can be used as detection agents in several 

instances [86-88]. When coupled to radioactive isotopes or fluorescent markers, sdAb 

enables real time detection of cancer cells (lung and prostate), pathogens or toxins [79]. 

Due to their small size, sdAb serving as biosensors enable a quicker and more sensitive 

response (sub-nanogram/mL levels) since high concentration on surface material can be 

achieved [79]. It was also shown that sdAb have the potential to bind low molecular weight 

haptens with very high affinity [89]. 

2.4.2.2 Fusion Partners 

Another application of sdAb is their use with a conjugated partner [90]. Of these 

tandems, the complex sdAb-enzyme is often used. The antibodies bind the target and the 

enzyme converts a prodrug (inactive form of a drug that requires a modification for toxic 

activation) into a lethal chemical in the vicinities of the target cancer cells [74, 76]. SdAb 

can also be fused with peptides that have a toxic activity against target cells or with 

liposomes carrying drugs. 

2.4.2.3 Toxin Inactivation 

The ability of sdAb to bind with high specificity is also used against toxin to 

prevent them from binding to their intended receptors to neutralize toxins. This strategy has 

been used successfully in murine models to prevent tooth caries [91] or to inactivate the 
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toxin of venom bites [92]. This strategy was also used against the tetanus toxin with good 

results [93]. Several other sdAb have been reported to bind to toxins, Goldman et al. 

reported ricin toxin binding [80], Liu et al. reported sdAb binding to three toxins: 

staphylococcal enterotoxin B (SEB), ricin, and botulinum toxin A (BoNT/A) complex 

toxoid [71] while Shuntao et al. reported a sdAb binding and inactivating the ricin toxin 

[39]. 

2.4.2.4 Cancer and Other Diseases Diagnostic and Treatment 

One of the great hopes for sdAb is the possibility for cancer diagnostic and 

treatment. As discussed previously, sdAb can be used as imaging system being able to 

locate and bind to specific target like cancer cells. Several papers related the use of sdAb 

against cancers cells [81, 94, 95]. The target of choice is the epithelial growth factor 

receptor found in large quantity on cancer cells. Several other papers related the use of 

sdAb against these receptors in order to inhibit growth factors from reaching the cells or as 

part of detection procedures [96-100]. Furthermore, sdAb may be used in the treatment of 

inflammatory and infectious diseases. They may also be used for the treatment of 

Alzheimer's [76], Huntigndon and Parkinson diseases [101]. 

2.4.3 Production of sdAb 

In order to satisfy the demand for antibodies, large-scale production must be carried 

out in a cost effective manner. Production of large quantities of mAb still is hindered 

because scale-up of process is complicated and facilities are costly to build and to operate 

[74-76]. As mentioned previously, sdAb do not require extensive folding or glycosylation 

in order to be functional, making the production of this kind of antibodies using 
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recombinant bacteria and yeast possible, which can have a significant impact on the costs 

associated with their production. 

2.4.3.1 Comparison between Mammalian, yeast and bacterial systems 

Mammalian or insect cells are used for the production of large, complete antibodies 

molecules such as IgG requiring proper folding and linking for functionality while bacteria 

and yeast are preferred for the production of antibody fragments such as Fab (requiring 

only minor folding and linking), multimeric fragments and sdAb [75, 102]. The reason for 

this is that prokaryotic cells do not have the complex machinery needed for proper protein 

folding nor the proper cellular environment for disulfide bonding that higher eukaryotic 

cell possesses. It is to be noted that E. coli could become a major expression system for 

sdAb since there is no need to export the protein, via exporting signal peptides, in the 

reducing periplasmic space, as it is the practice for Fab production, since they do not 

require disulfide bond formation [103]. This practice was used when fragments requiring 

assembly of different parts were trying to be produce in E. coli [72, 75]. Nevertheless, 

information is scarce on E. coli, especially at relatively large-scales [99]. In the end, the 

choice of an expression system is based on knowledge and on the individual protein that 

has to be expressed since different proteins will expressed at different levels depending on 

the system used [72, 77] and there is no universal system for the production of sdAb as 

production levels are dependent on the protein sequence. 

2.4.3.2 Prokaryotic cells 

Prokaryotic cells, mainly E. coli, have several advantages when it comes to protein 

expression [104]. The first one is the short period of time between the moment a sequence 
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of a desired protein becomes known and the final expression optimization of this protein in 

E. coli [75, 77, 105]. This is greatly due to the extensive molecular biology information 

available on E. coli, which makes cloning, transformation and selection a very efficient 

process. Furthermore, fermentation can be done in fairly cheap and readily available 

installations, which reduces capital costs. Operation costs are also significantly lower than 

mammalian cell culture since the fermentation techniques are fairly simple and the medium 

is inexpensive. Another advantage of E. coli system is that there is no possibility for virus 

contamination. However, a major drawback is the possibility of endotoxin contamination 

[106] and therefore purification of the protein must be well performed, and even in that 

case, extra care must be taken as some immunogenic response triggering agent such as 

lipopolysaccharide can be tightly bound to the purified protein. In order to circumvent the 

endotoxin problem, sdAb could be produced in bacteria that are GRAS (generally regarded 

as safe) such as lactic acid producing bacteria [107]. This could even serve as a delivery 

system, with the production of sdAb directly in the gut where antibodies would be needed 

to fight parasitic or bacterial infections. 

Early clinical tests using sdAb have, however, shown very promising results. It is 

apparently of significant relevance to develop optimized protocols for the cost-effective, 

large-scale production of this new therapeutic agent [108]. 

2.4.3.3 Yields and experimental conditions in E. coli system 

As mentioned previously, very few papers were specifically aiming at studying 

sdAb production in E. coli but it was possible to find information on fragment production 

(Fab and dimeric miniantibodies). In 1996, Horn et al. reported an optimized production of 

scFv of about 4 g/L in a fed-batch culture grown for 33 h at a cell density of 145 g/L on 
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glucose mineral salt medium. Of these, 80% were functionally assembled [109]. This 

number is surprisingly high when compared to the other result obtained by Corsideo and 

Wang (2004) where optimized expression conditions for the production of a Fab yielded a 

low 16 mg/L (shake flasks in LB media) [110]. The source of the variation between the 

two experiments is hard to pinpoint. First, the cells have not been grown on the same 

medium. The first group used a mineral salt medium while the second group used a 

standard media for E. coli culture and also batch culture cannot be compared with flask 

culture. It is clear however that the production can greatly vary (from 16 mg/L to 4000 

mg/L) and that fed-batch is definitively the route to take for expression of any protein as 

multiple papers have proven this point. However, in this thesis, batch cultivation was 

performed in order to gather critical information on kinetic of bacterial growth as well as 

onToxA5.1 sdAb expression. 

Concerning sdAb production, Rahbarizadeh et al. produced up to 42 mg/L in batch 

culture using LB media (8 h induction time at 37°C) under optimized conditions [99]. This 

study shows that the production of sdAb can vary greatly. Other papers reported higher 

sdAb production even though they were not aimed at optimizing the production but merely 

producing sdAb for further biochemistry experiments. Tanha et al. reported a sdAb 

production of 80 mg/L [111] and in other papers, the amount of sdAb produced varies from 

10 to 100 mg/L [80, 89, 92, 99, 100] in unoptimized similar flask conditions. As mentioned 

in Harmsen and De Haard, sdAb varying only by a few amino acids can have highly 

variable expression levels [72]. 
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2.4.3.4 Eukaryotic cells 

Most of the studies available on the production of sdAb are mainly done in 

eukaryotic cells. A few studies have been done in plants [112] or in fungi [113] but most of 

the studies have been performed in yeasts. This might be due to the fact that yeast systems 

were used with greater success in earlier stages of antibody production and expertise was 

transferred to sdAb production. Similar to prokaryotic system, yeast systems have been in 

place for a long time and are popular for fermentation where secretion of the desired 

protein in the culture medium is needed. Yeast systems require more elaborated procedures 

than prokaryotic systems regarding molecular manipulation. The cloning, transformation 

and selection processes are done in an E. coli strain bearing a shuttle vector. This vector is 

designed to be functional both in E. coli and in the yeast. Once the vector is constructed 

and the potential clones have been selected in E. coli cells, the vector is isolated and 

transformed into the yeast for the final step, the production step. Yeasts are grown in fed-

batch fermentation, using relatively inexpensive media. Similar to the fermentation using 

E. coli, yeast fermentation is much less expensive for sdAb production than mammalian 

cell culture. However, yeast tend to grow a lot slower than E. coli but the fact that cells do 

not need to be lysed to access the protein due to protein excretion in the fermentation broth, 

compensate for this slower growth. 

One of the drawbacks of protein production using recombinant yeast, is the possible 

increase in immunogenic reaction caused by the addition of high mannose sugars yeasts 

add to protein [114]. 
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2.4.3.5 Yields and experimental conditions in yeast systems 

Production of antibody fragments has been well studied in yeast and fungi. Gasser 

and Mattanovich have compiled an extensive list of fragments produced in different types 

of yeast and fungi reporting yield, culture conditions and media [77]. This list can be seen 

in Table 2-2. 

From this list, it is clear that fermentation in bioreactors using fed-batch system 

produces significantly larger amount of fragments, at magnitudes of g/L compared to shake 

flask cultures where only mg/L were obtained. This could be transposed to sdAb and 

bioreactor fermentation should definitively be used for the production of the antibodies. 

As mentioned previously, most of the studies done on sdAb production were 

conducted in yeast systems. As with E. coli, fragments have also been produced in yeast. In 

Saccharomyces cerevisiae shake flask culture, production of 100 mg/L was achieved [115]. 

Although bioreactor fermentations seemed to produce higher yield of fragments, it is to be 

noted that this is not the case for every fragments. It was reported by Thomassen et al. that 

1.3 kg of VHH were produced in a 15 m3 fermentor [116] corresponding to a concentration 

of 42 mg/L. In another experiment, the yeast Pichia pastoris was used to produce sdAb in 

fermentation setting and it too yielded a low protein concentration of only 10-15 mg/L of 

culture [117]. 
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2.5 Conclusion 

It has been shown that the production of the sdAb is of commercial value and that 

the sdAb we are trying to produce has an important application, which is to fight drug 

resistant C. difficile diseases. Furthermore, it has also been shown that bioreactor 

fermentation should be used for this production if large amount of sdAb are needed. 

Experimental results in the form of research papers concerning sdAb expression 

will be presented in the next two chapters. The first paper focuses on ascertaining which 

parameters have the greatest effects on sdAb expression while the second paper 

investigates the effect of carbon source and concentration on the expression of the sdAb 

ToxA5.1 in bioreactors. 
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3.1. Abstract 

The need for large-scale and cost effective antibody production is driving research 

towards smaller recombinant antigen binding fragments. To this end, single domain 

antibodies (sdAb), isolated originally from natural sources such as llama, have emerged as 

the most promising candidates. Their small size and simple structure facilitate genetic 

manipulations and, most importantly, enable their production in prokaryotic systems. In 

this study, we investigated the expression of an sdAb against C. difficile toxin A (TcdA), 

sdAb ToxA5.1, in E. coli TGI. Protein quantification was performed using SDS-PAGE 

densitometry while binding activity against toxin A was confirmed using ELISA. We 

found that system TGI- pSJF2H was not tightly regulated as 306 mg/L of protein, 

corresponding to a protein cell content of 155 mg protein/g DCW, were expressed in the 

absence of an inducer. However, the addition of an inducer did enhance protein expression 

and 377 mg/L sdAb ToxA5.1, corresponding to a cell content of 241 mg protein/g DCW, 

was achieved with the induction of 1 mM isopropyl (3-D-l-thiogalactopyranoside (IPTG) 

for 24 h at 37°C. Temperature was demonstrated to have a significant effect on protein 
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expression. At an IPTG concentration of 0.01 mM, induction at 25°C did not yield 

detectable amount of protein while induction at 40°C yielded only 295 mg/L (197 mg 

protein/g DCW). The best protein expression was obtained at 37°C, which was 355 mg/L, 

corresponding to a protein cell content of 197 mg protein/g DCW. Glycerol was shown to 

be more favourable as a carbon source than glucose in terms of protein expression in flasks, 

with 30% higher protein produced compared to glucose. Medium buffering was found 

critical as no protein was detected when no buffering agent was included in the medium, 

which resulted in a final pH of lower than 5.5. A one-step purification of protein from 

crude lysate using magnetic beads was proven to be sufficient for protein recovery. The 

proteins thus purified had similar binding activity to those purified using immobilized 

metal affinity chromatography (IMAC) from on periplasmic extract followed by overnight 

dialysis. 

3.2. Introduction 

Estimated to account for over 30% of the biotechnology market in 2008 [1], 

antibody production is a fast growing and lucrative market with worldwide sales reaching 

over $17 billion for monoclonal antibodies (mAb) alone in 2008 [2]. However, mAb have 

their limitations such as high production costs, immunogenicity, and relatively large size. 

The high production costs of mAbs can be mainly attributed to the fact that mammalian 

cell lines are required for their production and mammalian cell culture and protein recovery 

from mammalian cell culture are complex and costly. Furthermore, the relatively large size 

of mAb represents potentially strong immunogenicity and may also prevent them from 

accessing immunosilent epitopes. In order to circumvent these problems, conventional 

antibodies have been broken into a variety of different fragments such as antigen binding 
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fragment (Fab), crystallizing fragments (Fc), variable light chain (VL), and variable heavy 

chain (VH) domains linked together (scFv) or rearranged in multimeric units. However, all 

the of the aforementioned fragments lack the long serum half-life of conventional 

immunoglobulins G (IgGs) [2]. In the quest for even smaller and more active fragments, 

single domain antibodies have been engineered [3]. These small single domain antibodies 

(sdAb) consist of only the variable portion of the conventional antibody but are still able to 

bind antigens, although with much less avidity and strength than their counterparts [4, 5]. 

In 1993, a group of Belgian researchers discovered that sdAb were naturally produced in 

camelidae with antigen binding capabilities similar to their full-size conventional 

counterparts [6]. These naturally occurring sdAbs are comprised of three complementary 

determining regions (CDR) that provide antigen binding capacity and four framework 

regions that constitute the core structure of the molecule [7]. 

SdAb have several unique advantages, which make them very promising 

therapeutic agents. The primary advantage of sdAb is their small size. With a molecular 

weight of around 15 kDa, sdAb are much smaller than conventional antibodies (-160 kDa) 

and engineered fragments (-55 kDa for heavy chain and -25 kDa for light chain). This 

property provides easy molecular manipulations in terms of cloning and expression since 

the information for the antibody is located on a single gene, which requires only a small set 

of defined primers for PCR reactions [1,8]. 

The ease of DNA manipulation leads to a shorter development period of the 

antibody [2, 9]. Shorter development time reduces production costs and enables screening 

for a wider range of targets [1]. Since they do not require post-translation processing (e.g. 

folding and glycosylation), sdAb can be produced in prokaryotic cells (E. coli) [8] or in 
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eukaryotic microbes (yeasts). Microbial fermentation is less expensive, in terms of both 

capital and operation costs, and easier to scale-up than mammalian cell culture. The 

downstream processing for recombinant protein recovery from fermentation broth is also 

remarkably less costly than that from mammalian cell cultures [1, 2, 9]. 

Small sdAb are highly soluble and also very stable with a shelf life of several 

months at room temperature. They can also withstand extreme temperature (as high as 

90°C), extreme pH and digestion from proteases[l, 2, 7, 8, 10-12]. These properties enable 

oral administration of sdAb, which could minimize immunogenic reaction [13] and is also 

more cost-effective and more acceptable to patients, especially children. 

SdAb potentially have the same applications as that of conventional antibodies but 

with a larger scope due to the size difference. Some of these applications include: 1) 

detection and biosensors [10, 14-17]; 2) use as a conjugated partner for targeted drug 

delivery [1, 2, 18]; 3) cancer diagnosis and treatment [13, 19-25] ; and 4) toxin binding and 

inactivation [26-28]. Of particular relevance, several sdAb have been reported to be 

capable of binding to different toxins. Some of these toxin-binding adAb include ricin toxin 

binding sdAb reported by Glodman et al. [12], sdAb binding to three toxins: 

staphylococcal enterotoxin B (SEB), ricin, and botulinum toxin A (BoNT/A) complex 

toxoid, which was reported by Liu et al. [29], and another sdAb binding and inactivating 

the ricin toxin, which was reported by Shuntao et al. [30]. The present study aims at 

investigating the parameters affecting the expression of a new toxin-binding sdAb, sdAb 

ToxA5.1 targeting Clostridium difficile enterotoxin A [31]. 
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3.3. Material and Methods 

3.3.1. Expression vector and bacterial strain 

DNA encoding ToxA5.1, a llama single-domain antibody with specificity for C. 

difficile toxin A [31], was cloned into the expression vector pSJF2H [8] via Bbsl and 

BamHI (New England Biolabs, Mississauga, ON) restriction sites. Protein expression was 

performed in TGI E. coli cells purchased from Invitrogen (Carlsbad, CA). 

3.3.2. Media 

Inoculum medium: Modified 2x YT medium which contained 16 g/L enzymatic 

Tryptone (Fluka, Buchs, Switzerland), 10 g/L yeast extract (Oxoid, Basingstoke, England) 

and 5 g/L NaCl (Sigma-Aldrich Corporation St. Louis, MO) plus 0.4% glycerol (Fisher 

Scientific, Pittsburgh, PA) or 2% glucose (Sigma-Aldrich Corp.), 12.32 g/L K2HP04 

(Sigma-Aldrich Corp.), 2.22 g/L KH2P04 (Fisher Scientific) and 100 ug/mL ampicillin 

(Fisher Scientific), were used throughout the studies as inoculum media. Glycerol or 

glucose was used to match the carbon source of fermentation medium. 

Fermentation Medium: Medium used for fermentation was in general the same as 

the inoculum medium. However, individual components may be changed as indicated in 

the text to investigate their effects on cell growth and protein expression. When parameters 

other than carbon source were investigated, 0.4% glycerol was used as carbon source. 

3.3.3. Inoculum preparation 

To prepare inoculum, glycerol stock cultures, which were stored at -80°C in an 

ultralow temperature freezer, were thawed at room temperature and transferred to LB agar 

plates containing 100 |xg/mL ampicillin. Single colonies were used to inoculate 125 mL 
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flasks containing 10 mL of inoculum medium and grown at 37°C overnight at 200 rpm 

before being used as inoculum. 

3.3.4. Bacterial cultivation and induction 

Flasks (250 ml) containing 50 mL of fresh medium were inoculated with 1% (v/v) 

of the inoculum culture, which had been centrifuged (12 000 rpm for 2 min) and 

resuspended in 1 mL fresh broth; then incubated at 37°C and 200 rpm in shaker. Induction 

using IPTG (Isopropyl P-D-1-thiogalactopyranoside, Fisher Scientific) was conducted 

when cultures reached 0.3 - 0.5 ODeoo, which is the predetermined mid-exponential phase. 

The concentration of IPTG was 0.01 mM, except when the effects of inducer concentration 

were investigated. In those cases, IPTG concentrations ranged from 0.0001 mM to 1 mM. 

3.3.5. Cell lysis 

Cells were harvested at different time intervals (2, 4, 6, 8, and 24 h) as follows: 1 

mL of broth was centrifuged at 12 000 rpm for 2 min in a microcentrifuge at room 

temperature. Supernatant was discarded and pellet was frozen at -20°C for at least 15 min. 

Lysis buffer (300 uL/pellet) was prepared by mixing IX Fast Break lysis reagent (Promega 

Corporation, Madison, WI), 1 mM phenylmethylsulphonyl fluoride (PMSF) (Bio Basic 

Inc., Markam, ON) and 3 U DNAse 1 (Promega Corp.). Cell lysis was performed on a 

rocking platform at room temperature for 30 min. 

3.3.6. Protein quantification 

Crude cell lysates were loaded on 4-15% discontinuous SDS-PAGE gels [48]. 

Standards of previously purified and quantified sdAb (275, 225, 151, 112, and 75 ng) were 

loaded on every gel to provide quantitative estimation. Proteins were fixed using 10% 
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acetic acid and 25% isopropanol for 15 min and stained for 60 min using Fermentas 

PageBlue Protein Staining Solution (Glen Burnie, MD). Quantification of scanned gels was 

achieved via densitometry using Image J software [49]. 

3.3.7. Western Blotting and ELISA 

Purification of ToxA5.1 was achieved using MagneHIS Protein Purification System 

beads (Promega Corp.) on crude cell lysates, according to the manufacturer's instructions. 

Western blot analysis was performed using 15% discontinuous SDS-PAGE gels. Proteins 

were transferred to PVDF membranes (Pall Corporation, East Hills, NY), blocked with 

powdered skim milk, followed by incubation with mouse anti-His6 IgG (GE Life Sciences 

Piscataway, NJ) primary antibody (1:3000 in PBS+0.05% Tween, 60 min). After washing 

with PBS+T ( 3 x 5 min), goat anti-mouse IgG conjugated with alkaline phosphatase 

(Cedarlane Laboratories, Burlington, NC) was applied (1:3000 in PBS+T, 60 min). 

Proteins were detected after washing with PBS+T ( 3 x 5 min) using AP Conjugate 

Substrate Kit (Bio-Rad Laboratories, Hercules, CA). 

To assess the activity of purified ToxA5.1, an ELISA was performed. First, a 96-

well plate was coated overnight with C. difficile toxin A (2.5 ug/ml diluted in PBS, 100 

ul/well, 4°C). The plate was then blocked with 1% casein (diluted in PBS, 200 uL/well) for 

2 hours at 37°C. Primary antibodies (100 ul/well) were serially diluted in PBS from a 

starting concentration of 0.5 ug/mL (31 nM), incubated at room temperature for 1 hour, and 

was followed by 5 washes with PBS-Tween 20 (0.05%). Secondary antibody (rabbit anti-

His6-HRP IgG, Cedarlane Laboratories) diluted 1:2500 in PBS was added at 100 uL per 

well, incubated for 1 hour at room temperature, and was followed by 5 PBS-T washes. 

HRP substrate (KPL substrate kit Mandel Scientific, Guelph, ON) was added at 100 uL per 
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well for 3 min. The reaction was stopped by the addition of 100 JLAI of 1M phosphoric acid 

per well and plates were read at 450 nm wavelength. 

3.4. Results and Discussion 

3.4.1. Confirmation of ToxA5.1 expression 

As shown in Figure 3-1, western blot results confirmed that a hexahistidine tag 

bearing protein of approximately 17 kDa, which is the anticipated size for the sdAb, was 

expressed. The identity and binding activity of the purified protein was then confirmed 

using ELISA (Figure 3-2) for which C. difficile toxin A was used as the target. Binding 

affinity of sdAb purified from crude lysate using MagneHis purification system was tested 

against purified sdAb (periplasmic extraction, MAC purification and overnight dialysis) of 

known binding affinity. Results showed comparable binding activity between the two 

samples, indicating that neither the high-level expression of the sdAb nor the single-step 

purification from crude lysate using magnetic beads impaired the binding capability of the 

sdAb. 

Figure 3-1: Western blot of hexahistidine tag on sdAbToxA5.1 using anti-his mouse IgG as 
primary antibody and goat anti-mouse IgG conjugated to alkaline phosphatase as secondary 
antibody. Lanes: 1 marker, 2-6 sdAb ToxA5.1 standards (275, 225, 151, 112, and 75 ng), 
7-9 0.0001 mM IPTG, 10-12 0.01 mM IPTG, and 13-15 1 mM IPTG. 
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Figure 3-2: Binding of Tox5.1 to C. difficile toxin A revealed by ELISA assay on 
hexahistidine tag. ToxA5.1 from IMAC purification following periplasmic extract 
and overnight dialysis in PBS (-•-) and ToxA5.1 from magnetic beads purification 
applied to crude lysate (-•-) . 

3.4.2. Effect of inducer concentration on cell growth and ToxA5.1 expression 

As shown in Figure 3-3 and Table 3-1, cell growth of E. coli TGI was adversely 

affected at high concentration (1 mM) of the inducer as shown by the maximum specific 

growth rate (|imax)- However, inducer concentrations lower than 0.01 mM seemed to have 

no significant effects on cell growth. As shown in Figure 3-3, the 1 mM culture started to 

deviate from the other cultures hours after induction. This reduction in biomass production 

might be due to metabolic load from sdAb production. When inducer is added to the media, 

the cells shifted from cell growth to protein expression, causing a drop in the growth rate. 
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This phenomenon was reported to be more significant with complex media (e.g. LB) than 

with minimal medium (e.g. M9) [50]. As a result, final biomass concentration varied about 

20% between no inducer (1.97 g/L DCW) and 1 mM inducer concentration (1.57 g/L 

DCW) while protein expression varied about 23%, which were 306 mg/L and 377 mg/L 

respectively. 

Table 3-1: Effects of IPTG concentrations on cell growth kinetics and ToxA5.1 
expression. 

[IPTG] 

mM 

0 

0.0001 

0.01 

1 

Umax 

h"' 

0.808 

0.815 

0.806 

0.794 

[Final ToxA5.1] 

mg/L 

306 ± 2 

314±6 

355 ±18 

377 ±11 

Final ToxA5.1 cell content 

mg Protein /g DCW 

155 ±5 

165 ± 5 

197 ±10 

241 ± 7 
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Figure 3-3 Effects of IPTG concentrations on growth of E. coli TGl+ToxA5.1 in buffered 
2x YT + 0.4% glycerol. 

The effects of IPTG concentration on protein expression are shown in Table 3-1. As 

shown in the table, 306 mg/L of sdAb was produced when no inducer was added, 

indicating plasmid pSJF2H, which was derived from a high copy number vector, pUC8 

[51-53], did not have a tight expression regulation. In other words, the repressor may not 

fully bind to the operator site on the lac operon, allowing a certain level of transcription of 

the genes downstream of the promoter [52, 54]. The other factors that might also have 

contributed to the high-level basal expression are 1) the pSJF2H is a high-copy number 

plasmid [54]; 2) the use of a complex medium (i.e., the modified 2x YT medium in our 
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case) may facilitate recombinant protein expression [55], and 3) cells entered stationary 

phase soon after the induction, where leaky expression was enhanced by nutrient limitation 

that causes increase of the cAMP pool [55]. This phenomenon might be lessened by using 

glucose in the media as glucose metabolites are preventing the formation of the CAP-

cAMP complex needed for DNA transcription of the lac operon promoter [56, 57] while 

glycerol has no effect on the promoter repression [58]. When 0.0001 mM IPTG was added 

in the mid-exponential phase to induce recombinant protein expression, the sdAb 

production increased slightly to 314 mg/L, corresponding to an increase of 3% in 

comparison to the non-induced culture. By further increasing IPTG concentration 100-fold 

to 0.01 mM, the sdAb production increase to 355 mg/L, corresponding to an increase of 

13% in comparison to that obtained with 0.0001 mM IPTG. Another 100-fold increase of 

IPTG to 1 mM yielded a protein concentration of 377 mg/L, corresponding to an increase 

of 6%. Similar trends of the effects of IPTG concentration on Fab (antigen binding 

fragment) expression in E. coli was reported for IPTG concentrations ranging from 0.02 to 

2 mM [59]. 

It is quite obvious that in the tested range, as shown in Table 3-1, 1 mM IPTG 

resulted in the highest protein productivity and protein cell content (241 mg/g DCW). 

However, since IPTG is quite costly and there was only a mild increase (6%) of protein 

production when 1 M instead of 0.01 mM IPTG was used, the latter was used for all 

subsequent experiments. 

3.4.3. Effect of buffering and carbon source on cell growth and ToxA5.1 expression 

The effects of the phosphate buffer and that of two different carbon sources, 

glucose and glycerol, on cell growth and protein expression are shown in Table 3-2. 
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Clearly, buffering showed significant effect on the specific growth rates. When glycerol 

was used as the carbon source, the maximal specific growth rates (in the exponential phase) 

were 0.806 and 0.857 h"1 with and without buffering, respectively. Similar results were 

observed with glucose. The specific growth rates were 0.831 h"1 and 0.859 h"1 with and 

without buffering, respectively. Apparently, the phosphate buffer was at a level inhibitive 

to cell growth because it resulted in noticeable decrease of the maximum specific growth 

rate (|xmax) with both glucose and glycerol as the carbon source. The inhibitive effects of 

high concentration of phosphate buffer to E. coli and other bacteria are well documented. 

One possible reasons of this inhibitive effect is that increased salt concentration or 

potassium ions might interfere with sugar uptake, which is regulated by membrane proteins 

[60, 61]. Nevertheless, the maximum biomass concentration obtained with buffered media 

were 1.22 and 1.88 g/L with glucose and glycerol, respectively, significantly higher than 

that obtained with unbuffered media, which were 1.11 and 1.42 g/L with glucose and 

glycerol, respectively. These results show that in the presence of a buffer in the medium, 

the culture was maintained in the favourable pH range (Table 3-2), allowing longer cell 

growth period. On the other hand, when the media were not buffered, production of organic 

acids, primarily acetic acid, quickly brought the culture pH down to the unfavourable 

range, resulting in shortened cell growth period and less final biomass concentration 

despite of the relatively high specific growth rate in the exponential phase. 

As shown in Table 3-2, glycerol was able to support high cell densities of 1.80 and 

1.42 g/L in buffered and unbuffered media, respectively, significantly higher than the 

corresponding final biomass concentrations obtained with glucose, which were 1.11 and 

1.22 g/L, respectively. The lower biomass concentrations obtained with the glucose media 
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can be attributed to acetate production inhibiting cell growth. It is a well established 

phenomenon that high concentration of glucose in the media leads to higher cell growth 

rates under which acetate production is enhanced due to the overflow of glucose in the 

TCA cycle producing an excess of acetyl CoA resulting in acetate [62-75]. On the other 

hand, it was reported that glycerol catabolism does not lead to the accumulation of acetic 

acid in a defined medium [69]. 

However, it is interesting to observe that the pH value dropped below 5.5 for both 

glucose and glycerol media in the absence of buffer, indicating that organic acids were 

indeed produced in the media even when glycerol was used as the carbon source. The pH 

drop of the glycerol medium (Table 3-2) can be attributed to the use of a complex medium 

in this study, which may lead to the formation of acetic acid or other organic acids due to 

the consumption of amino acids and other organic compounds rich in yeast extract and 

peptone [76]. 

Table 3-2: Effects of carbon source and pH buffering on cell growth kinetics and ToxA5.1 
expression. 

pH 
M*max 

h"' 

[Final ToxA5.1] 

mg/L 

[Final biomass] 

g/L 

Final ToxA5.1 cell 
content 

mg Protein/g DCW 

Unbuffered 
Glucose 

Buffered 
Glucose 

Unbuffered 
Glycerol 
Buffered 
Glycerol 

4.97 

7.39 

5.46 

7.26 

0.859 

0.831 

0.857 

0.806 

<10 

264 ± 9 

<10 

355 ±18 

1.11 ±0.03 

1.22 ±0.01 

1.42 ±0.07 

1.80 ±0.02 

<9 

185 ± 10 

<7 

196 ±10 
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Figure 3-4: Effects of carbon source and medium buffering on cell growth of E. coli 
TGl+ToxA5.1 sdAb 2x YT + carbon source. 

As shown in Table 3-2, buffering had a major impact on protein expression, which 

was lower than the detectable level for both glycerol and glucose when the media were not 

buffered. As aforementioned, the pH values of both unbuffered glucose and glycerol media 

were below 5.5. It is hypothesized that the acidification of the medium was the primary 

reason for the low protein expression level. For the buffered media, protein expression was 

264 mg/L and 355 mg/L for glucose and glycerol respectively, indicating that glycerol is a 

more favourable carbon source for protein expression. 

3.4.4. Effect of temperature on cell growth and ToxA5.1 expression 

Temperature was also found to be another parameter that had critical effects on the 

cell growth and protein expression. As shown in Table 3-3, the specific growth rate was 
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0.52, 0.81, and 0.77 h"1, when the cultivation temperature was 25, 37, and 40°C, 

respectively. Indicating that 37°C was the optimal temperature among the ones tested for 

the cell growth of E. coli TGl+ToxA5.1 plasmid. It is interesting to notice that the final 

biomass concentrations were the highest at 25°C (2.08 g/L) and lowest at 40°C (1.3 g/L). 

It has been well established that increase of temperature would lead to the increase 

of rates of two opposite reactions: the reactions that lead to cell growth and the endogenous 

metabolic reactions that consume cell materials to sustain the viability of cells. When the 

environmental temperature is lower than the optimal temperature, increase of temperature 

will result in increased cell growth reaction as opposed to endogenous metabolic reaction, 

leading to the increase of the overall or net cell growth rate. On the other hand, when the 

temperature is higher than the optimal temperature, temperature increase will result in 

increased endogenous metabolism, leading to a decrease in the new specific cell growth 

rate [77]. Apparently, 40°C was above the optimal temperature for the cell growth of E. 

coli. The unfavourably high temperature resulted in lower biomass yield and therefore 

lower final biomass concentration than when the temperature was lowered at 37°C or 25°C. 

As also shown in Table 3-3, the cultivation temperature also had a significant effect 

on protein. In fact, although the highest final biomass concentration (2.08 g/L) was 

obtained at 25°C, no detectable protein was expressed at such a temperature. It was 

reported that lower temperature might have an effect on the expression of certain genes 

[78, 79]. For instance, it was demonstrated that the expression of OmpA gene, which is 

present in the plasmid used in this study, is less efficient at temperature lower than 28°C 

when compared to a temperature of 37°C [80]. Similar absence of the recombinant protein 

52 



Kl capsular antigen expression was reported by Bortolussi and Ferrieri [81] when E. coli 

cells were grown at a temperature lower than 30°C for a short period of time. 
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Figure 3-5: Effect of fermentation temperature on cell growth of £ 
coli TGl+ToxA5.1 sdAb in buffered 2X YT+ 0.4% glycerol. 

The protein concentrations were 355 mg/L and 295 mg/L at 37°C or 40°C, 

respectively. It is interesting to note that although the overall protein yield was significantly 

higher at 37°C than at 40°C, the total protein cell content was lower at 37°C (197 mg 

sdAb/g DCW) than that at 40°C (227 mg sdAb/g DCW). It is also worth noting that, as 

shown in Figure 3-6, there exists a band at 19 kDa when the operating temperature was 

40°C. It is hypothesized that this band is the ToxA5.1 with an intact pelB leader sequence, 

which has a molecular weight of approximately 2 kDa. This indicates that the leader 
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sequence was not properly cleaved, possibly because that the high temperature of 40°C 

reduced the efficiency of the cleaving enzyme. 

Table 3-3: Effects of fermentation temperature on cell growth kinetics and ToxA5.1 
expression. 

Temperature | j ,m a x [Final biomass] [Final protein] Final protein cell content 
°C h'1 g/L mg/L mg Protein/g DCW 

25 0.52 2.08 ±0.02 < 10 <4.8 
37 0.81 1.90 ±0.04 355 ±18 197 ±10 
40 0.77 1.30±0.16 295 ± 1 227 ±27 

83kDa 

62kDa 

47kDa 

24kDa 

17kDa 

1 2 3 4 5 6 

Figure 3-6: Western blot of hexahistidine tag on sdAb ToxA5.1 under different 
induction temperatures using anti-his mouse IgG as primary antibody and goat 
anti-mouse IgG conjugated to alkaline phosphatase as secondary antibody. 
Lanes: 1 marker, 2-6 sdAb ToxA5.1 standards (275, 225, 151, 112, and 75 ng), 
7-8 37°C 0.01 mM IPTG glucose, 9-12 37°C 0.01 mM IPTG glycerol, and 13-14 
40°C 0.01 mM IPTG glycerol. 

3.5 Conclusion 

In conclusion, approximately 377 mg/L sdAb ToxA5.1 was expressed using 

recombinant E. coli TGI hosting pSJF2H plasmid, i.e., using the modified 2x YT medium 

containing 0.4% glycerol and 100 mM phosphate buffer at 37°C induced with 1 mM of 

IPTG. It was shown that temperature and pH buffering had significant effects on cell 

7 8 9 10 11 12 13 14 
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growth and protein expression. No protein expression was observed at 25°C. On the other 

hand, the highest protein cell content was observed at 40°C, a temperature substantially 

higher than the optimal temperature for cell growth and protein expression, 37°C. A second 

band carrying the hexahistine tag was observed in the Western blot lane of samples purified 

from the 40°C culture, indicating the enzymes responsible for the cleavage of the leader 

sequence might became less efficient at such as the temperature. It was also concluded that 

the system, i.e., E. coli TGI- pSJF2H was not tightly regulated under the tested conditions 

as a significant amount of basal expression was observed at the absence of induction. 

Inducer concentration, especially in the high concentration range, was demonstrated to 

have significant effects on cell growth and protein expression. The use of immobilized 

metal ions magnetic beads for one-step purification of protein from crude cell lysate was 

sufficient to recover sdAb ToxA5.1 protein. 
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4.1 Abstract 

The drug resistant strains of Clostridium difficile are a major health concern in hospital 

settings. The diseases associated with these bacteria are toxin-mediated which offers an 

option for treating the disease. Toxin inactivation via antibodies therapy can drastically 

reduce the morbidity associated with the disease and in this study, we have investigated the 

expression of a llama single domain antibody targeting C. difficile toxin A. The ToxA5.1 

sdAb was expressed in 3L bioreactors under different carbon sources and concentrations. 

Lower initial glucose concentrations yielded a higher expression rate with a total of 503 

mg/L of sdAb expressed using 2 g/L of glucose. Expression of sdAb under glycerol was 

not concentration dependent as higher (30 g/L) and lower concentrations (5 g/L) yielded 

similar expression. The higher concentration of glycerol had an impact on periplasmic 

leakage as 41% of the total sdAb were found in the broth. Using magnetic beads for the 

purification from crude cell lysate did not impair the binding ability of the sdAb ToxA5.1 

to toxin A as shown by Biacore results. 
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4.2 Introduction 

Nosocomial infections are a great source of health concerns especially the drug 

resistant strains of Clostridium difficile that are responsible for causing severe diarrhea in 

patients undergoing antibiotic therapy. Toxins excreted by C. difficile, enterotoxin A and 

cytotoxin B, cause pseudomembranous colitis by disrupting actin skeleton and cell 

junctions as a result of binding to colon epithelial cell receptors [1, 2]. As C. difficile-

associated diseases (CDAD) are toxin-mediated, inactivating the toxins would result in a 

reduction of severity and duration of the symptoms as well as the mortality rate as shown in 

murin model [3] and hamster model [4]. Several non-antibody toxin-binding molecules 

were investigated (rifaximin, nitazoxanide, difimicin and ramoplanin) in the hope of 

inactivating the toxin and three were tested clinically (Cholestyramine, Synsorb 90, and 

Tolevamer). Unfortunately, none of them can perform the task without side effects [5]. 

Immunoglobulin-directed therapy was also investigated and several reported the 

protection effects [3, 4, 6-11]. By binding to the toxin, the antibody can prevent the toxin 

from binding to its intended receptor on the epithelial cell. Since it has been reported that 

TcdA can be neutralized by monoclonal antibodies, the use of a novel type of antibodies, 

single domain antibodies that are antibodies naturally found in camelidae and cartilaginous 

fish [12], could also be used as toxin inactivator as reported in [13, 14]. Their simple 

structure enables the production in prokaryotic systems since no extensive folding or 

glycosylation is required to ensure functionality. Prokaryotic cells, mainly E. coli, have 

several advantages when it comes to protein expression [15]. The first one is the short 

period of time between the moment a sequence of a desired protein becomes known and 

the final expression optimization of this protein in E. coli [16-18]. Furthermore, 
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fermentation can be accomplished at low cost in readily available installations. As a result, 

capital costs are significantly reduced. Operation costs are also significantly lower since the 

fermentation techniques are fairly simple and the media is inexpensive. In this study, we 

have investigated the effects of different carbon sources at different concentration on the 

expression of the ToxA5.1 sdAb against TcdA in batch fermentation cultures. 

4.3 Material and Methods 

4.3.1 Bacterial strain and plasmid 

DNA encoding ToxA5.1, a llama single-domain antibody with specificity for C. 

difficile toxin A [19], was cloned into the expression vector pSJF2H [20] via Bbsl and 

BamHI (New England Biolabs, Mississauga, ON) restriction sites. Protein expression was 

performed in TGI E. coir cells purchased from Invitrogen (Carlsbad, CA). Recombinant 

strain were grown and screened for the best sdAb producer. The best expressing 

recombinant strain was stored as stock in 15% glycerol at -80°C. Patches were grown on 

LB plate containing 100 ug/mL of ampicillin at 37°C for 6 h and inoculum was prepared in 

inoculum media containing 16 g/L Enzymatic tryptone, 20 g/L Yeast extract, 5 g/L NaCl, 

and carbon source and grown overnight at 37°C and 200 rpm in shaker. 

4.3.2 Fermentation in bioreactors 

New-Brunswick Scientific (Edison, NJ) BioFlo 110 3 L bioreactors with a working 

volume of 1.5 L were used. Temperature (37°C) and pH (7.0) measured with a Mettler 

Toledo probe (Columbus, OH ) were kept constant, dissolved oxygen (DO) measured with 

an Mettler Toledo (Columbus, OH ) polarographic DO probe was set at 20% saturation. 
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Airflow was kept constant at 1 LPM and agitation was varied by the controller from 300 to 

900 rpm in order to keep DO values above 20%. 

The bioreactors were inoculated using an overnight culture grown in the same 

medium as used for bioreactor fermentations with a volume sufficient to achieve an initial 

OD600 of approximately 0.1. OD600 was monitored and induction with ImM IPTG 

(Isopropyl P-D-1-thiogalactopyranoside) was performed at OD600 of approximately 0.6 

which was confirmed to correspond to mid-exponential phase. 

4.3.3 Sampling 

1 mL samples were taken every 2 h over a 24 h induction period and were 

centrifuged on benchtop microcentrifuge for 2 min at 12 000 rpm. Supernatant (clarified 

broth) was separated from the pellet and kept for analysis. All samples were stored at -80°C 

prior to analysis. 

4.3.4 Protein quantification and purification 

Cell lysis buffer (300 uL/pellet) was prepared with IX Promega Corporation 

(Madison, WI) Fast Break lysis reagent, 1 mM phenylmethylsulphonyl fluoride (PMSF) 

(Bio Basic Inc., Markam, ON) and 3 U DNAse 1 (Promega Corp.) and cell lysis was 

carried out on a rocking platform at room temperature for 30 min. 

Soluble fraction of crude cell lysates were loaded on 4-15% discontinuous SDS-

PAGE gels [21]. Standards of previously purified and quantified sdAb (225, 151, 112, and 

75 ng) were loaded on every gel to provide quantitative estimation. Proteins were fixed 

using 10% acetic acid and 25% isopropanol for 15 min and stained for 60 min using 

Fermentas PageBlue Protein Staining Solution (Glen Burnie, MD) followed by overnight 
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destaining in distilled water. Quantification of scanned gels was achieved via densitometry 

using Image J software [22]. The amount of protein reported is the sum of the proteins in 

the fermentation broth (culture supernatant after initial centrifugation step) and proteins in 

the cell pellets. Purification of the sdAb was carried out using Promega MagneHIS Protein 

Purification System (Promega Corp.) according to manufacturer's instructions. 

4.3.5 Binding kinetics 

ToxA5.1 produced in bioreactors supplemented with either glucose or glycerol was 

analyzed by surface plasmon resonance to determine if the sdAbs retained their binding 

affinity for C. difficile toxin A. Briefly, ToxA5.1 from both bioreactor cultures was purified 

using MagneHIS Protein Purification System magnetic beads from crude cell lysate 

according to the manufacturer's instruction and subjected to size exclusion chromatography 

on a Superdex 75 gel filtration column as described in [23]. Eluted fractions were collected 

and used for surface plasmon resonance analysis on a Biacore 3000 instrument (GE 

Healthcare, Montreal, QC). C. difficile toxin A was immobilized on CM5 dextran chips and 

binding data was collected and analyzed as previously reported by Hussack et al. [19]. 

4.3.6 Glucose, glycerol and acetate 

The concentrations of glucose, glycerol and acetate were determined using an 

Agilent 1200 unit (Agilent Technologies, Foster City, CA) with a Shodex SH-1011 column 

(Showa Denko K.K., Kawasaki, Japan) and a Shodex SG-1011 guard column. Samples of 

50 uL were loaded and the mobile phase (H2SO4 5 mM) was run at 0.6 mL/min. Glucose 

and glycerol were quantified using RI detector while acetate was quantified using UV 

detector (A.= 210 nm). 
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4.4 Results and Discussion 

4.4.1 Effect of glucose concentrations on cell growth 

The effect of glucose concentration on cell growth can be seen in Figure 4-1 A. 
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Figure 4-1: Effects of 2 g/L (-•-) , 5 g/L (-•-) , and 20 g/L (-T-) initial glucose 
concentrations on Biomass production on a dry weight basis, Glucose consumption, 
Acetate production and sdAb ToxA5.1 expression. 
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After induction which took place 2h into the fermentation, the maximum specific 

growth rates (nmax) for the cultures are correlated to the glucose concentration in the media. 

Increasing initial glucose concentration corresponding to increasing specific growth rate as 

reported in [24]. As can be seen in Table 4-1 specific growth rates were 0.875, 1.035 and 

1.165 h"1 when the initial glucose concentrations were of 2, 5 and 20 g/L, respectively. 

Table 4-1: Kinetic parameters calculated from the average of the 8 to 16 h points for 
glucose as carbon source. 

Glucose g/L 

2 5 20 

S0 (g/L) 1.22 4.55 21.31 

P (mg/L) 375 327 3 

XM (g/L) 1.83 2.04 2.38 

Yx/s 1.50 0.45 0.11 

Yp/S (mg/g) 307 72 0 

YP/X (mg/g) 204 160 1 

Acetate (g/L) 1.93 3.33 6.75 

Umax (h"1) 0.875 1.035 1.165 

It appears that when no or small quantities of proteins are expressed, the growth 

rates are higher which supports the metabolic load theory stating that when recombinant 

proteins are expressed, less resources are allocated to cell growth [25]. Furthermore, the 

final biomass concentration also increases as 1.83, 2.04 and 2.38 g/L of biomass (dry cell 

weight) were obtained for the 2, 5 and 20 g/L glucose cultures, respectively. The biomass 

yield coefficients (Yx/s) were 1.50, 0.45, and 0.11 g DCW/g of glucose present initially, 
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respectively (Table 4-1). Carbon source consumption can be seen in Figure 4-1B. It is to be 

noted that glucose gets depleted from the media after 6 h for initial concentrations of 2 and 

5 g/L. This implies that the rate at which glucose is consumed is higher with higher 

concentration. In the 20 g/L culture, glucose was exhausted after 12 h of fermentation. 

Since the glucose consumed does not yield higher concentration of ToxA5.1 sdAb nor 

significantly higher biomass, the excess glucose consumed is either utilized for acetate 

production or wasted [26]. It has been reported that E. coli metabolism favours the 

maximization of ATP production [27] and this is why when excess glucose is present in the 

medium, acetate formation is favoured as a secondary source of energy as it produces the 

second largest pool of ATP and NADH2 [26]. Acetate formation is directly related to 

growth rate, which is in turn related to substrate consumption [28]. This would explain why 

more acetate is produced as the initial glucose concentration increased. It has been reported 

that the use of complex media (e.g. yeast extract or tryptone) results in acetate formation at 

lower growth rate (dilution rate of 0.2 h"1) than a defined media (dilution rate of 0.35 h"1) 

[29]. The lowest glucose concentration we have tested was higher than the 0.75 g/L value 

reported by Marisson and von Stockar [24]and complex medium was used such that acetate 

production was expected. It was reported that acetate showed inhibitive effects on cell 

growth and protein expression to concentration as low as 0.5 g/L [30] and starts to be 

detrimental at concentration above 10 g/L [31, 32]. 

Furthermore, acetate production diverts energy which could have been used for 

biomass or protein production [33]. Once glucose has been depleted from the medium, 

acetate that was formed due to glucose utilization gets consumed as a secondary carbon 

source as shown in Figure 4-1C and this phenomenon was previously widely observed [34, 
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35]. The acetate concentration does not seem to have a strong inhibition effect on cell 

growth as the 20 g/L culture yielded the maximum biomass of all the concentrations tested. 

Acetate concentration reached a maximum value of 6.75 g/L while the maximum acetate 

concentration for the 2 and 5 g/L glucose cultures were 1.83 and 3.33 g/L respectively. 

Those values being below the threshold of 10 g/L, strong growth inhibition is not apparent. 

4.4.2 Effect of glucose concentration on ToxA5.1 expression 

It was clear from Figure 4-1D that a higher concentration of initial glucose in the 

medium did not yield higher concentration of expressed ToxA5.1 sdAb. The highest 

expression was achieved on the lowest initial glucose concentration of 2 g/L for a final 

ToxA5.1 concentration (extracellular and intracellular) of 503 mg/L. As can be seen on 

Figure 4-ID, 20 g/L initial glucose concentration seems to inhibit sdAb expression as no 

detectable amount of sdAb can be seen until the fourteenth hour when glucose was 

depleted from the medium and acetate concentration started decreasing. The 5 g/L culture 

follows the expression rate of the 2 g/L culture up until the twelfth hour after which the 5 

g/L culture remained at an average value of 327 mg/L compared to 375 mg/L for the 2 g/L 

culture (Table 4-1). From this table it can be seen that the yield coefficient Yp/x are of 204, 

160 and 1 mg sdAb/g DCW for the 2, 5 and 20 g/L cultures, respectively. 

In Figure 4-ID, the final concentrations of expressed ToxA5.1 sdAb for the 5 and 

20 g/L initial glucose cultures were of 397 and 156 mg/L respectively. The fraction of intra 

and extracellular sdAb can be seen in Table 4-2. The absence of protein in the 20 g/L 

culture could be the result of one or more of the following reasons: 1) catabolite repression 

of the lac operon [36] 2) specific growth rate [37-40], and 3) acetate inhibition [26, 28, 38, 

40-48]. Catabolite repression of the lac operon occurs when high concentration of glucose 
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catabolites prevent the formation of the CAP-cAMP (catabolite activation protein and 

cyclic adenosine monophosphate) [49, 50] which the RNA polymerase requires for binding 

to the lac operon site. Without this binding, no mRNAs are produced thus no protein 

synthesis under the lac promoter is possible. If glucose concentration was the sole 

responsible for inhibition, there would be protein expression after depletion of glucose to 

levels similar to the 5 g/L culture. 

Table 4-2: Intracellular and extracellular ToxA5.1 fractions and intracellular concentration 
expressed as mg ToxA5.1/L of fermentation broth. 

Intracellular Extracellular Intracellullar ToxA5.1 

Fraction % mg/g DCW 

Glycerol 

5 g/L 
30 g/L 

Glucose 

2 g/L 
5 g/L 

20 g/L 

89 
59 

11 
41 

75 
48 

89 
93 
87 

11 
7 
13 

234 
193 
51 

Another reason for the low expression of sdAb could be the higher growth rate 

sustained under the different initial glucose concentrations as seen in Table 4-1. This 

relates to the concept of critical growth rate, which is the growth rate minimizing acetate 

formation, which might explain the protein inhibition when specific growth rates were 

higher as reported by several [37-40]. The critical growth rate theory has been investigated 

and growth rate below 0.45 h"1 proved to increase the expression of a human interferon 

alpha 1 in E. coli [51]. Growth rates below 0.7 h'1 proved to increase the expression of a 
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human growth hormone while growth rate above 0.8 h" reduced the specific expression of 

the same recombinant protein by a factor of 4 [52]. Furthermore, acetate has an inhibitory 

effect on protein expression as it specifically inhibits oxygen and glucose uptake, reducing 

expression of recombinant proteins [35, 53]. It is also suspected of reducing the proton 

motive pump by decreasing the pH gradient across the cytoplasmic membrane in the cells 

[54, 55]. Cherrington et al. reported that short-chain acids could impair RNA, DNA and 

other macromolecules synthesis [56]. They hypothesized that not only the protons would 

be responsible for this inhibition but, upon diffusion in the cell, organic acids would 

dissociate and the anions could also impair on the synthesis of these macromolecules. This 

argument supports the results observed in this investigation since the 2 g/L initial glucose 

concentration culture has the highest yield coefficient of protein expressed per gram of 

carbon used (Yp/s) and the highest yield of protein per gram of biomass produced (Yp/x) 

with 307 mg sdAb/g glucose and 204 mg sdAb/g biomass while the lowest yield 

coefficients, both YP/S and YP/x were observed in the 20 g/L culture. 

4.4.3 Effect of inoculum age 

As shown in Figure 4-2A, the 2-days old inoculum culture at 2 g/L glucose yielded 

less total sdAb than the 1-day old inoculum culture (average 272 ±18 mg/L vs 503 mg/L 

respectively). It is a known fact that inoculum age plays a major role in fermentation and it 

is reported that even as short difference of 12 h in the inoculum age can have a serious 

impact on the protein expression [57, 58]. The sdAb expression was similar for the 2-days 

old and 1 -day old inoculum until 4 h after induction at which time the 1 -day old inoculum 

yielded more sdAb (Figure 4-2A). For the 2-days old inoculum, sdAb expression 

diminished around the 8th hour. The lower protein expression of the 2-days old inoculum 
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culture correlates with a biomass production that was higher than for the 1-day old 

inoculum. It is also to be noted that the consumption of glucose (Figure 4-2B) was faster 

as, after 4 h of fermentation, glucose was depleted from the medium while for the 1-day old 

inoculum depletion occurred at 8 h into the fermentation. 

Despite the fact that glucose consumption was faster in the 2-days old inoculum, 

the rate of acetate formation (Figure 4-2C) seems to have remained similar with maximum 

of 1.70 ± 0.05 g/L for the 2-days old inoculum and 1.93 g/L for the 1-day old inoculum but 

the rate of acetate consumption was faster again for the 2-days old inoculum. The fact that 

less sdAb were produced while the biomass concentration was higher (Figure 4-2D) tends 

to suggest that less bacteria were harbouring the plasmid [25]. This would also explain the 

rapid increase in biomass and higher final biomass concentration for the 2-days old 

inoculum (2.11 ± 0.01 g/L) compared to the 1-day old inoculum (1.91 g/L). If bacteria are 

not bearing the plasmid, the growth rate is not impaired by the metabolic load resulting 

from induction as discussed previously. 
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Figure 4-2: Comparing effects of 1-day old inoculum (— o—) and 2-days old inoculum 
(—•—) on Biomass production on a dry weight basis, Glucose consumption, Acetate 
production and sdAb ToxA5.1 expression. 
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4.4.4 Growth and ToxA5.1 expression on glycerol 

Growth and sdAb expression using different concentrations of glycerol was also 

investigated. The highest and lowest concentrations of glycerol tested yielded similar 

results in terms of sdAb expression with a final total expression of 184 mg/L and 186 mg/L 

for initial substrate concentration of 5 and 30 g/L glycerol, respectively. This suggests that 

glycerol did not have a significant impact on ToxA5.1 expression and that even if residual 

concentrations of glycerol are present, the final concentration of ToxA5.1 is the same. This 

also suggests that glycerol is not a limiting factor in the expression of the ToxA5.1 sdAb. 

Expression patterns for both concentrations are similar as can be seen in Figure 4-3A where 

at 8 h into the fermentation, a peak of sdAb expression was achieved (243 and 219 mg/L 

for 5 and 30 g/L glycerol respectively). It is not understood why the concentration of 

ToxA5.1 tends to decrease with time after the peak concentration. It is hypothesized that 

cellular lysis (data not shown) could be responsible for the degradation of the sdAb. Cell 

lysis would cause the release of proteases from the cytoplasm which are absent from the 

periplasmic space. Since the concentration of proteases increases in the fermentation broth, 

degradation of the ToxA5.1 is thought to occur. The final DCW concentration was 2.17 

and 2.19 g/L for the 5 and 30 g/L cultures respectively (Figure 4-3B). Glycerol depletion 

occurred after 8 h of fermentation for the 5 g/L culture while the final glycerol 

concentration for the 30 g/L culture was 14 g/L (Figure 4-3C). Again, glycerol does not 

seem to be a limiting factor for the growth of the cell as residual glycerol did not yielded 

larger biomass concentrations. Acetate formation reached a maximum concentration of 2.7 

g/L and 3.78 g/L respectively for the 5 and 30 g/L cultures (Figure 4-3D). Acetate 
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formation is not said to be dependant on glycerol metabolism [59] but is rather a byproduct 

from the degradation of another carbon source found in the complex medium used [29]. 
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Figure 4-3: Effects of 5 g/L (-•-) and 30 g/L (-•-) initial glycerol concentrations on 
Biomass production on a dry weight basis, Glycerol consumption, Acetate production and 
sdAbToxA5.1 expression. 
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4.4.5 Periplasmic leakage 

The expressed sdAb ToxA5.1 is exported to the periplasmic space of the bacteria 

where the reducing environment and the presence of disulfide-binding enzymes enables 

proper protein folding [60] which might not otherwise occur in the cytoplasm. In order to 

migrate from the cytoplasm to the periplasm, an export peptide, pelB sequence, is fused to 

the protein via the expression vector. During the transport to the periplasm, this sequence 

gets cleaved by a signal peptidase yielding a mature protein in the periplasm space [61]. 

Extracellular sdAb were observed when both sources of carbon were used (Table 

4-2) and accounted for approximately 10% of the total sdAb expressed with the exception 

of the 30 g/L glycerol culture when it accounted for 41% of the total sdAb expressed. 

Pressure on the outer membrane caused by the accumulation of sdAb cannot explain this 

phenomenon as for the 2 g/L glucose culture, 89% of the sdAb expressed (more than 440 

mg/L) was recovered from the periplasmic space without causing membrane rupture while 

a concentration of 100 mg/L was recovered from periplasmic space of the 30 g/L glycerol 

culture. It has been reported that the addition of glycine or a surfactant like Triton-X 

resulted in a higher periplasmic leakage from E. coli cells producing Fy fragments against 

TNF-alpha [62]. It was hypothesized that this leakage was a result of membrane 

destabilization [63, 64]. It is also hypothesised that the high concentration of glycerol in the 

fermentation medium might have affected the structural integrity of the outer membrane 

causing cell lysis as there were less total proteins in the cultures pellets (data not shown). 

Effect of the fermentation period might also lead to increased membrane permeability as 

stated by Shibui and Nagahari who observed an increase of Fab fragment in the medium 

after 10 h of fermentation, which they attributed to random diffusion through the outer 
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membrane or to another mechanism [65]. Another explanation for this high concentration 

of sdAb in the broth might be that when high concentration of glycerol are present in the 

environment, risk of metabolic flooding can occur, resulting in the production of an 

antibiotic component, methylglyoxal, from a derivative of glycerol (dihydroxyacetone 

phosphate) [66, 67] which would explain the cell lysis observed in the 30 g/L glycerol 

culture (data not shown). 

4.4.6 Binding kinetics 

Samples of purified sdAb expressed under both carbon sources were subjected to 

Biacore analysis in order to confirm the binding ability of the ToxA5.1 sdAb to TcdA was 

conserved. This analysis had for objective to verify that the carbon source did not impair 

the binding ability of the sdAb since it was reported that the use of glycerol during the 

expression of a GST yielded higher activities compared to glucose (76% and 32% 

respectively) [68]. Our results confirmed that ability of the sdAb to bind TcdA was 

unaffected as can be seen in Table 4-3. Kinetic constants are obtained by using a simple 

binding model equation where: 

Ab + Ag^=±Ab-Ag 

d[Ab/8]=K[Ab][Ag]-kd[Ab-Ag] 
at 

Ab: Antibody 
Ag: Antigen 
Ab-Ag: Antibody-Antigen complex 
ka: Association rate constant (M"1 s"1) 
kd: Dissociation rate constant (s"1) 
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K =kd ^[Ab-Ag] 
° K [Ab][Ag] 

KQ: Affinity constant (M) 

Table 4-3 Binding kinetics for ToxA5.1 sdAb obtained from Biacore data. 

Kinetic constants 

ka (1/M s) 

kd (1/s) 

KD(M) 

Flask 
Periplasmic extraction 

1.60 xlO6 

5.00 xlO"3 

3.00 xlO"9 

Bioreactor Glucose 
Magnetic beads 

1.29 xlO6 

5.05 xlO"3 

3.91 x 10"9 

Bioreactor Glycerol 
Magnetic beads 

1.20 xlO6 

5.05 x 10'3 

4.23 xlO"9 

Association constants are similar with values of 1.29 x 106 and 1.20 x 106 1/M s 

respectively for glucose and glycerol. Both dissociation constants for glucose and glycerol 

are 5.05 x 10"3 1/s and affinity constants are 3.91 x 10"9 and 4.23 x 10~9 M respectively. 

These values are similar to the value of the ToxA5.1sdAb reported by Hussack et al. [19]. 

The carbon source and large-scale expression did not seem to interfere with binding 

affinity of the sdAb. Furthermore, the purification method does not seem to pose a 

problem. Samples from the bioreactor cultures were purified from total cell lysate using 

magnetic beads and compared with samples from flask experiment purified using 

periplasmic extraction followed by overnight dialysis and IMAC purification. Samples 

purified from the two different methods showed similar binding behaviour has can be seen 

in Figure 4-4. 

78 



Time s 

Glycerol 
Glucose 

•Control 

600 

Figure 4-4: Biacore binding results of sdAB ToxA5.1 samples purified from periplasmic 
extract (control) and magnetic beads (glycerol and glucose samples). 

4.5 Conclusion 

Over-expression of the ToxA5.1 sdAb against C. difficile toxin A was achieved at 

503 mg/L in a stirred-tank bioreactor with 1.5 L working volume using complex medium 

(2x YT) and glucose as carbon source. Lower initial glucose concentrations yielded higher 

ToxA5.1 expression and it is hypothesized that acetate inhibition caused by the higher 

glucose uptake rate might be responsible for this phenomenon. Low and high glycerol 

concentrations, of 5 and 30 g/L, respectively, yielded similar expression patterns as well as 

final ToxA5.1 concentration at the end of the 24 h fermentation culture. When high 

concentration of glycerol is used as the carbon source, periplasmic leakage occurs and the 
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concentration of ToxA5.1 recovered from the broth accounted for 41% of the total 

ToxA5.1 recovered. It was also demonstrated, using Biacore analysis, that neither the 

carbon source (glucose or glycerol) nor the purification procedures using magnetic beads 

on crude lysate as opposed to dialyzed periplasmic extract affected the binding activity of 

the ToxA5.1 sdAb to the TcdA. 
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Chapter 5; Conclusion and recommendations 

5.1 Conclusion 

Of the factors affecting the expression of sdAb ToxA5.1 in flask, pH and 

temperature have the most impact on sdAb ToxA5.1 yields. In bioreactor batch 

fermentations, the inoculum plays a major role in the final yield of expressed sdAb. It was 

found that using low initial glucose concentration in the medium yielded more ToxA5.1 

sdAb. Overall the initial goal of this thesis, which was to ascertain the possibility of 

producing sdAb ToxA5.1 in large quantity, was achieved; it was possible to produce up to 

500 mg/L in a stirred-tank bioreactor using a 1.5 L working volume. Furthermore, the 

medium used for expression was simple and the expression period was shortened by using 

an expression temperature of 37°C. The purification steps were shortened and simplified, 

compared to periplasmic extraction and overnight dialysis, by using magnetic beads 

applied directly to crude cell lysate. 

5.2 Recommendations 

In the light of the results obtained, fed-batch operation seems to be the next step for 

the large-scale production of the ToxA5.1 sdAb. Fed-batch strategy will allow control of 

the cell growth rate and thus a control of acetate formation, which is known to cause 

protein expression inhibition. Recovery of the ToxA5.1 from large-scale production could 

also be investigated. The use of different techniques for cell lysis, such as sonication, 

chemical lysis or high pressures, as well as different purification schemes, IMAC or other 

system able to purify antibodies, such as the c-Myc, the Protein A or the Protein D 

systems, could be investigated for maximizing the recovery yield of this valuable product. 
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The fact that E. coli enterotoxin could be co-purified with the sdAb using traditional 

methods could be addressed by the use of a novel purification system involving heat 

treatment as sdAbs are resistant to high temperature. It would also be possible to adapt the 

expression and purification protocol of sdAb derived from the first paper to high-

throughput screening of potential high expressing antigen binder clones during the earlier 

stages and by doing so, increase the amount of sdAb produced in bioreactor. Finally, 

modeling of the periplasmic expression of the sdAb could be investigated. 
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