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1 INTRODUCTION 

 

1.1 Background 

Recombinant proteins with sensitive features such as glycosylated and non-glycosylated 

pharmacologically active species have gained remarkable pharmaceutical applications nowadays. 

Due to their increasing demand, scientists are constantly seeking new methods of expressing and 

isolating the products, while taking into account the possibilities of contamination. Prokaryotic 

microorganisms such as the Escherichia coli and the Bacillus species, which however, do not 

possess the metabolic pathways for the synthesis of glycosylated proteins present exciting potentials 

as hosts for the expression and isolation of these products (Schmidt, 2004). These prokaryotic hosts 

either expresses the active protein into the periplasm, cytoplasm or into inclusion bodies as well as 

into the extracellular space (Ni & Chen, 2009).  

Before the onset of industrial microbiology in the 1900’s, there were scarcely information about the 

scientific principles behind traditional processes such as preservation of milk and vegetable 

products by microorganisms as well as brewing of beer and wine. The discovery of penicillin in 

1929 by Alexander Fleming  (Dawson et al., 1943) and subsequent large-scale expression and 

isolation in the 1940’s (Pelaez, 2006) initiated a new era of motivations in biochemical/bioprocess 

engineering, and by the late 1970’s the recombinant technology was utilized to produce insulin in a 

large-scale (Goeddel et al., 1979). The discovery of Stanley Cohen and Herbert Boyer (Morrow et 

al., 1974) exposed wide scientific insights and prospects for the modern biotechnology industry 

where DNA is no longer only limited to its role in the biological system, but more as a material 

containing intelligent information that can be reconstructed to produce desired dynamic functions in 

real life situations as observed by Stulz et al. (Stulz et al., 2011). Nevertheless, the rapid 

developments in this area of science have also brought about ensuing challenges.  

The complexity of desired biomolecules and the trailblazing nature of manufacturing processes 

introduce different forms of challenges in relation to analytical methods that are designed to control 

the quality and safety of the final product (Ludwig et al., 2013). Escherichia coli based initial 

peptide production processes (developed in the 1980´s and subsequently: aside from insulin, also 

interleukin, growth hormone and interferon) were IB based processes (Weir & Sparks, 1987; Arora 

& Khanna, 1996). Many techniques have been established, including a cytometry-based method 

(Medwid et al., 2007), to study and optimize the recovery yields of proteins from inclusion bodies 
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during downstream processing. Molecular and metabolic engineering techniques have been 

employed to robotize the Escherichia coli system for optimal production of recombinant proteins 

such as the expression of smaller peptide for commercial purposes (Walsh, 2010) and production of 

peptides which have very complex synthetic routes such the nonribosomal peptides antibiotics 

valinomycin (Li et al., 2014a). 

Studies have been conducted to elucidate the impacts of environmental conditions and other 

parameters on the amount and quality of final product. These parameters vary with time and 

position (in large scale industrial bioreactors) and have been shown to produce variations in cell 

viability and biomass (Enfors et al., 2001). Medium composition as a factor has been demonstrated 

to play a critical role with regards to the host and the recombinant product quality (Ukkonen et al., 

2013). Technologies have been developed to monitor pH and dissolved oxygen online in shake 

flasks (Vasala et al., 2006; Tsai et al., 2012), meanwhile bioprocess tools have also been established 

to quantify the responses of microbial strains to oscillations in dissolved oxygen (Soini et al., 

2008a) and temperature (Soini et al., 2005)  at both transcriptional and metabolic levels.  

Most bioactive compounds such as antivirals and antimicrobials have encountered numerous 

challenges in terms of pharmaceutical applications due to the fact that their native producers are 

difficult to cultivate or the productivity level is low (Li & Neubauer, 2014). These challenges have 

necessitated the establishments of different means to produce and isolate them for which E. coli is 

continuously gaining popularity. Cultivation conditions have substantial impact on the quality and 

quantity of all substances that are recombinantly expressed in E. coli (Ruiz et al., 2013). Shake 

flasks have been used to set-up experiments for industrial scale studies but the strategy continues to 

face some obstacles due to frequent occurrence of oxygen limitations at high cell densities (Panula-

Perälä et al., 2008). However, this has in practice been revolutionized with the discovery of the 

enzymatically controlled EnBase
® 

technology system which mimics the normal fed-batch 

cultivation in large scale production and allows high cell density cultivation in simple shaken 

cultures without any further problems (Glazyrina et al., 2010; Krause et al., 2010).  

The processes from laboratory scale to industrial capacity always accompany some compromises in 

the near standard conditions (Soini, 2012) as well as technical downsides such as inadequacies in 

mixing the culture medium (Neubauer & Junne, 2010) and low oxygen and heat transfer rates 

(Dreher et al., 2014). These environmental differences force Escherichia coli to alter its 

physiological characteristics and adapt to oscillating conditions during large scale fermentations 

(Neubauer & Junne, 2010). The major fallouts of these differential adaptions are attributed to the 
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observed decrease in biomass yield and adaptation of the cells to stress situations (Enfors et al., 

2001).  

Limitations in oxygen transfer in aerobic microbial cultivations in the bioreactor (Dreher et al., 

2013) is one of the most common limiting factors observed in high cell density fermentations. For 

instance, high concentration of glucose fed into the bioreactor for a glucose limited process has 

been shown to accelerate glycolytic flux in the feed position, thereby increasing the oxygen uptake 

rate and eventually (at high cell densities) resulting in oxygen limitation (Xu et al., 1999; Enfors et 

al., 2001; Lin et al., 2001). Inadequate mixing of cultures creates alternating high and low glucose 

zones in the reactor (Enfors et al., 2001) where this situation occurs. Pulse experiments were 

identified as a reliable method of assessing variations in environmental conditions in the bioreactor 

(Neubauer et al., 1995a; Ying Lin & Neubauer, 2000). However, an alternatively and more reliable 

method which allows cells to move from one condition to another in different compartments has 

been proposed and characterized (Oosterhuis & Kossen, 1983; George et al., 1993; Neubauer et al., 

1995b; Lara et al., 2006).  

The interests in the present work were inspired by the desire to investigate the effects of bioreactor 

perturbations on the purity and integrity of recombinant human proteins heterologously expressed in 

E. coli thereby, creating avenues for the evolution of cost-effective strategies to monitor and control 

those conditions that mediate production and incorporation of non-canonical amino acids norvaline 

into the desired products. Furthermore, judging by the fact that enhanced expression of proteins 

with greater number of leucine residues led to the accumulation of norleucine (Bogosian et al., 

1989) and norvaline (Apostol et al., 1997), it was therefore important to study the effects bioprocess 

perturbations on the accumulation of free amino acid derived from pyruvate in E. coli cultures 

(Soini et al., 2011). It is of immense importance to investigate how cells react to these oscillating 

environmental conditions in order to limit the risks of contaminantions that could possibly be 

introduced by endogenous or exogenous modifications.  

Transcriptomics tool have been used by Soini and colleagues to demonstrate that gene transcription 

play an insignificant role in norvaline accumulation (Soini et al., 2008a). Proteomic and metabolic 

approaches have been applied by Apostol et al. to show norvaline synthesis and incorporation in 

recombinant hemoglobin expressed in E. coli (Apostol et al., 1997). Furthermore, a two-

compartment scale-down reactor has been used to demonstrate the synthesis and accumulation of 

norvaline under oscillating conditions using a wild-type strain of E. coli W3110 (Soini et al., 2011). 

In the present study data is presented for the first time, to support the claim that inhomogeneity 



12 
 

conditions in bioreactor fermentations play a role in the synthesis and incorporation of norvaline 

into recombinant proteins heterologously expressed in E. coli W3110M. Metabolic analysis and 

scale-down models were isolated as useful tools for studying these differential environmental 

conditions in the large scale-scale bioreactor setting. 

 

1.2 Outlines of the Study 

The work presented here tries to investigate those conditions in a large-scale bioreactor 

environment that promote the syntheses and incorporations of non-canonical amino acids (ncAAs) 

into recombinant human protein heterologously expressed in the industrial microbial strain, 

Escherichia coli W3110. The major objective of this study is to sort out novel understandings and 

conceivable insights on how oscillating environmental conditions in large-scale bioreactors 

influence the expression of recombinant proteins in E. coli, with respect to synthesis and 

incorporation of non-proteinogenous amino acid norvaline into the target products. Secondly, to 

design and characterize a scale-down simulator that mimics the conditions observed in industrial 

scale bioprocesses at shake flask levels. The stress conditions under investigation were oscillations 

in glucose and oxygen concentrations during the cultivation of E. coli W3110M_pCTUT7_IL-2 

strain in a scale-down system. E. coli W3110M_pCTUT7_IL-2 strain is the industrial E. coli W3110 

strain into which an IL-2 gene had been cloned into a pCTUT7 plasmid backbone. PreSens SFR 

scale-down model was set up to mimic the alternating zones observed in large-scale fermentation 

processes, which are characterized by gradients in substrate concentrations due to insufficient 

mixing (Neubauer & Junne, 2010). Specifically, the research work focuses on proteinogenous and 

non-proteinogenous (norvaline) amino acids biosynthesis, recombinant expression of luecine-rich 

protein interleukin-2 and process monitoring at the metabolites level. Two research questions (RQ) 

are highlighted from the research problems described above. 

RQ1: What effects do oscillating conditions have on the concentrations of branched chain and non-

canonical amino acids in crude cell extracts of Escherichia coli fermentation? 

RQ2: How do oscillations in glucose and dissolved oxygen concentration affect the synthesis of 

norvaline and other non-canonical amino acids in recombinant strains of E.coli expressing a 

leucine-rich protein? 
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2. LITERATURE REVIEW 

 

2.1 Overview 

Pharmaceutical production have continuously been facing diverse sort of problems in relation to 

high quality product formation and isolation of target materials from the production system. One of 

these artifacts, posing significant challenges to this industry is the identification of adulterated 

fermentation batches of recombinant proteins expressed via Escherichia coli cultivations, caused by 

minute incorporation of norvaline and other modified amino acids into the heterologous products 

(Bogosian et al., 1989; Apostol et al., 1997). For this reason, the literature citations here will focus 

on four main areas. (1) Sorting out and explaining the synthetic routes of non-canonical amino 

acids, and describing the possible mechanisms through which they get incorporated into 

recombinant proteins. (2) Describing supportive evidence that exist with regards to the role of 

interplay between bioreactor environmental and metabolic factors that have been shown to 

contribute to production pathways involving non-proteinogenous amino acids. (3) Establish 

strategic facts on how non-canonical amino acids influence growth of the host organism and the 

quality/quantity of final product. (4) And finally, justify process optimization with respect to E. coli 

fermentations under aerobic and anaerobic conditions; experimental design, oscillating and stress 

conditions during the scale-up process as well as media components. 

 

2.2 Biosynthesis of branched chain and non-canonical amino acids 

Considering the fact that heterologous proteins are mostly employed for therapeutic uses, 

understanding the metabolic basis of the synthesis of related non-canonical amino is primordial to 

developing strategies to guarantee the purity of the final product. When a biochemist thinks of life 

with regards to macromolecular compounds, amino acids would eventually crown his/her sense of 

focus since these biological molecules are building blocks for proteins which represent the most 

essential components of a living organism. In microbial cultivations, essential amino acids are 

needed to be present in the growth medium for the cells to proliferate (Soini, 2012). In this respect, 

the organisms use other substrates from the medium to synthesize them. This explains the reason 

why the glycolytic pathway is very important in the study of E. coli’s growth and development.  
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Figure 2.1: Schematic representation of the biosynthetic routes for standard and non-standard amino 

acids, norvaline and norleucine 

  

The main enzymes of the leucine biosynthetic pathway are isopropylmalate synthase (IMPS), 

isopropylmalate isomerase (IPMI) and isopropylmalate dehydrogenase (IPMD); while the isoleucine-

leucine-valine (ilv) genes are also responsible for the expression of acetohydroxy acid synthases (AHAS), 

transaminases, deaminase and threonine dehydratase (TDH) which are all implicated in the branched-chain 

amino acids synthetic route. Alanine, valine, isoleucine, norleucine, norvaline (Nva) and leucine are all 

derived from pyruvate and produced via the leucine biosynthetic pathway. AHAS is responsible for driving 

the first common reaction of this pathway (Sycheva et al., 2007) (Diagram, courtesy of BVT group). 

 

Branched-chain amino acids (BCAA) are essential amino acids that account for about 35% of the 

constituent proteins in human muscles (Shimomura et al., 2004). They have aliphatic side-chains 

with a chiral carbon atom; leucine, isoleucine and valine are diagnostic members (Sowers, 2011). 

Norleucine and norvaline are non-proteinogenic amino acids thought to be synthesized as 

byproducts in the BCAA metabolic pathway of Escherichia coli (Kisumi et al., 1976a). The 

precursors for most amino acids are derived from glycolysis and citric acid cycle intermediates 

while inorganic ammonia serves as the nitrogen source (Madigan et al., 2011). Based on the 

precursor molecules from which the amino acids are derived, their biosynthetic routes can be 

classified accordingly. 

Those that are derived from citric acid cycle intermediates belong to the glutamate and aspartate 

families of amino acids (Figure 2.1). Glutamate is directly derived from α-ketoglutarate. The 
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distribution of nitrogen to other amino acids is made possible via glutamate and glutamine (Reitzer 

& Magasanik, 1996). The transamination reaction involving oxaloacetate with glutamate acting as 

nitrogen donor for the amino group results in aspartate production and α-Ketoglutarate as side 

product. The same reaction mechanism results in asparagine from aspartate (Soini, 2012). The 

pathway that leads to derivation of methionine, threonine and isoleucine involves homoserine as the 

central metabolite, with lysine also branching from this route (Greene, 1996; Patte, 1996). 

Importantly, the families of aspartate and alanine have combined links that couple them to the 

branched-chain amino acids pathway and responsible for the production of valine, leucine and 

isoleucine from pyruvate and α-ketobutyrate. Direct transamination of pyruvate results in alanine as 

indicated in Figure 2.1 above. 

Isoleucine and valine both follow a parallel route of synthesis with pyruvate as the starting substrate 

and α-ketobutyrate exclusively, as an alternative for isoleucine; meanwhile leucine is derived from 

α-ketoisovalerate which is an intermediate precursor from the latter pathway (Umbarger, 1996). The 

most interesting issue here is the role of the isoenzyme, acetohydroxy acid synthase (AHAS) which 

catalyzes the first reaction step of the valine and isoleucine synthetic route. AHAS’s role is limited 

by accumulation of end-products and is immediately activated in case there is a deficiency in any of 

the amino acids in that route (Umbarger, 1996). Since the ilvG gene responsible for AHAS II 

production in E. coli W3110 strain is inactive, when excess valine accumulates in the cellular 

environment its biosynthetic pathway is usually silenced, resulting in what is referred to as valine 

toxicity (Lawther et al., 1981). 

 

2.3 Insights on incorporation of ncAAs into heterologous proteins 

Heterologous proteins are proteins that are synthesized outside their native hosts (Mahmoud, 2007). 

The techniques of cloning and expressing foreign genes in heterologous hosts have made it possible 

to absolutely produce proteins of any kind in large quantity for use as diagnostic markers and 

therapeutic agents (Rai & Padh, 2001). Studies on non-canonical amino acids incorporation into 

heterologous proteins expressed in bacterial started way back in the 50s when Cohen and colleagues 

demonstrated the incorporation of selenomethionine in place of methionine and later, norleucine 

(Cohen & Munier, 1956; Cowie et al., 1959; Munier & Cohen, 1959). There exists a plethora of 

information regarding norleucine substitution for methionine at both the amino terminal and internal 

residues of a protein (Trupin et al., 1966; Kerwar & Weissbach, 1970; Brown, 1973; Schubert & 
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Brown, 1974). Syntheses and random incorporation of norleucine into protein at internal methionine 

loci by E. coli has been reported as well (Bogosian et al., 1989).  

Over the years, substantial packages of investigations have been carried to establish the mechanistic 

events unfolding within the metabolic environment of E. coli that lead to production of non-

standard amino acids. So far, Lu and coworkers have provided evidence to support stress as a factor 

that contributes to some deleterious outcomes such as the endogenous biosynthesis of norleucine 

which results in reduced growth rates of the cells (Lu et al., 1988). Harris and Kohn had also 

demonstrated in the 40’s that supplying exogenous norleucine to the medium circumvented 

Escherichia coli growth by competitively inhibiting the utilization of methionine (Harris & Kohn, 

1941). Furthermore, when media containing suboptimal concentrations of methionine was 

supplemented with norleucine, an E. coli methionine auxotroph seemed to regain growth, 

confirming that the non-canonical analog is utilized in the absence of the canonical substrate 

(Lampen et al., 1947). Additionally, it has been documented that the non-canonical amino acid, 

norvaline is incorporated at leucine positions in recombinant human hemoglobin expressed in 

Escherichia coli (Apostol et al., 1997). In their publication, Apostol et al. postulated that these 

misincorporations occur in many heterologous proteins via misaminoacylation of tRNA
Leu

 (i.e. 

tRNA
Nva

). Apostol and colleagues also found out that the incorporation of norvaline into 

recombinant hemoglobin does not happen all the way through during the fermentation but however, 

piloted by certain fermentation conditions at a later phase of the process (Apostol et al., 1997). 

 

2.3.1 Metabolic engineering and mechanisms of nCAAs incorporation 

Critical examination of all possible mechanisms of nCAAs incorporations into heterologous 

proteins would provide clues on how to design methods that can help to eliminate these occurrences 

which have become an emerging issue in the pharmaceutical industry. The works of Bogosian and 

coworkers in this perspective have opened new avenues of strategic thinking and investigations in 

this area. Their hypothetical knowledge postulated in the late 1980’s which ratified that 

overproduction of leucine-rich proteins causes derepression of the branched-chain amino acid 

pathway (Bogosian et al., 1989) greatly contributed to subsequent experimental design and 

findings. They suggested that the derepression produces a consequent decrease in the amount of 

cellular leucine and concomitantly increases the chances of incorporating synthesized modified 

analogs (Bogosian et al., 1989).  This proposal set the basis for rational arguments in subsequent 

findings that the depletion of leucine pool in the metabolic environment constitutes a possible 
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triggering mechanism for nCAAs production (Apostol et al., 1997). This suggestion has also left 

many questions in the minds of investigators; even more so because a good number of human 

proteins which are exploited for therapeutic applications are leucine-rich (Rothberg et al., 1990).  

Given that the competition between canonical and non-canonical amino acid is concentration 

dependent as documented (Bogosian et al., 1989; Apostol et al., 1997), then whether or not a nCAA 

residue gets incorporated depends on its molar concentration with respect to the canonical analog. 

Though this justifiable proposal highlighted a simple model to better present the information, it was 

likely inconceivable to adopt the model to a perfect end without further justifications. However, 

Apostol and colleagues discussed their findings by pointing out that when the demand for leucine 

by the cells is very high, there is a possibility that enzymes in its biosynthesis pathway become 

flexible in activity thereby directing the synthesis and accumulation of norvaline as a byproduct 

(Apostol et al., 1997). Apostol et al. then suggested that an increase in the Nva/Leu ratio introduce 

some changes in the metabolic environment that force the tRNA
Leu

 to lose specificity and mischarge 

Norvaline instead of Leucine (Apostol et al., 1997).  

 

2.4 Overview of nCAAs synthesis and pyruvate metabolism in E. coli 

Pyruvate in many respects has remarkable influences on the metabolic network in E. coli. A good 

number of documented reviews have supplied credible information concerning the pathways 

leading to the production of unusual amino acids and several models have been proposed, some of 

which have already been discussed in the previous sections. Though only few documented evidence 

have been highlighted in the literature, it has been shown recently that branched-chain amino acid 

aminotransferase (BCAT) can be used to asymmetrically synthesize norvaline and norleucine (Yu et 

al., 2014), also presenting another justification that these products are results of the BCAAs 

metabolic pathway. 

The biosynthesis of norvaline had been hypothesized by Kisumi and colleagues to be the result of 

the condensation of acetyl-CoA with α-ketovalerate, α-ketobutyrate and α-keto-β-methylvalerate, 

with the aid of enzymes of the leucine biosynthetic pathway (Kisumi et al., 1976b). Extended 

investigation of Kisumi’s theory led to the elucidation of the pathway of leucine biosynthesis as 

being responsible for norleucine and norvaline production in E. coli (Tsai et al., 1988) and further 

analyses of the pathway led to the identification of α-ketobutyrate as the major metabolic compound 
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involved (Sycheva et al., 2007). α-ketobutyrate is derived from pyruvate and used as the primary 

precursor for the synthesis of modified amino acids in the branched-chain amino acids synthetic 

route as shown in Figure 2.1.  

In the normal metabolic situation, α-ketobutyrate is the precursor for isoleucine. IPMS catalyze the 

condensation of Acetyl-CoA with α-ketobutyrate to produce α-ketovalerate and then coupled with 

subsequent isomerization and transamination reactions results in norleucine. On the other hand, α-

ketovalerate undergoes a direct transamination reaction to produce norvaline (Figure 2.1). When the 

cells are performing their native metabolic functions, the enzymes that constitute the leuABCD 

operon (IPMS, IPMI and IPMD) catalyze the formation of leucine and isoleucine. But their low 

specificities give room for the syntheses of the side products, norvaline and norleucine (Bogosian et 

al., 1989). E. coli acetohydroxy acid synthases (AHAS) catalyze the first common reaction step 

involved in the biosynthesis of branched chain amino acids (Duggleby & Pang, 2000). Mutants with 

dysfunctional AHAS, growing under valine limitation and leucine starvation, still continued to 

produce larger amounts of norvaline and norleucine, confirming the utilization of such a pathway 

for non-canonical amino acids synthesis in E. coli (Sycheva et al., 2007). Sycheva et al. postulated 

that the cultivation in a leucine deficient medium could activate the leuABCD operon, and the 

absence AHAS increases the pool of α-ketobutyrate while α-ketoisovalerate decreases, prompting 

IPMS to utilize the more available substrate (α-ketobutyrate) instead of its normal α-ketoisovalerate 

(Sycheva et al., 2007). 

As depicted on Figure 2.1, the amino acids isoleucine, valine and leucine are all products derived 

from the glycolytic pathway, with pyruvate and acetyl-CoA as the primordial metabolic 

intermediates involved. There are two sources through which α-ketobutyrate is derived and 

accumulated. The first one is from oxaloacetate precursor via L-aspartate and homoserine as 

intermediates, and then threonine which undergoes an immediate conversion involving a deaminase 

enzyme into α-ketobutyrate. Secondly, it is suggested that α-ketobutyrate is obtained directly from 

pyruvate through chain elongation (Bogosian et al., 1989). The latter route constitutes the probable 

source of α-ketobutyrate accumulation under conditions that favour synthesis and ephemeral 

accumulation of modified amino acids as observed in many reports (Kisumi et al., 1977a; Kisumi et 

al., 1977b; Bogosian et al., 1989).  

Literature reports indicate that most of the enzymes in the leucine biosynthetic pathway can accept 

redundant substrate categories other than the main α-ketoacids (Zhang et al., 2008). Their high 

substrate redundancies result in a consequent synthesis of modified amino acids (Bogosian et al., 
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1989). Norvaline and norleucine are synthesized directly from α-ketobutyrate by chain elongation 

involving IPMS, IPMI, IPMD and subsequent transamination. However, since the affinity of IPMS 

for α-ketobutyrate is comparatively low compared to that of its natural substrate, α-ketoisovalerate, 

accumulation of α-ketobutyrate is a prerequisite for the realization of the aforementioned reactions 

(Kisumi et al., 1976a). The reports of Sycheva et al. and Kisumi et al.  therefore implied that since 

α-ketobutyrate is derived from pyruvate, pyruvate must accumulate in order to drive the above 

reaction (Soini, 2012). 

In their investigations, Apostol and coworkers demonstrated that induction of hemoglobin 

expression in E. coli resulted in a rapid decrease in the leucine pool and collateral accumulation of 

pyruvate, prompting an immediate rise of norvaline concentration, with norleucine accumulating at 

a later time during the fermentation process (Apostol et al., 1997). These results were further 

confirmed by Soini and coworkers who showed that oscillating environmental conditions in the 

bioreactor that cause pyruvate to accumulate also resulted in norvaline synthesis (Soini et al., 

2008a). Furthermore, in view of Apostol’s outcomes, we cannot disregard the observation that α-

ketobutyrate production from the threonine route (Figure 2.1) might be necessary to accumulate the 

intermediate in excess so as to mediate the production of norleucine at a later time. Nevertheless, 

collecting samples at different time points from an advanced two compartment bioreactor 

(described later) is able to paint a clearer picture of this philosophy and reveal more accurate and 

conclusive findings. 

 

2.4.1 The perspectives of bioprocess perturbations  

Heterologous protein production at the industrial level involves a series of processing and 

production optimization. It would therefore make sense to sort out available information that 

present facts and figures of how these processing affect the quality of the production process and 

desired product with respect to nCAAs synthesis. By using a scale-down two-compartment 

bioreactor, Soini and colleagues presented information about the pools of metabolites in E. coli 

W3110 under different cultivation conditions (Soini et al., 2011). They demonstrated the influence 

of cultivation conditions on the quantity of free amino acid available in the culture medium. They 

also showed that oscillating conditions of high and low glucose concentrations have an exciting 

influence on the pool of amino acids derived from pyruvate, which are in turn precursors of 

branched chain amino acids (Soini et al., 2011). Report indicates that an increase in glucose 
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concentration boost up the glycolytic pathway, leading to the production of excessive pyruvate (De 

Mey et al., 2010). Meanwhile, this has extensively been discussed in relation to organic acid 

accumulation (Lin et al., 2001; De Mey et al., 2010), other investigations critically examined the 

propensity of overflow metabolism to direct synthesis of branched chain amino acids as well as 

norvaline (Soini et al., 2011).   

 

2.4.2 Production of nCAAs in responses to stress and oscillating conditions 

E. coli has evolved to create mechanism that allows it to survive in alternating conditions. Any form 

of perturbations on the cells induces different forms of stress until they adjust their system to adapt 

to the ensuing environmental demands. So far, the environmental conditions that have been studied 

with regards to large-scale fermentations have been documented for temperature (Soini et al., 

2005), dissolved oxygen (De León et al., 2003), and substrate availability (Charusanti et al., 2010). 

Starvation of carbon/energy sources have been reported to induce stress responses in cells (Matin, 

1991). Report shows that both metabolic and stress responses are observed in an oscillating 

oxygen-limiting zones in large scale fed-batch bioreactor cultivations as evidenced by flow 

cytometric evaluations and genetic analyses (Enfors et al., 2001). Results in this study identified 

reduction in biomass as the immediate first-hand observation resulting from the changing factors as 

well as loss of cellular integrity. It has also been documented that over-expression of heterologous 

genes results in destruction of ribosomes, dynamic culture behaviour, and the onset of stress 

responses (Schweder et al., 2002). The effects of oxygen limitation (which apparently is another 

stress  factor) in relation to pyruvate-derived amino acids have been reported by Soini (Soini et al., 

2008a; Soini et al., 2011). These efforts provided evidence to support the claim that oxygen 

limitation triggers the production of norvaline (Soini et al., 2008a).  

Stress proteins levels in cells have been identified to be elevated during a response to stress stimuli 

(Christman et al., 1985). The E. coli sigma (σ) factors especially the bacterial σ
54

 play a major role 

in regulating gene transcriptions at the point of initiation by executing tight control over the genes 

used for an extended number of biological stress-associated activities such as persistent 

unfavourable growth conditions (Bush & Dixon, 2012). E. coli has membrane-associated stress 

response systems that operate to ensure this (Mehta et al., 2013). Phage shock protein (Psp) system 

is responsible for repairs and modulation of the inner membrane to adapt to stress conditions 

(Darwin, 2005). σ
54

 triggers the expression of Psp operon regulated by PspF and the inner 
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membrane-associated protein PspA (Joly et al., 2010). Apparently, all these proteins expressed in E. 

coli cells under stress circumstances are leucine-rich as predicted by the by the LRRfinder web 

application (Offord et al., 2010). Details of this will be discussed later. 

 

2.4.3 Effects of nCAAs on recombinant products and cellular physiology 

Modified amino acids have long been purported to have significant effects on cellular physiology 

and the integrity of proteins which harbour them In their polypeptide chain (Hewitt & Kogut, 1977). 

Non proteinogenous amino acids were identified to serve special functions as potential components 

of antimicrobial agents e.g. norvaline in antifungal peptide produced by Bacillus subtilis (Nandi & 

Sen, 1953) and homoleucine in an antibiotic produced by Streptomyces diastaticus (Shoji & 

Sakazaki, 1970) and therefore, investigating and elucidating their biosynthetic pathway could have 

profound implications and underscore breakthroughs in antibiotic research and production as 

highlighted (Nandi & Sen, 1953; Shoji & Sakazaki, 1970). Although these findings presented 

special and interesting functions of the substances, there are some postulated facts and substantial 

evidence suggesting that unusual amino acids have detrimental effects on recombinant human 

protein production in E. coli hosts. For example, increased intracellular level of norleucine was 

shown to initiate competition with methionine for incorporation into protein (Bogosian et al., 1989) 

which therefore mitigates the quality of the protein with regards to purity. 

As observed in the case of canavanine (an analogue of arginine), the possibility that incorporation 

of non-canonical amino acids into protein can cause fatal physiological damages to the host 

organism (Hewitt & Kogut, 1977) cannot be ignored. Substantial availability of norleucine in the 

cellular milieu has a number of identified disadvantageous influences on the cell. This was 

evidenced by norleucine’s ability to mediate the inhibition of the enzyme ATP:L-methionine 

adenosyltransferase leading to a surmounted  constraint on the chromosomal DNA and subsequent 

degradation (Lark, 1968; Lark & Arber, 1970). This consequently results in reduced growth. 

Earlier studies had also revealed that only trace amounts of norleucine in the cultivation media have 

lethal consequences on most microorganisms (Richmond, 1962). Norleucine’s toxicity was 

purportedly attributed to its involvement in inhibition of methylation reactions rather than 

compromising the integrity of protein (Barker & Bruton, 1979) and also, this situation appeared not 

to pose significant threat to gene transcription and products involved in methionine biosynthesis as 

documented (Kerwar & Weissbach, 1970). However, further investigation of this finding led to the 
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discovery that norleucine inhibits methionine formation through a false feedback mechanism which 

limits the activities of homoserine succinyltransferase involved at the onset of methionine 

biosynthesis, (Kisumi et al., 1977a). The effects of non-canonical amino acids misincorporation 

may be attributed to protein misfolding (Baneyx, 1999) and consequent aggregation and insolubility 

(Podoliankaitė et al., 2014) that are often observed in most cases of human proteins produced in 

large quantities in the E. coli metabolic environment. 

 

2.4.4 Sorted strategies to limit incorporation of non-canonical amino acids  

With the limited knowledge of the mechanisms of nCAAs incorporations into heterologous 

proteins, many scientists have resorted to establishing conventional methods and postulating 

strategies to deal with the situation. Most attentions have nevertheless, been dedicated to the use 

culture media supplemented with compatible canonical isostructural compounds like 2-hydroxy-4-

methylthiobutanoic acid or exogenous amounts of methionine to suppress norleucine incorporation 

(Bogosian et al., 1989). Bogosian and colleagues also proposed that high leucine pool retards 

norvaline incorporation into heterologous proteins. This proposal was further investigated and 

proven by Apostol and coworkers who demonstrated that norvaline is incorporated at leucine 

positions in recombinant human hemoglobin expressed in Escherichia coli (Apostol et al., 1997). 

Media supplementations seem to be reliably effective hitherto, supported by observed reduction in 

norleucine incorporation, following addition of standard methionine into the cultivation medium 

(Bogosian et al., 1989). Media optimization with leucine as nutrient supplements has been used to 

demonstrate an exciting reduction in the production of norleucine in a minimal medium 

fermentation (Tsai et al., 1988). With this in mind, it would therefore be rational to sanction the use 

of leucine as a supplement in fermentations in order to reduce production and consequent 

incorporation of norvaline into recombinant proteins from E. coli hosts. However, we were more 

concerned with the downsides of this procedure that reflects preliminary on production costs. 

Most recently, experimental data present significant justifications to prove that trace elements 

molybdenum, selenium and nickel can effectively suppress norvaline and norleucine production 

under conditions of high glycolytic flux and oxygen limitation (Biermann et al., 2013). These trace 

elements play vital roles in the smooth functioning and catalysis involving the formate hydrogen 

lyase (FHL) metalloprotein complex which is the most dedicated enzyme in the anaerobic pathway 

of pyruvate metabolism in E. coli (Yoshida et al., 2007). The supplementation of culture medium 
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with trace elements has also been shown to reduce formate accumulation in high cell density (HCD) 

cultivations (Soini et al., 2008b). As these elements lead to a higher activity of the enzymes 

downstream of pyruvate, the case that the pyruvate pool is not accumulated so much after a 

downshift of oxygen under high glucose concentration and thus the direct chain elongation from 

pyruvate to α-ketobutyrate would be less likely since KM/Vmax of the leucine biosynthetic enzymes 

for pyruvate is low as documented by Kisumi et al (Kisumi et al., 1976a). 

 

2.5 Oxygen and glucose uptakes in aerobic E. coli fermentation  

Aerobic fermentation processes in Escherichia coli require constant oxygen supply which appears 

to be one of the limiting factors in large-scale bioprocesses since only small amount of the oxygen 

is transferred into liquid phase (Enfors et al., 2001). It has been demonstrated that as results of 

increase oxygen uptake rate (OUR) and the decrease solubility of oxygen in aqueous solutions, an 

immediate drop in dissolved oxygen concentration is eminent after the cells have been induced for 

recombinant proteins expression (Bhattacharya & Dubey, 1997). The KLa which is also called the 

volumetric mass transfer coefficient is used to optimally and efficiently design a bioreactor which 

ensures the distribution of dissolved oxygen throughout the liquid medium (Damiani et al., 2014). 

Neubauer and Junne clearly remarked the consequences of highly concentrated substrate solution in 

large-scale fed-batch processes in relation to oxygen depletion in the culture medium (Neubauer & 

Junne, 2010). Several methods have been proposed and utilized to curb down the imbalances 

between enhanced glucose uptake and oxygen limitation in order to achieve high cell densities 

(Flores et al., 2007). In the next section, we examine the influence of glycolic fluxes on cell growth 

and metabolism. 

 

2.5.1 Glycolytic fluxes and anaerobic growth in E. coli’s fermentations 

The strengths of each metabolic pathway in E. coli are tailored by a network of complicated 

reactions. The key metabolic reactions that are vital for cell growth and fermentation processes are; 

the utilization of carbon and nitrogen substrates to produce macromolecules, such as proteins, 

lipids, DNA and RNA. Whereas, a catabolic reaction in the cellular milieu accompanies the release 

of energy via enzymatic substrates breakdown in the cultivation medium, the biosynthesis of 

macromolecules and biomass accumulation is mediated by anabolic reactions which produce all 
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required building blocks. Therefore, a good knowledge of the metabolic pathways and their 

regulatory mechanisms is primordial to an efficient and high quality fermentation process 

optimization. 

In E. coli fermentations, ATP is equired to drive metabolic processes. ATP is formed by substrate 

level phosphorylation alongside a consequent release of NADH which functions in the electron 

transport system during energy transduction and subsequent biosynthetic reactions (Pollak et al., 

2007). NADH however, must necessarily be re-oxidized to NAD
+
 during the late phase of the 

fermentation process in order to maintain the energy drift (Canelas et al., 2008). In E. coli, the 

mixed-acid fermentation pathway is usually employed under conditions where oxygen availability 

to the cells is limited in supply (Xu et al., 1999). 

 

2.5.2 Mixed-acid fermentation and pyruvate metabolism in E. coli 

Generally, the metabolic environment of E. coli is respiratorily capable of fermenting sugars with or 

without the presence of oxygen, but since the energy yield of the anaerobic pathway is very low, it 

is utilized only as a last resort (Vemuri et al., 2002). 

 

Figure 2.3: Molecular schematics, showing the influence of oxygen on pyruvate metabolism. 

  

Pyruvate as a central metabolite loses two electrons to the cofactor NAD+, facilitated by oxygen availability 

to produce CO2 and Acetyl-CoA. But when the situation is reversed, reduced NADH now releases its 

electrons to Acetyl-CoA and consequently ethanol and other products some of which are derived directly 

from pyruvate as indicated are formed. 
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E. coli adapts to mixed acid fermentation when oxygen supply is limited as depicted in Figure 2.3. 

This process occurs in two stages. The first stage takes place in the glycolytic pathway where 

glucose is metabolized to pyruvate. In the second stage, pyruvate is subsequently converted to 

lactate, acetate, ethanol, succinate, formate, CO2 and H2 as end products, also identified as the 

major products  of mixed-acidic fermentation (Beyer et al., 2013). 

Lactate is produced lactate dehydrogenase (LDH) from pyruvate, while pyruvate is also cleaved by 

pyruvate-formate lyase (PFL) to form acetyl-CoA and formate (Xu et al., 1999) in the absence of 

oxygen. PFL is highly implicated ed in mixed acid fermentation  as already demonstrated by Abbe 

et al. (Abbe et al., 1982). Formate is split into hydrogen gas and carbon dioxide with the help of 

formate-hydrogen lyase (FHL). Sawers had observed that for a fully functional FHL, the 

availability of trace amounts of molybdenum, selenium and nickel is necessary (Sawers, 2005). This 

has been fully documented recently by Soini and coworker who showed that addition of trace 

elements greatly reduces formate accumulation (Soini et al., 2008b) and recently by Biermann and 

colleagues who have shown that addition of trace elements into culture medium greatly reduces 

production of non-canonical amino acids (Biermann et al., 2013). Acetate accumulation with 

respect to glycolytic flux has been investigated in details and documented in the literature 

(Neubauer et al., 1995b). One most recent data presented facts to support the view that acetate 

accumulation is triggered by the downregulation of acetyl-CoA synthetase in E. coli (Valgepea et 

al., 2010). Studies revealed that high glucose concentration resulted in high acetate accumulation 

and the situation was reversed when glucose concentration was lowered (Phue et al., 2005).  

Mixed acid fermentation occurs at local zones in large-scale bioreactors where a high concentration 

pool of glucose drives the cells into oxygen limitation. There are some deleterious effects on the 

cell culture including overall reduction in biomass yield and some physiological differentiations, as 

well as low pH of culture media primarily due to accumulation of the mixed-acid products (Enfors 

et al., 2001). Since formate accumulates much more under anaerobic conditions, it has been 

suggested that it could be used as an appropriate sensor for detecting local oxygen deficiencies in 

large-scale E. coli processes (Xu et al., 1999). 

 

2.6 Fermentation processes involving Escherichia coli 

Large-scale recombinant protein production involves a fermentation process with the host micro-

organism. Microbial fermentation are aimed at having a high yield of the target product molecule 
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and for this reason, the cultures need to attain high cell densities (HCD) (Seo & Chung, 2011; Liu et 

al., 2012). E. coli has the most characterized system of all the microbial hosts and therefore makes 

it easier to estimate how much high cell densities can be reached and under what conditions 

(Shiloach & Fass, 2005). A maximum of 200 g DCW L
-1

 cell density is reachable in E. coli 

cultivations (Shiloach & Fass, 2005). However, the inevitable challenges that accompany the use of 

HCD fermentations to express heterologous proteins is centered around upstream and downstream 

processing strategies that allow isolation of the desired product in the pure form.  

 

2.6.1 Inclusion bodies (IB)-based production of recombinant proteins 

Most recombinant proteins expressed in E. coli host for research, therapeutic and diagnostic 

applications are usually needed in pure and soluble forms. The gainful use of bacteria as a 

convenient production system still continues to attract a lot of attention in the pharmaceutical 

sector; however, the appearances of incomplete folded structures as reflected by the accumulation 

inclusion bodies (IBs) make recombinant polypeptides production in prokaryotic hosts a little bit 

complex. Since the solubility of the desired products is of esteemed concern in the production 

processes (Baneyx & Mujacic, 2004; Sørensen & Mortensen, 2005), it is vital to solve the problem 

of IBs formation during overexpression of heterologous genes, especially those originating from 

mammalian sources.  

 A good number of review papers have pointed out that overexpression and large-scale production 

of complex recombinant proteins result in accumulation of the target product as near pure IB 

aggregates in most cases (Fahnert et al., 2004; Neubauer et al., 2006). Over the years, increasing 

numbers of technologies have been developed to enhance in vivo production of soluble protein in a 

correctly folded form such as the recent discovery which demonstrated that the combination of the 

Tat pathway and CyDisCo system is a potential route to export correctly folded disulfide bonded 

proteins to the periplasm (Matos et al., 2014). But these techniques however, have been impeded by 

the complexity of the cellular networks which makes it seemingly impossible to predict conditions 

that favour the production of correctly folded proteins (Neubauer et al., 2006). With all these 

limitations, IB-based production remains the most efficient and simple strategy for producing and 

isolating complex recombinant proteins. The advantages of IB-based processes are that there is high 

concentration of desired product, straightforward and efficient strategies for isolating and purifying 

the IBs (Vallejo & Rinas, 2004), and folding of the recombinant products to their native form takes 
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place in vitro; thereby avoiding the time-consuming, trial-and-error expression optimization 

strategies associated with complicated coexpression systems (Neubauer et al., 2006) 

Despite the aforementioned attributes of IB-based production processes, there are still some 

evidence showing some demerits. Results from an E. coli fermentation using a scale-down model 

and variable IPTG induction at different time points yielded some valuable insights. In this report, 

evidence are provided to support the view that IB formation in HCD fermentation causes steady 

adverse effects on individual cell physiology with respect to cytoplasmic membrane permeability 

and polarisability, which in turn constitute a significant reduction in final biomass yield (Hewitt et 

al., 2007). Data, analyzing the effects of overexpression of insoluble heterologous protein on the 

cellular activities of Escherichia coli show significant increases in the levels of mRNA coding for 

the heat shock proteins, lon and dnaK and a much more elevated level of mRNA coding for IbpB, 

which is an IB-associated protein (Neubauer et al., 2000). In a nutshell, overexpression of insoluble 

IBs constitute a stress factor on the cells (Zhang & Greasham, 1999) which might also lead to the 

production of non-proteinogenous amino acids.  

 

2.6.2 Fermentation medium and cultivation approaches 

Microbial fermentation involves several components, each of which is vital for the fermentation 

process and is critical to its success or failure. One of these components is the fermentation medium 

which forms a chemical environment comprising of a mixture of substrate that are needed for 

growth and formation of biosynthetic components that the cells require to proliferate (Soini, 2012). 

The key macroelements that contribute a great deal to the overall cell biomas are carbon, oxygen, 

nitrogen, hydrogen and phosphate, meanwhile the microelements sulphur, potassium and 

magnesium as well as trace elements are only required in minute quantities but are also very 

important for growth and expression. A complex medium such as Luria Bertani (LB) has no defined 

concentrations of the aforementioned components but contains mixtures of constituents such as 

yeast extract or protein hydrolysates (Zhang & Greasham, 1999). A defined medium has 

substantiated quantities of the different constituents in an exact chemical composition. This allows 

for the improvement of upstream and downstream processing, and process scale-up (Zhang & 

Greasham, 1999).  

High substrate concentrations in the cultivation medium limit growth and the microbes begin to 

produce inhibitory metabolites (Xu et al., 1999; Enfors et al., 2001). Moreover, in a fermentation 
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process, growth comes to a stationary phase when one of the substrates in the medium is consumed 

or one of the products reaches inhibitory level (Jones & Kelly, 1983). Additionally, culture medium 

composition seems to have significant effects on recombinant proteins as evidenced by shake flask 

cultures of E. coli (Ukkonen et al., 2013). These therefore constitute major challenges in bringing 

cells to a high density as required in large scale cultivations. That is why fed-batch is the preferred 

cultivation approach in the industrial scale since it eliminates those challenges instituted by 

substrate toxicity and inhibitory metabolites (Sandén et al., 2003; Schmidt, 2004; Liu et al., 2012). 

Due to their ease of use, low price and cost effective aspects in experimental designs, shake flasks 

are widely used in many laboratories today (Vasala et al., 2006). The main issue witnessed in shake 

flask fermentations is the occurrence of oxygen limitation at high cell densities (Panula-Perälä et 

al., 2008). The invention of the enzyme-based-substrate-delivery system (EnBase
TM

), which 

allowed cultivation at millilitre scale (Panula-Perälä et al., 2008) and now at microlitre scale 

(Pilarek et al., 2013), has greatly improved small scale experimentation with regards to process 

design and optimizations. The technology has found remarkable applications in high throughput , 

such as DNA production for genome sequencing (Pilarek et al., 2013; Grunzel et al., 2014), protein 

expression optimization (Tegel et al., 2011), high quality yields of recombinant proteins (Krause et 

al., 2010; Ukkonen et al., 2011), bioprocess development (Šiurkus et al., 2010), and could further 

be employed in genomic libraries and enzyme activity screening (Panula-Perälä et al., 2008). In line 

with what is observed in large-scale bioprocess fermentations, the EnBase
®

 cultivation system 

mimics the glucose-limited fed-batch fermentation processes, controlled by an enzymatic release of 

glucose from a complex polysaccharide substrate (Grimm et al., 2012). In this way it is possible to 

control glucose overflow that depletes oxygen leading to the formation of inhibitory by-products 

such as acetate (Xu et al., 1999; Lin et al., 2001; Shiloach & Fass, 2005).  

 

2.7 Bioprocess design and optimization  

Since the French scientist, Louis Pasteur, in the 1800s identified the role of microorganisms in a 

fermentation process, many investigations have led to the establishment of the guiding principles in 

details. Consequently, the realization of the usefulness of this technology has shifted considerable 

interests to industrial biotechnology. Designing a bioprocess system requires a combination of 

technologies from different areas of science, each of which play critical roles in the smooth 

functioning of the system. Many microbial fermentation processes require as one of the first 

components, the type of medium in which the organism can proliferate and produce the target 
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substance. Nowadays, the expression levels of recombinant proteins have been highly improved by 

using high cell density cultivations, especially with the EnBase
® 

cultivation technique as described 

in the previous sections. Although high cell density E. coli cultivations provide suitable method for 

recombinant protein production, there are a number of drawbacks in the process including substrate 

inhibition, oxygen limitations, acetate accumulation and heat dissipation as established (Yoon et al. 

2003). These limitations have therefore necessitated continuous designing and optimization of the 

bioprocess schemes, in order to eliminate or lower the risks of such artifacts. 

 

2.7.1 Process monitoring and control 

Whereas, microbial fermentation with the EnBase
® 

technique can be controlled by varying the 

concentration of the biocatalyst, other important regulatory strategies that have been exploited to 

control substrate feed rate based on physical parameters such as dissolved oxygen tension (DOT) 

and pH (Johnston et al., 2002), CO2 efflux rates (Taherzadeh et al., 2000) and temperature control 

(Schaepe et al., 2011). With a sensitive and reliable system incorporated to the bioreactor, Liu et al. 

demonstrated that a specific growth limiting product or substrate can be used to monitor microbial 

growth via a direct feedback control mechanism (Liu et al., 2001). The invention PreSens shake 

flasks has made it possible to simultaneously measure pH and dissolved oxygen online (Schneider 

et al., 2010). Before then a similar principle had been presented that allowed the monitoring of the 

physiological ramifications of limited oxygen in cell cultures and overflow metabolism (Vasala et 

al., 2006) which are some of the limiting events in shake flasks cultivations.  

 

2.7.2 Scale-up effects and zoning phenomena in large scale bioreactors 

Large-scale cultivation has pros and cons. In the previous sections, some insights on the effects of 

high cell density cultivations have been highlighted. The ensuing section provides details on the 

surrounding environments in the bioreactor. The glucose limiting growth condition in bioreactor 

cultivations, together with aeration and high agitation speed is capable of maintaining constant 

aerobic environment during an aerobic fermentation process (Soini, 2012). Nevertheless, there is 

insufficient mixing in industrial scale bioprocesses which produces gradients in oxygen 

concentration and other components (Enfors et al., 2001). Several studies have reported extensive 

variations in glucose concentration within a bioreactor as well (Enfors et al., 2001; Lapin et al., 

2006).  Neubauer and Junne have observed that these variations in the cultivation environment have 
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detrimental effects on the cell growth and cellular integrity (Neubauer & Junne, 2010). In a large 

scale bioreactor, there exist three major compartments during an ongoing cultivation. For example, 

consider a large scale bioreactor which is aerated from one end of the vessel and the feed solution 

being added in one single position, the following situations can be observed.  

There would be a compartment usually referred to as the “feed zone” which is the area of the 

reactor that is closer to the feeding spot. The peculiarities of this area is evidenced by high substrate 

concentration as well as elevated levels of metabolic activities, which consequently culminate to 

oxygen limitation and low pH that sometimes result in the synthesis of unwanted substances 

(Neubauer et al., 1995b). Another compartment is known as the “bulk zone“, where substrate 

concentration and dissolved oxygen concentration are optimal for well-mixed cultivations. In this 

area, growth is limited to substrate availability and sufficient aeration. And finally, the “Starvation 

zone”, which is that part of the bioreactor where there is almost no substrate available. The 

characteristics of cells in this compartment are identical to those observed when a microorganism is 

subjected to stress as already described in previous sections. Mixed-acid fermentation is one of 

those features which impact drastic reduction in biomass due to cell death and loss of cellular 

integrity as a result of starvation (Enfors et al., 2001).  

Interestingly, it has been documented that glucose uptake by Escherichia coli K-12 strain is higher 

than the rate at which biomass is formed (Weber et al. 2005), and oxygen limitation brings about 

the accumulation of mixed-acid fermentation products (Neubauer et al., 1995b; Xu et al., 1999; De 

Mey et al., 2010). Extensive investigations using glucose perturbations in a chemostat experimental 

set-up (De Mey et al., 2010) and fed-batch cultivations (Lin et al. 2001) revealed that pyruvate 

accumulation is the immediate response to high glucose concentration. Other relevant parameters 

that have been monitored and found to show considerable large-scale effects are pH (Onyeaka et 

al., 2003), temperature (Soini et al., 2005; Caspeta et al., 2009) and dissolved CO2 (Baez et al., 

2009), and they are usually used to troubleshoot the performance of a bioprocess set-up. 

Furthermore, another important difference to consider is that E. coli cultivations on a large scale 

produce high biomass yield compared to a small-scale well-mixed bioreactor as observed by Hewitt 

and colleagues (Hewitt et al., 2007).  
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2.7.3 Scale-down models 

Scale-down models provide reliable, efficient and cheaper methods for studying the heterogeneous 

phenomena in a bioreactor during a fermentation process (Junne et al., 2011). Several models have 

been designed to investigate different conditions and different growth parameters in the large scale 

environment including rapid sampling units and pulse feeding experiments in a single bioreactor 

(Neubauer & Junne, 2010). Two-compartment reactor models, comprising of regular stirred tank 

reactor (STR) connected to another STR or to a plug flow reactor (PFR) are the most common types 

that have gained useful applications in scale-down experiments as witnessed in many publications 

(George et al., 1993; Onyeaka et al., 2003; Lara et al., 2006; Junne et al., 2011). Remarkable 

research work have been carried out using such scale-down models including simultaneous 

assessment of the heterogeneities of pH, glucose and dissolved oxygen concentrations (Onyeaka et 

al., 2003). Recent advances in this area have yielded interesting trend developments with the 

introduction of the advanced version of a two-compartment scale-down bioreactor, described in the 

next section. 

 

2.7.4 The advanced version of a two-compartment scale-down bioreactor 

The advanced version of a two- compartment scale-down bioreactor simulates the heterogeneities 

happening in large- scale industrial bioreactors on a laboratory scale. The scale- down bioreactor is 

made up of two compartments namely; the stirred tank reactor (STR) and the plug flow reactor 

(PFR). Cells leave the STR, and are pumped into the PFR which is equipped with static mixer 

modules and having a working volume of 1.2 L. The residence time of cells in the PFR is 1 min 

(Junne et al., 2011).  

The PFR is also equipped with five sample ports, together with pH and dissolved oxygen sensors as 

depicted in Figure 2.4. The reactor provides cheaper and reliable methods for investigating and 

analyzing the conditions in industrial fermenters at the laboratory level. This equipment has been 

used in a fed-batch process with a constant feed rate to show that varying substrate and dissolved 

oxygen concentration leads to diminished glucose uptake, ethanol formation and differential 

biosynthesis of amino acid in bacteria (Junne et al., 2011). Furthermore, it has been used to 

demonstrate the consequences of various fermentation conditions on the free amino acid pool in E. 

coli (Soini et al., 2011).  
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Figure 2.4: Schematic representation of the advanced version of a two- compartment scale-down 

bioreactor 

 

The scheme shows how the STR and the PFR are connected to each other. The six sample ports, pH/DO 

sensor connections and steam bypass connection for sterilization of the PFR are also shown (courtesy of 

BVT group). 
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3. MATERIALS AND METHODS 

 

3.1 Escherichia coli strain  

The strains used in this study were Escherichia coli W3110_pCTUT7_IL-2 and Escherichia coli 

W3110M_pCTUT7_IL-2. The Escherichia coli W3110_pCTUT7_IL-2 and wild-type Escherichia 

coli W3110M strains were obtained from laboratory strain collection. 

 

3.1.1 Plasmid extraction and confirmation 

A colony plate culture was obtained by streaking an LB-agar plate, containing 34 mg L
-1

 

chloramphenicol, with the glycerol stock of W3110_pCTUT7_IL-2 strain from -80 °C, and left 

overnight at +37 °C. A single colony was isolated from this plate and used to inoculate 25 ml of 

fresh Luria LB culture containing 34 mg L
-1

 chloramphenicol and antifoam 204 (Sigma-Aldrich 

Chemie GmbH, Steinheim, Germany). The culture was cultivated overnight at +37 °C and 250 rpm. 

The following morning, the cells were prepped for plasmid extraction and purified according to the 

manufacturer’s protocol using Invisorb® Spin Plasmid Mini Two kit (Stratec Molecular GmbH, 

Berlin, Germany). The purified plasmids were then confirmed on 1% agarose gel. 

 

3.1.2 Transformation of wild-type E. coli W3110M strain  

The pCTUT7_IL-2 plasmid extracted from the E. coli W3110_pCTUT7_IL-2 strain was used to 

transform competent wild-type E. coli W3110M strain using the electroporation protocol. 50 µl 

aliquot of the E. coli W3110M competent cells from -80 °C  were thawed on ice, followed by 

addition of 2 µl of the extracted plasmid. The mixture was then incubated on ice for 1 min and 

subsequently transferred into a 0.1 cm Cuvettes Plus™ electroporation cuvette (VWR Intl., Leuven, 

Belgium). The cuvette was placed in the cuvette holder and inserted at the sample port of an 

Eppendorf electroporator 2510 series (Eppendorf AG, Hamburg, Germany). A pulse of 1.8 kV was 

applied with a resultant restrain time constant of 6. The electroporated cells were immediately 

transferred into 450 ml of SOC medium in a 1.5 ml Eppendorf tube. The culture was cultivated for 
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1h at +30 °C and 200 rpm agitation speed. 250 µl of the cell culture was spread on an LB plate 

containing 34 g mg L
-1

 chloramphenicol, and incubated overnight at +37 °C. 

 

3.1.3 Preparations of cryostocks and high cell (HCD) density glycerol stocks 

For all subsequent cultivations, the HCD glycerol stocks used were prepared as follows. A single 

colony was obtained from the transformed plate and cultured overnight at +37 °C in Ultra Yield 

Flasks
TM

 (Thomson Instrument Company, California, USA), containing 25 ml of LB medium, 1 µl 

of antifoam 204 and 34 mg L
-1

 chloramphenicol. The following morning, 200 µl of sterile 100% 

glycerol (Carl Roth GmbH + Co.KG, Karlsruhe, Germany) was added to 1 ml of the overnight 

culture. 60 µl aliquots were distributed into 1.5 ml Eppendorf tubes and frozen in liquid nitrogen, 

followed by immediate storage at -80 °C to serve as the cell bank. In order to verify the reliability 

of the cryostocks, a control cut experiment was performed by extracting the plasmid once more 

using one tube from the glycerol stocks following the same procedures already described above and 

using the same restriction endonucleases as found in the cloning protocol. The insert was analyzed 

and confirmed on a 1 % agarose gel. 

The HCD stocks were prepared by inoculating 25 ml of LB medium containing 34 mg L
-1

 of 

chloramphenicol and 1 µl of antifoam 204, with 50 µl of the cryostock and cultivated for 6 hours at 

+37 °C and 250 rpm. A 1:100 dilution of the resultant culture was obtained in LB medium and 100 

µl each was spread onto LB plates containing 34 mg L
-1

 chloramphenicol, and incubated overnight 

at +37 °C. The following morning the plates, containing clumps of cells were flushed with 25 % 

glycerol in LB medium. The stocks were immediately frozen with liquid nitrogen and stored at -80 

°C for further use. 

 

3.2 Cultivation media and growth conditions  

Characterization of these strains involved the use of different cultivation conditions to optimize 

growth parameters that could well fit in large scale fermentation. Both complex and defined media 

were used to study the behaviour of the recombinant strains. Cultivations in LB, MSM and EnBase
®

 

Flo media were performed at +37 °C and 250 rpm, while those with the EnPresso B medium tablets 

were performed at +30 °C and 250 rpm. 
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3.2.1 LB medium 

The LB medium contained 10 g L
-1

 tryptone, 5 g L
-1

 yeast extract (Carl Roth GmbH) and 10 g L
-1

 

NaCl (VWR International GmbH, Darmstadt, Germany). To each culture, chloramphenicol was 

added to a final concentration of 34 mg L
-1

 together with 1/20000 antifoam 204. For growth 

characterization, a 100 ml culture was set up in a 500 ml Ultra Yield Flasks
TM

 and inoculated with 

the HCD glycerol stock from -80 °C and the flask was sealed with an AirOtop Enhanced Seals 

designed for the Ultra Yield Flasks (Thomson Instrument Company, California, USA). Growth was 

then monitored over a period of six hours. 

 

3.2.2 Mineral salts medium 

All cultivations for strains characterization were performed in Ultra Yield Flasks
TM

. All flasks were 

sealed with an AirOtop Enhanced Seals. 20 ml of LB medium with additional 34 mg L
-1

 

chloramphenicol and 1μl antifoam 204 was inoculated with the glycerol stock from -80 °C and then 

used as preculture for subsequent mineral salt medium (MSM) cultivation. The main MSM culture 

volume was 100 ml and was inoculated with the LB culture to a final OD600 of 0.05. The inoculum 

from the LB preculture for the MSM was obtained while cell growth was at the exponential growth 

phase.  

Table 3.1: Components of trace elements 

Trace Elements Concentration(mg L
-1

) Supplier 

 

CaCl2×2H2O 1 Carl Roth GmbH + Co.KG, Karlsruhe, Germany 

ZnSO4×7H2O 0.36 Merck KgaA, Darmstadt, Germany 

MnSO4×H2O 0.2 Carl Roth GmbH  

Na2-EDTA 40.2 Fluka Chemie AG, Buchs, Switzerland 

FeCl3×6H2O 33.4 Carl Roth GmbH  

CuSO4×5H2O 0.32 Carl Roth GmbH  

CoCl2×6H2O 0.36 Merck KgaA, 

Na2SeO3×5H2O 0.17 Fluka Chemie AG 

Na2MoO4 0.24 Merck KgaA,  

Ni(NO3)2×6H2O 1.45 Fluka Chemie AG, Buchs, Switzerland 

 

According to the method of Soini and colleagues designed to obtain high cell density cultivations of 

E. coli, the composition of the mineral salt medium were as follows; 14.6 g L
-1

 K2HPO4, 3.6 g L
-1

 

NaH2PO4, 1.0 g L
-1

 (NH4)2-H-citrate, 0.74 g L
-1

 MgSO4, 0.02 g L
-1

, thiamine hydrochloride, (all 

from Carl Roth GmbH), 2.0 g L
-1

 Na2SO4, 6.12 g L
-1

 and (NH4)2SO4,  (all from VWR International 
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GmbH, Darmstadt, Germany), 5 μl antifoam 204 and 0.2 mL trace element solution as described on 

Table 3.1 (Soini et al., 2008b).  

Of the aforementioned components, thiamine hydrochloride was sterile-filtered through a 2 μm 

sterile filter (Carl Roth GmbH), MgSO4 (Carl Roth GmbH) and trace elements were autoclaved as 

separate components and then added to the medium together with the thiamine hydrochloride, while 

the other components were autoclaved together in a single medium bottle. Before sterilization, the 

pH of the medium was adjusted to 7.0 by adding NaOH (Carl Roth GmbH). The starting 

concentration of glucose in the culture medium was 5 g L
-1

. The growth of the strains was 

monitored over an 8-hour time period. The MSM culture was then used as a preculture for the 

EnBase
®
 Flo cultivation system (BioSilta Oy, Oulu, Finland).  

 

3.2.3 The EnBase® Flo systems and growth optimization 

In order to determine which releasing enzyme concentration was optimal for the strains cultivations, 

a 100 ml EnBase
®
  Flo medium was inoculated with the 8-hour MSM culture to a final OD600 of 

0.1. 5 μl of antifoam 204 was added to the culture. 25 ml each of the culture was split into five 

different 100 ml Ultra Yield Flasks and different concentrations of glucose-releasing biocatalyst 

(0.8, 1.2, 1.6, 2 & 2.4 U L
-1

) were added to each of the flasks. The overnight fed-batch cultivation 

system followed a principle of gradual release of glucose from a glucose-polymer, by the 

biocatalyst. After 16 hours of growth, the OD600 of each flask were measured and the concentrations 

of the releasing enzyme were doubled. In one same set up the concentration of the releasing enzyme 

was not doubled after 16 hour of overnight cultivation. Growth was monitored for further 6 hours 

by measuring the OD600 of the cultures.  

 

3.2.4 EnBase® Flo system and induction experiments with deep well plates  

To find out what concentrations of biocatalyst  and IPTG were optimum for growth and protein 

expression respectively, 100 ml of EnBase
®
  Flo medium containing 34 mg L

-1 
chloramphenicol 

and 5 μl of antifoam 204 was prepared and inoculated with an MSM preculture just as described 

above. From the culture, 3 ml volumes were distributed into each of the 24 wells of a 24-deep well 

plate (HJ-Bioanalytik GmbH, Erkelenz, Germany). Different glucose-releasing biocatalyst 

concentrations were added to each well as presented on Table 3.2. The plate was sealed with an 
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aerobic membrane seal (HJ-Bioanalytik GmbH) and cultivated overnight at +37 °C and 250 rpm. 

After 16 hours of cultivation, the enzyme concentrations in each well were doubled (except for 

column number 1 during the induction experiment), further 34 mg L
-1 

chloramphenicol was added 

and different concentrations of IPTG (Carl Roth GmbH) were used to induce the expression of IL-2 

as presented on Table 3.2. The optical densities of these cultures were measured after five hours of 

induction. Samples were collected from all the wells and analyzed for protein expression. 

 

Table 3.2: 24-deep-well plate experimental conditions for the EnBase
®
 Flo systems 

 1 2 3 4 5 6 

A        Enzyme[U] 

          IPTG [mM] 

0.8  1.2  1.6  2  2.4  2.8  

0.25 0.25 0.25 0.25 0.25 0.25 

      

B        Enzyme[U] 

          IPTG [mM] 

0.8  1.2  1.6  2  2.4  2.8  

0.5 0.5 0.5 0.5 0.5 0.5 

      

C        Enzyme[U] 

          IPTG [mM] 

0.8 1.2  1.6  2  2.4  2.8  

0.75 0.75 0.75 0.75 0.75 0.75 

      

D        Enzyme[U] 

          IPTG [mM] 

0.8  1.2  1.6  2  2.4  2.8  

1 1 1 1 1 1 

 

 

3.2.5 Induction experiments with EnPresso B medium tablets system  

After transformation of the E. coli W3110M strain, the newly developed strain was characterized 

accordingly. An inoculum was prepared from a glycerol stock in 20 ml of LB medium containing 

34 mg L
-1 

chloramphenicol and antifoam 204 in a 100 ml Ultra Yield Flask. The culture was 

cultivated for about 8 hours with vigorous shaking (250 rpm) at 37 °C. Two white bags (4 tablets) 

of the EnPresso B medium tablets (BioSilta Oy) were dissolved in 100 mL of sterile water in a 

sterile 500 mL Ultra Yield Flask. The mixture was immediately subjected to a vigorous shaking 

speed of 250 rpm at 37 °C until the tablets were fully dissolved. Chloramphenicol was added into 

the flask to a final concentration of 34 mg L
-1

, followed by 5 μl of antifoam 204.  

The culture medium was inoculated with the eight-hour LB culture to a final OD600 of 0.2. The flask 

was well mixed and 3 ml aliquots were distributed into 24 deep well plate. The glucose releasing 

enzyme (Reagent A) was added to each of the wells as shown in Table 3.3. The plate was sealed 

with an aerobic membrane seal and incubated overnight at 30 °C and 250 rpm. After 15 hours of 
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cultivation, the OD600 and pH in each well were measured and recorded. The concentration of 

reagent A in each well was doubled. The concentration of chloramphenicol in each well was also 

doubled for plasmid maintenance. IL-2 expression was induced by 0.25 mM, 0.5 mM, 0.75 mM and 

1 mM IPTG (Carl Roth GmbH) as indicated in Table 3.3. Cells were harvested after 5 hours of 

induction.  

 

Table 3.3: 24-deep-well plate experimental conditions for the EnPresso B tablet systems 

 1 2 3 4 5 6 

A    Biocatalyst [U] 

          IPTG [mM] 

0.8  1.6  2.0  2.4  3.8  4.0  

0.25 0.25 0.25 0.25 0.25 0.25 

      

B    Biocatalyst [U] 

          IPTG [mM] 

0.8  1.6 2.0  2.4 3.8 4.0  

0.5 0.5 0.5 0.5 0.5 0.5 

      

C    Biocatalyst [U] 

          IPTG [mM] 

0.8  1.6  2.0  2.4  3.8  4.0  

0.75 0.75 0.75 0.75 0.75 0.75 

      

D    Biocatalyst [U] 

          IPTG [mM] 

0.8  1.6  2.0  2.4  3.8  4.0  

1  1  1  1  1  1  

 

 

3.2.6 Online monitoring of pH and DOT with the Shake Flask Reader (SFR) 

It is possible to investigate the heterogeneities in large-scale bioreactors at shake flasks scale, while 

monitoring all the process relevant parameters. This is achievable by using a small scale PreSens 

shake flask reader (PreSens Precision Sensing GmbH, Germany). The PreSens SFR flasks are 

equipped with dissolved oxygen and pH sensors which simultaneously collect and record DOT and 

pH data over a wireless connection to a PC, and therefore allow online measurement of these 

parameters (Schneider et al., 2010). Figure 3.2 depicts the architectural basis of the PreSens flasks 

and the SFR. 

The SFR is connected through a wireless transmission to a PC in which the SFR software is 

integrated. This software provides a data resource to present and evaluate real-time measurements 

of dissolved oxygen and pH during an entire cultivation (Tsai et al., 2012). The online graphical 

representation of results in various forms is one feature that makes the software more tractable in 

visualizing and comparing growth at different conditions (PreSens Precision Sensing, n.d.). 

Moreover, the data can be exported to an excel file and processed using other applicable means.   
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Figure 3.1: The PreSens equpments for online monitoring of shake flask cultures 

B— The PreSens shake flask showing the oxygen and pH sensors integrated at the bottom of the flask. 

B— Picture of the Shake Flask Reader (SFR) showing the dye illumination and luminescence lifetime 

measurement spots. The SFR has an in-built battery system that automatically store energy once it is 

connected to a power source (PreSens Precision Sensing, n.d.). 

 

In order to characterize the behavior of the strain with regards to pH and DOT, this device was used 

to monitor the pH and dissolved oxygen concentration during a cultivation set-up. The precultures 

for the SFR experiments and cultivation conditions were kept the same as the deep-well plate 

experiment described in the previous section for the EnPresso B medium tablets system, except for 

the fact that the cultivation vessel used in this case were the PreSens flasks (PreSens Precision 

Sensing GmbH). From the deep-well plate experiments, 2.4 U L
-1

 of reagent A was selected as the 

optimum concentration to be used. The pH and DOT were monitored via their respective pre-

calibrated sensors embedded at the bottom of the flask (as shown in Figure 3.2) which sent out 

signals over a wireless Bluetooth connection to a PC in which the SFR software is integrated to 

perform a data logging function (Tsai et al., 2012). At the end of the experiment, the data was then 

exported to an excel file for further processing and analysis. 

 

3.2.7 Pulse and non-pulse experiments with the SFR  scale-down model 

In order to study the oscillating conditions that occur in large-scale industrial bioreactor during a 

fermentation process, a scale-down model was developed which simulated the mechanical feeding 

procedure witnessed in bioreactor cultivation. Figure 3.2 depicts a schematic representation of the 

model. In this model, a Rotilabo
®
-silicone tubing (Carl Roth GmbH) is connected to a feed flask 

and passed via a feeding pump unit (Petro Gas Ausrüstungen, Berlin GmbH, Germany). The pump 

Illumination and luminescence lifetime 

measurement spots 

A B 
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draws feed solution from the feed flask and pumps it into the two PreSens flasks at a designated 

rate. The two flasks are placed inside a Kuhner shaker (Kuhner AG, Switzerland) and an opening at 

the left side of the shaker is used to direct the rubber tubing into the shaker and to the flasks. The 

connections between the tubing and the PreSens flasks are made possible by tube connectors (Carl 

Roth GmbH), needles and adapters (Monovette
®
, Sarstedt AG, Nümbrecht, Germany). The tubing 

connections that are finally attached to the PreSens flasks are 1 m each in length from the last 

branch point.   The needles are inserted with care, at the centremost plastic part of the caps of the 

PreSens flasks. The adapters are fitted to double-headed tube connectors connected to the tubes and 

then compatibly fitted to the Monovette
®
 needles attached to the flasks. This allowed for a simple 

and easy disconnection/reconnection of the feeding tube during sampling, without compromising 

the sterility of the culture. 

 

Figure 3.2: Set up for SFR pulse and non-pulse glucose feeding experiments.  
The PreSens Flasks, contain the oxygen and pH sensors at the bottom of the flasks. The luminescence 

lifetime of the dye embedded in the sensor enable it to send out signals that are captured by a compatible 

detector which records and transmit the measurement online. The feeding pump sucks up feed solution from 

the feed flask through the tubing into the cultivation medium. 

 

The feeding pump was calibrated to determine the rotor speed that was sufficient to pump the 

required concentration of glucose into the cultivation medium. In this procedure, the same tubing 

that was subsequently applied in the set-up was used to measure the rate at which water was 

pumped through it by the feeding pump. Different rotor speeds were optimized and the weight of 

water pumped through the tube every 5 min was measured with a balance (Sartorius AG, 
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Goettingen, Germany) and recorded. It was anticipated that the rotor speed could not exceed a 

calibration of 10 and therefore, the calibration was limited within this range. Given that 1gram of 

water is equal to 1 ml volume, the weight of water measured at each calibration point was converted 

to microliters and plotted on a calibration curve as shown in Figure 3.3, 

 

Figure 3.2: Linear relationship between rotor speed adjustments and the pumping rate.  

The values plotted on the curve are volumes of water measured every 5 min, corresponding to the adjusted 

rotor speeds labelled on the x-axis. The actual quantity measured was the mass (in grams) of water and then 

converted to volume by assuming in a conventional way that 1 g H2O = 1 ml H2O. 

 

From the calibration curve, the required rotor speed adjustment was calculated from the desired 

feeding rate. The feed solution contained 50 g L
-1

 glucose, macro elements, thiamine and trace 

elements as described for MSM above. The desired glucose feed rate was 0.27 g h
-1

 in the 100 ml 

culture. This implied that 90 μl min
-1

 pumping rate of the feed solution was necessary to achieve the 

desired feeding rate. By interpolation as shown on the curve, the rotor speed was adjusted to a 

calibrated speed value of 3 since the rotor is not calibrated to the exact calculated value (≈2.75). 

Consequently, the feeding rate was now 0.3 g h
-1

 instead of 0.27 g h
-1

. 

The precultures and cultivation conditions for the pulse and non-pulse experiments were performed 

as described for the EnPresso B procedure. The overnight EnPresso B cultures were used as 

precultures for the feeding phase. Feeding was started after 14 hours of cultivation (OD600 of 7.5-8.5 

for each of the cultures), when the cultures had reached glucose limitation. At the start of the 

feeding phase, additional 34 mg L
-1

 chloramphenicol was added to each culture flask for plasmid 

maintenance and 1 mM IPTG was also added to one of the flasks for IL-2 expression while the 

other culture was not induced. The feed tubes were connected to the culture flasks via the 
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compatible Sarstedt adapters and the Monovette
®

 needles attached to the flasks in the shaker. The 

pulse experiments were performed by pumping into the culture medium for 1 min, 5x as much 

glucose (1.5 g h
-1

) compared to the calculated pumping rate for a linear feeding. The cells were then 

allowed to regain their normal state by monitoring the rise in DOT until a point where the DOT was 

stable. The process of regaining from oxygen limitation took approximately 1 hour and the pulse 

was applied again and subsequently following the same procedure. Samples were collected for 

subsequent analyses at 0h, 2h, 4h, 6h, 8h and 10 hours from the start of pulse feeding/induction. 

The non-pulse experiments were performed following the same procedures as described for the 

pulse experiments, except that this time around, there was rather a continuous glucose feeding at a 

rate of 0.3g h
-1 

which was reduced to 0.15g h
-1 

as will be discussed later. 

 

3.1.8 Protein extraction and purification 

For analysis of protein expression, 2 ml of the total cell cultures were transferred into pre-weighed 

2ml Eppendorf tubes and centrifuged for 10min at 5000 rpm and +4 °C using a high-speed general 

purpose centrifuge (Hitachi Koki Co., Ltd., Tokyo, Japan). The supernatants were removed and the 

cells were immediately frozen at -20 °C. The frozen cells from -20 °C were processed according to 

the manufacture’s protocol using the BugBuster
® 

 reagent for protein extraction (Millipore GmbH, 

Schwalbach am Taunus, Germany), with the following adjustments. Instead of weighing the sample 

and using 5 ml of BugBuster
® 

reagent to resuspend 1 gram of wet cell paste as the manufacturer 

stipulates, 500 μl was used for each of the 2 ml culture collected. The gentle vortexing step was 

performed vigorously for all samples. This was done however, because the activity of the protein 

was not of interest in this study. No protease inhibitors were added. For the inclusion bodies 

purification, the one minute vortexing after addition of freshly prepared lysozyme was limited to 30 

seconds. The soluble and the inclusion bodies fractions were stored at -20 °C for subsequent 

processing. 

 

3.2 Analytical methods 

3.2.1 Growth analysis and growth rate calculations 

The absorbance of the cells at 600nm was measured using a Novaspec III spectrophotometer 

(Amersham Biosciences, Freiburg, Germany) and used as an analytic method to monitor the cellular 
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growth of the cells. Triplets of measurements were preceded by an appropriate dilution of the 

samples at each sampling point and an average of the three absorbance values was taken as the final 

optical density (OD) of the cells.  The growth rate was calculated by fitting an exponential curve for 

the OD values obtained from the LB and MSM cultivations. The dry cell weights (DCWs) were 

done by obtaining 1 ml of the cell culture into a pre-weighed 2 ml Eppendorf tubes. The collected 

samples were then centrifuged at 5000 xg for 10 min at +4 °C. The supernatants were removed and 

1 ml 0.9 % NaCl was then used to resuspend the cell pellets and again centrifuged for 10 min at 

5000 xg, +4 °C. The supernatants were discarded and the tubes were placed at 65 °C overnight. The 

DCWs were then obtained by weighing the tubes containing the dried cell pastes and subtracting the 

original weight of the tubes from these values. The Offline pH measurement was done using a pH 

mater CG 842 series (Schott Geräte GmbH, Hofheim, Germany).  

 

3.2.2 Agarose Gel Analysis 

Three samples were prepared from the extracted plasmid. One sample contained the whole plasmid, 

the other was cut with Nco I restriction endonuclease (Fisher Scientific GmbH, Germany) and the 

last sample was restricted by adding both Not I and Hind III (Fisher Scientific) according to Table 

3.4. The cutting was done by incubating the plasmid together with the restriction enzymes in a 

micro-centrifuge tube for 20 min at 37 °C followed by enzyme inactivation at 80 °C for 15 min. 

After the inactivation was completed, 1x loading dye was added to each sample followed by 

analysis on a 1 % agarose gel. 

 

Table 3.4: Reaction mixture for Control experiment (all numbers in μl) 

 Uncut Single Cut Double Cut 

   Reaction 

Components 

  

H2O 12  11  11  

FD Buffer 2 2  2  

Plasmid 6  6  6 

Nco I 0  1  0.5  

Hind III 0  0  0.5 

All mixtures in micro-centrifuge tubes were incubated for 20 min at 37 °C, 

 followed by enzyme inactivation at 80 °C for 15 min. 
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3.2.3 SDE-PAGE Analysis 

To be able to analyze for expression levels of IL-2 under different cultivation conditions, 15 % 

SDS-PAGE gels were used. Samples were prepared by adding 2x sample buffer (100 mM Tris pH 

6.8; 20 % glycerol; 4 % SDS; 0.02 % bromphenol blue). In order to disrupt the disulfide bond in the 

protein, dithiothreitol (DTT) was added to the loading buffer to a final concentration of 200 mM. 

The soluble fraction samples were thawed at RT and 20 µl aliquots were obtained from each tube 

and diluted with 20 µl of 2x SDS-PAGE loading buffer. The inclusion bodies pellets from -20 °C 

were resuspended in 1 ml of sterile deionized water and 20 µl aliquots were obtained and diluted in 

20 µl of 2x SDS-PAGE loading buffer. The diluted samples from both the soluble and insoluble 

fractions were boiled at 95 °C for 5 min and then analyzed on the 15 % SDS-PAGE gels. The gels 

and running buffer were prepared following the normal protocols. Electrophoresis was performed at 

90 V. 

 

3.2.4 Glucose and carbonic acids analyses  

For the carbonic acid analysis samples, 1-Butanol (Sigma-Aldrich Chemie GmbH) was added to 

HClO4 (Carl Roth GmbH) to a final concentration of 0.5 g L
-1

. 200 µl each of the mixture were 

pipetted into 2 ml Eppendorf tubes and stored at -80 °C. 800 µl of the samples at each sampling 

point were transferred into the 200 µl precooled HClO4. The samples were immediately stored on 

ice on a horizontal shaker for 7.5 min and then on the reverse direction for 7.5 min to ensure 

efficient cell lysis. 169 µl of 5 M K2CO3 (Carl Roth GmbH) was added followed by centrifugation 

at 15000 rpm for 10 min at -2 °C. The supernatants were then transferred to new 2 ml Eppendorf 

tubes and immediately stored at -80 °C. These samples could also be used for nucleotide analyses 

but however, due to limited applications of the nucleotide data in this study, the analysis was 

waived.  

The HClO4 samples from -80 °C were thawed on ice. The samples were centrifuged for 20 min at 

15000 rpm, +4 °C. 1.5 ml transparent HPLC Fisherbrand
TM

 autosampler vials and the screw caps 

(Thermo Fisher Scientific GmbH, Schwerte, Germany) were prepared by inserting transparent 200 

µl micro-inlets (Fisherbrand
TM

) into the vials and also inserting 8mm silicone septum into the screw 

caps.  The supernatants were separated from pellets and 200 µl of each was carefully transferred 

into the inlet inside the vials and placed into the sample port of the Agilent 1200 Series HPLC 

System (Agilent, Waldbronn, Germany). 
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The standards used in the analysis were 99.8 % Formic acid Rotipuran
®
,
 
99.8 % Ethanol pur, 98 % 

Pyruvic acid, D-(+)-glucose anhydrous (all from Carl Roth GmbH), Acetic acid and Lactic acid 

(Merck KgaA). The eluents used were HPLC grade water, purified using an RF ultrapure water 

system (Wilhelm Werner GmbH, Leverkusen, Germany), and H2SO4 (Carl Roth GmbH). 5 mM 

H2SO4 was prepared from a 1 M stock. The flow speed of the pump was set at 0.5 ml min
-1

. The 

pressure limit was adjusted to a maximum of 60 bars. The injection volume was set to 20 μl. The 

draw and ejection speeds were set at 200 μl min
-1

. For the refractive index detector (RID) used in 

this analysis, the optical temperature of the signal was maintained at 20 °C. The peak width 

response time was set to 0.2 min. Automatic purge time and wait time were all set to 1 min. The 

system had been pre-calibrated and the calibration data was stored in the RID directory. The HPLC 

equipment consisted of pump series (P1200), autosampler, column oven and RID detector all from 

Agilent. The column used was HyperRez XP Carbohydrate H+, 300 × 7.7mm, particle size 8µm 

(Thermo Fisher Scientific, GmbH, Schwerte, Germany). 

 

3.2.5 Amino acid analysis with Gas Chromatography-Mass Spectrometry 

In order to quantify the total amino acids, crude cell samples were obtained at each sampling point 

in precooled 99 % ROTIDRY
®
 methanol (Carl Roth GmbH) and frozen at the same instance at –80 

°C for further analysis. Inactivation of metabolic processes of the cells was done by pipetting 600 

μL of the cell samples at each time point into 400 μl of the precooled methanol from -80 °C and 

immediately frozen at -80 °C. The samples from –80 °C were thawed on ice. From the measured 

OD600 of the sample, further dilution to an OD600 of 1 was obtained in 1:10 dilution of buffer A (18 

mM α-aminobutyric acid, dissolved in 4 mM sodium dihydrogenphosphate-dihydrate) in 1.5 ml 

Eppendorf tubes to a final volume of 0.5 ml. The α-aminobutyric acid (Sigma Aldrich) was used as 

an internal standard. The amplitude of the sonicator UP200S series (Hielscher Ultrasound 

Technology, Teltow, Germany} was adjusted to 30 % and the cells were then vortexed shortly and 

sonicated on ice for a total time of 5 min, with 30 sec cooling between each 30 sec pulse. The lysed 

cells were then centrifuged for 10 min at 15,100 × g and +4 °C. For the inclusion bodies samples, a 

dilution OD of 20 was obtained by dividing the original culture OD600 by 20. The factor obtained 

here was further multiplied by the original culture volume used to purify the inclusion bodies. The 

value obtained from the latter multiplication was then the volume of pure water used to dilute the 

inclusion bodies samples. 
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The acid hydrolysis step was performed by adding 750 µl of 6 M HCL into brown glass 

Fisherbrand™ autosampling vials (Thermo Fisher Scientific). 125 µl each of the centrifuged crude 

cell extracts as well as the inclusion bodies samples were added to the vial along with 125 µl of 

internal standard (0.225 mM α-aminobutyric acid). The blue screw caps (with the silicone septa in 

place) were screwed onto the vials and all the sample-containing vials were then fitted into a 

heating block and allowed there for 24 hours at 80 °C. The vials were then unscrewed and 

transferred into a speed vacuum pump (Bachofer GmbH, Reutlingen, Germany). Vials were dried in 

the speed vacuum by centrifugation for 3 hours at 30 °C. The amino acids were derivatized with N-

(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide) (MTBSTFA) (Sigma-Aldrich Chemie 

GmbH, Germany). This reagent is sensitive to oxygen, and so the vial containing it was opened and 

continuously flushed with nitrogen, via a pipe connection from nitrogen bottle to a position just at 

the top of the MTBSTFA-vial. A gas flow meter (Bailey-Fischer & Porter GmbH, Göttingen, 

Germany) was used to adjust the nitrogen gas flow rate to 2 L min
-1

.  

The dried samples from the speed vacuum were removed and 50 µL of HPLC-grade acetonitrile 

(Sigma Aldrich) was added to each vial, followed by 50 µL MTBSTFA and 5 µL butanol (Fluka 

Chemie AG). The vials were then closed and placed in the heating block for 60 min at 60 °C. A 

new set of Fisherbrand™ autosampling vials and caps were prepared for the injection of samples 

into gas chromatography-mass spectrometery (GC-MS) equipment by inserting springs into vials 

and then inserting transparent glass micro-inlets (50 μl volume) into the springs (All from Thermo 

Fisher Scientific). Pasteurized pipettes (Carl Roth GmbH) were used to transfer the derivatized 

samples from their vials into the glass micro-inlets while avoiding mixing the liquid phase with the 

solid phase. The vials were now closed and transferred to the injection platform of the GC-MS 

system (Agilent Technologies Deutschland GmbH & Co. KG, Waldbronn, Germany) where the 

samples were injected and analyzed with an appropriately designed method for the analysis of 

canonical and non-canonical amino acids.  
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4 RESEARCH OUTCOMES AND CONTRIBUTIONS 

 

4.1 Confirmation of E. coli W3110_pCTUT7_IL-2 plasmid  

The major objective of this study was to provide evidence to support that pertubations by 

bioprocessing in pharmaceutical production play a role in the synthesis and incorporation of non-

canonical amino acids into heterologous human proteins expressed in Escherichia coli, using the the 

industrial W3110 strain into which the human protein interleukin-2 had been cloned. Before 

performing any bioprocessing investigations on this strain, it had to be verified. This was done by 

isolating a single colony from a streaked plate of the W3110_pCTUT7_IL-2 (an already developed 

strain stored in the cell bank) and extracted the plasmid as described under methodologies. The 

plasmid was confirmed on a 1% agarose gel shown in Figure 4.1.  

 

 

Figure 4.1: Agarose gel analysis of IL-2 gene and plasmid extracted from E. coli W3110_pCTUT7_IL-2 

strain. 

  

Plasmid extraction was performed using the Invisorb
®
 kit. Control cutting was performed with HindIII and 

NcoI at 37 °C followed by enzyme inactivation at 80°C. The plasmid and gene size were inferred from 

information available in the cloning protocol. 

 

The pCTUT7 plasmid has a pBR322 origin of replication and lacI promoter. There is a linker that 

links a His6-tag to the pCTUT7 backbone. The plasmid is amplified with chloramphenicol and has a 

total size of 4,146 bp. From the results obtained above, it was confirmed from the cloning protocol 

that the plasmid was in the strain and harbored the target gene.  
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4.2 E. coli W3110_pCTUT7_IL-2 growth in LB, MSM and EnBase® Flo 

The next step was then to characterize the strain by optimizing growth conditions with respect to 

cultivation media and the effect of induction on growth as well as protein expression levels. In order 

to determine the set up conditions for the precultures and initial batch growth phase for subsequent 

bioreactor cultivations, the W3110_pCTUT7_IL-2 strain was cultivated in ultra-yield flasks with 

LB, MSM and EnBase
®
 Flo media. The cultivations were performed at 37 °C and 250rpm. Figure 

4.1a and 4.1b depicts the growth curves, with the calculated growth rate (μmax) obtained by applying 

an exponential fitting to the optical densities (OD600) of the culture measured over time. In this 

particular case, the preculture used to inoculate the 100 ml MSM culture was obtained from the 

same culture used for the LB growth experiment, when the cells were at their exponential growth 

phase. This was done so that the final OD of the inoculated MSM culture was 0.05. The OD600 of 

the culture was measured every 1 hour for 6 hours. Figure 4.1 depicts the growth curves of the 

strain in the respective media.  

 A 

 

B 

 

 

Figure 4.2: Growth characteristics of W3110_pCTUT7_IL-2 in: 

A— LB  medium within a 2.5-hour time period and  

B— MSM medium within a 6-hour time period. The growth rate (μmax) for both cultures are labeled on the 

graphs. The OD600 measurements were performed in triplets and the average of each sample point represents 

the values plotted here. For the LB culture, the ODs were measured every half-hour. The fitting calculations 

were considered only for the measurement points that showed stable growth. 

 

The calculated growth rates were 0.6 h
-1

 for LB and 0.59 h
-1 

for MSM giving almost the same 

exponential growth rates in both media. However, this was not expected as it is always in most 

cases (Li et al., 2014b). With regards to a series of experiments which provided dissimilar 

observations, the suggestion that the strain exhibited unstable behavior and hence could not be used 
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for further investigations was highlighted. Nevertheless, strain development with other experimental 

settings also showed other contrasting findings as presented in the following sections 

 

4.2.1 EnBase® Flo medium 

Meanwhile growth of the E. coli W3110_pCTUT7_IL-2 strain was somewhat stable in MSM; this 

strain showed significant variability in the EnBase
®
 Flo medium system. For a series of cultivations 

that employed the use of the MSM cultures as preculture to inoculate an overnight EnBase
®

 Flo 

medium system, the growth reproducibility even during the overnight phase showed extensive 

disparities. The growth curves presented in Figure 4.3 delineate some features of these 

inconsistencies. Two overnight EnBase
®
 Flo culture were inoculated to a final OD600 of 0.1. The 

100 ml cultures were then split into five different ultra-yield flasks and different concentrations of 

the glucose-releasing biocatalyst were used in each of the flasks as described in the legends. 

A 

 

B 

 
 
Figure 4.3: Growth characteristics in EnBase

®
 Flo medium with: 

 

A— doubled biocatalyst concentration after 16 hours and  

B— growth  under constant concentration of biocatalyst.  

Different colours represent different feeding rates, with the thick black curve representing the highest. The 

OD measurements were performed in triplets and the average of each sample point represents the values 

plotted here. 

 

After 16 hours of overnight growth, the OD600 of each were measured and the concentration of 

biocatalyst in each flask of one set of the flasks were doubled (Figure 4.3a). In the other set of 

flasks, the cells were allowed to grow under glucose limitation throughout the whole period of 
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growth monitoring (Figure 4.3b). The fed-batch cultivation system followed a principle of gradual 

release of glucose from a soluble glucose-polymer, by the biocatalyst into the medium. As depicted 

on the growth curves in Figure 4.3 all five cultures in one set of the flasks attained the same ODs 

after the overnight cultivation phase (Figure 4.3a). This was contrary to expected outcome and 

moreover, the expected OD600 for an overnight cultivation in EnBase
® 

Flo medium should be 

approximately ≥ 6, but the ODs of these cultures were around 4. By doubling the enzyme 

concentration, a somewhat quasi-linear biocatalyst concentration-dependent growth was observed 

as depicted in Figure 4.3a. The cells grew at approximately the same rate under the different feed 

conditions.   

The other cultures established under the same condition showed something different. Their 

overnight ODs followed the expected pattern with increasing cell densities as there were biocatalyst 

concentrations in the medium.  The different cultures had different ODs after 15 hour. The highest 

optical density was obtained from the culture with the highest feeding rate as expected. From the 

strain performance so far at this point, the peculiarities presented in figure 4.3b were selected as 

appropriate measures for further experimental settings. Judging from the results and taking into 

account the glucose-limited requirements of the EnBase
®
 Flo cultivation, a glucose-releasing 

biocatalyst concentration of 0.8 U L
-1

 was selected as the optimum concentration for the fed-batch 

cultivations. This feeding condition was subsequently used to inoculate an overnight EnBase
® 

culture in deep-well plates for induction and IL-2 expression tests as described in the next sections. 

 

4.2.2 Deep-well plate experiment and protein expression test 

An overnight EnBase
®

 Flo culture was inoculated following the procedures already described. The 

biocatalyst was added to a final concentration of 0.8 U L
-1

 in the medium. After 16hrs of 

cultivation, with an OD600 of 8.9, 3 ml volumes of the culture were distributed into each of the 24 

wells of the deep multi-well plate as already described in Table 3.2 (section 3.2.3). The cells were 

allowed to grow for five hours after induction and samples were collected and analyzed. The OD600 

were measured after the five hours of induction and it was observed that the final OD600 of all the 

wells (though they were all cultivated under different conditions of IPTG induction and biocatalyst 

concentrations) seemed more or less the same as displayed in Figure 4.4 A. Nevertheless, an 

interesting observation witnessed in one row of the plate was the decreases in pH which appeared to 

be dependent on biocatalyst concentrations during an offline pH measurement. Figure 4.4 B 
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illustrates pH dependence of the culture on the amount of biocatalyst added. The cultures were 

obtained from one row of the total 24 wells.  

A 

 

B 

 

 
Figure 4.4: OD600 and biocatalyst-dependent pH of culture  

 

A— OD600 of the different well conditions obtained after 5 hours of IPTG induction The legends display 

different IPTG concentrations for the distinct columns.  

B— A plot showing how the pH drops with higher concentration of biocatalyst. 0.5 ml of the cultures at 5 

hours after induction were collected from the ‘A’ row of the deep well plate (refer to Table 3.2) and analyzed 

offline for pH. The steps depict a different culture condition with respect to the parameters under assessment. 

The pHs are too low for a physiologically feasible cultivation condition. 

 

With the observations in pH variation and the fact the highest pH recorded in each of the cultures 

measured was not even within the physiological range (7-7.4) indicated an alarming issue with 

regards to the strain’s robustness to be applied in large-scale processing. This therefore necessitated 

the adoption of measures to revisit other alternatives based on our earlier claims. Nevertheless, 2 ml 

samples were obtained from all 24 wells in 2 ml Eppendorf tubes, centrifuged and the pellets were 

frozen at -20 °C for further processing. In order to analyze the IL-2 expression level under the set 

conditions, 20 tubes of the frozen cell pellets from -20 °C were processed by BugBuster
®
 protein 

extraction reagent according to the manufacturer’s protocol as already described under materials 

and methods. The inclusion bodies and total soluble fractions of the samples were prepared as 

explained for SDS-PAGE analysis. Detailed analyses of the manner in which IL-2 was expressed in 

this strain are represented in Figure 4.5. The important information that could be sorted out from 

these gel pictures were: (i) Expression of IL-2 is independent of IPTG concentration as could be 

observed with A2, D2, B3, D4 and B5 samples which were induced with different concentrations of 

IPTG but appeared to produce IL-2 equally. (ii) Very high or very low concentration of the 
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biocatalyst  limit protein expression as could be verified from expression in the 0.8 U L
-1

 and 2.4 U 

L
-1

 cultures.  

 

 
Figure 4.5: SDS-PAGE Analyses of the expression profile W3110_pCTUT7_IL-2 under different 

growth conditions and IPTG induction.  

 

Notice here that biocatalyst concentrations represent a column in the plate and each well in a column has a 

different concentration of IPTG as indicated by the labels. From left to right of the each gel are the A, B, C 

and D positions of the well. For example the biocatalyst conc. of 2.4 U represents the A5, B5, C5 & D5 

positions of the well (Table 3.2). All samples were treated in the same manner in order to be able to compare 

on the gel. The electrophoresis was performed at 90V from start to end. 

 

With the discrepancies in the data obtained at this time so far, there was no reliable basis to carry 

this information into large-scale fermentation studies. Non-reproducible growth characteristics in 

the desired cultivation design, instability of the strain with respect to pH changes at the level of 

shake flask cultures and a consequent uncharacterized behavior in the fermenter during an overnight 

EnBase
®
 Flo cultivation (results not shown) obliged the need for a different strain. 
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4.3 Transformation of wild-type (wt) W3110M 

In view of the difficulties encountered with the E. coli W3110_pCTUT7_IL-2 strain, and in order to 

ensure reproducibility of similar experiments, it was necessary to develop a different strain which 

was then used for subsequent investigations. The desire was to obtain a robust strain which could 

then be applied in large scale processing or rather provide some basis to decipher the issue with the 

former strain. The competent wt E. coli W3110M strain obtained from the cell bank was 

transformed with the pCTUT7_IL-2 plasmid as explained in materials and method section. The 

overnight incubation of the transformed plate at +37 °C resulted in a plate full of colonies the 

following morning.  A single colony was isolated and Miniprepped as related in the methods 

section. The pCTUT7_IL-2 plasmid was isolated from the newly transformed strain and confirmed. 

Crystocks and HCD glycerol stocks were prepared. From the cryostocks a single tube was selected 

and miniprepped to confirm that the plasmid was in the cells. Figure 4.6 shows two agarose gels 

representing control cut experiments from the transformed plate and from the glycerol stocks. This 

result confirmed the presence of the plasmid and the target gene in the newly transformed wt 

W3110M strain. Glycerol stocks of the new strain were stored in the strain collection. 

 

 

 

Figure 4.6: 1% agarose gel analysis of plasmid extracted from W3110_pCTUT7_IL-2 strain: 

 

A— transformed into wild-type W3110M strain and conformed  

B— extracted from cryostock (W3110M_ pCTUT7_IL-2) and confirmed.  
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4.3.1 Characterization of E. coli W3110M_pCTUT7_IL-2  

The procedures were the same as previously described for W3110_pCTUT7_IL-2 . The difference 

here was that EnPresso B medium tablets were used instead of the EnBase
®
 Flo medium. 

EnPresso B medium tablet is an advanced version of the EnBase
®
 Flo system. The curves in 

Figure 4.7 illustrate a comparison of growths of the E. coli W3110M_ pCTUT7_IL-2 in LB 

and MSM. The calculated growth rates of the strain in the two media gave 0.66 h
-1

 for 

growth in MSM and 0.56 h
-1

 for that in LB as expected. This was already an indication of 

stable and reproducible growth characteristics as would be shown shortly. 

 
 

Figure 4.7: Growth Curve in LB and MSM.  

 

Growth is higher in MSM than in LB as expected. These experiments were performed in parallel and the 

starting concentration of glucose in the MSM was 5 g L
-1

. The OD samples were collected in triplets and the 

values plotted here represent an average of the ODs at each sampling point. 

 

 

4.3.2 Deep-well plate experiment with EnPresso B 

In order to mimic the cultivation strategy in large-scale fermenters, it was desired to find out 

whether the E. coli W3110M_ pCTUT7_IL-2 could grow reproducibly in the EnBase
®

 

cultivation system by using the EnPresso B medium tablets in a multi-well plate experiment. The 

set-up was as represented in Table 3.3 under the method section. Preparation and inoculation of the 

EnPresso cultures were done following the standard protocol as described but the deviation here 

was that there was no boosting as stated. Strain characterization was aimed at deriving peculiar 

growth properties for further applications in large-scale studies, thus including the boosting step 

would not have made a meaningful observation. The OD600 of each well was measured before 
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induction (After 15 hours of overnight growth). In Figure 4.8, it is clearly shown that growth was 

dependent on the glucose release rate as expected, once more providing a plausible arguments to 

support the reliability and  stability of the new strain.  

 

 
Figure 4.8: The optical density of each well after 15hours of overnight cultivation.  

 

Each bar represents each well with the corresponding biocatalyst concentration on the x-axis. For each set of 

peaks from left to right, the well positions are A, B, C, D as described in Table 3.3. 30 μl of samples were 

obtained from each well and diluted to a factor of 100 and the 3 ml diluted samples were used to measure 

the OD600 in triplets. The averages of the three OD values are represented by the bars in the chart. 

 

 

 
 

Figure 4.9: SDS-PAGE Analyses of IL-2 expression of the E. coli W3110M_pctut7_IL-2 strain  

 

The abbreviations; UF = an experiment performed Ultra Yield Flask using the same medium  

(‘) = increasing amount of sample loaded on the gel. The well positions could be inferred in Table 3.3. 
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It was desired to have a releasing rate that will bring the cells to glucose limitation after an 

overnight cultivation phase of 14-16hrs. From the results in Figure 4.8, it was concluded that the 

releasing enzyme concentration that is optimal for stable growth over this period is 2.4 U L
-1

, 

judging by the reproducibility shown in all 4 wells and with an OD600 between 7 and 10 as expected 

for a standard EnBase
®
 cultivation. Since this experiment was initially intended to find out if the 

strain could grow reproducibly in EnPresso B medium tablet, 2 ml samples were collected from the 

A3, B3, A4, C4, A5, C5, A6, and B6 well positions. The samples were processed for protein analysis as 

described above and analyzed on 15% SDS-PAGE gels as shown in Figure 4.9.  These results 

presented a clear evidence of good expression of IL-2 under the cultivation method used. This 

therefore provided a first-hand prerogative for the strain to be applied for subsequent large-scale 

developments. However, it was still important to show a positive outlier of these results in order to 

impound on the theory that such activities portrayed by the former strain could perhaps be 

evidenced with the present one. As such, another deep -well plate was set up and processed for IL-2 

expression.  

The second deep well plate experiment was analyzed while paying attention to the IPTG 

concentration. The modifications made during the second processing as compared to the previous 

were that 2 ml of samples were collected from all the wells in columns 3, 4, 5 and 6 of the 24 deep-

well plate. The supernatants were removed and purification followed immediately (and not stored as 

described in the methods). Also deviating a little bit from the manufacturer’s protocol, the 

BugBuster
®
 purification was done with the following modifications. The volume of BugBuster

®
 

used to resuspend the cell pellets was greater than in the previous run. This could explain why the 

bands for soluble proteins fraction were so faint on the gels (Figure 4.10) as compared to the one 

performed earlier—difference of 250µl of initial volume of BugBuster
®
 reagent used during the 

resuspension step. All other steps were performed as previously described.  

Once again the expression was very good but also not informative about a correlation between the 

concentrations of IPTG, releasing agent and expression level. Here, it could be seen that at higher 

biocatalyst concentration (more glucose in the medium), and at lower concentration (glucose-

limitation) expression was still evident. This therefore provided a good basis for the main study in 

this work. In view of the expression levels of higher and lower IPTG concentrations, it was then 

decided to select 1mM IPTG and 2.4 U L
-1

 releasing enzyme for subsequent experiments.  
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Figure 4.10: SDS-PAGE Analyses of the expression profile of W3110M_PCTUT7_IL-2.  

The abbreviations; C= amount of protein sample loaded in the designated well. 2xC= doubled amount of C. 

The well positions could be inferred from Table 3.3. The soluble bands look fainter than the previous one 

because the amount of protein loaded on the gels in this case was half of the previous amount as explained. 

 

 

4.4 Online monitoring of DOT and pH using the PreSens SFR flasks 

In order to demonstrate the stability of the E. coli W3110M_ pCTUT7_IL-2 strain with regards to 

DOT and pH changes and the response to glucose fluxes, a series of overnight cultivations were 

established and subsequent pulses were applied while monitoring the pH and DOT online, using the 

SFR device. Simultaneously, dissolved oxygen concentration and pH data were collected. This 
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device provided higher quality optimization of growth conditions which were in agreement with 

standard shake flasks cultivations. It also rendered a simple and reliable experimental set-up for 

exploring and producing data comparable to bioreactor settings as well as guaranteeing strict 

aerobic conditions. At the end of the experiments, data were exported to an excel sheet and then 

processed using the Qtiplot data analysis and scientific visualization software (Vasilief, 2011).  The 

results obtained from these cultivations are displayed in Figure 4.11. 

The overnight growth phase is very stable and reproducible for all four cultivations. The pH drops 

gradually and steadily under the various standard conditions as expected. The initial batch phase 

where there is much more glucose in the medium constitutes the short drop in  the DOT as 

observed, but this component factor increases gradually overtime to a point where there is glucose-

limited growth as expected for a standard EnBase
®
 system. At this point growth is dependent on the 

amount of carbon source available in the medium and since substrate availability is under strict 

control by the biocatalyst, this condition persists until an external factor is brought in. Glucose-

limited fed-batch growth presents as one of the main advantages to lower the amount of side 

products formation however, there’s also a consequent limitation in biomass accumulation as would 

be demonstrated in a short while. 

Demonstrative pulse experiments with the SFR presented the results displayed in curves C, D, G & 

H of Figure 4.11. The effects of glucose flux on cellular metabolism that consequently lead to 

oxygen limitations are represented here in a characteristic format. The DOT and pH variations 

represent constant glucose pulses at different concentrations of the feed solution showing how the 

parameters vary at each pulse. D & H illustrate how glucose pulses mediate an instantaneous drop 

in pH; while graphs A, B, E & F are results from the non-pulse cultivations. Graphs C & D shows 

results of SFR cultivation performed at a constant pulse of 0.3 g L
-1

 glucose while G & H was 

performed at 0.6 g L
-1

 glucose pulses. The difference here is reflected by more oxygen limitation in 

pulses performed with higher glucose concentration than that with lower concentration of the feed.  

The more concentrated feed solution could actually reduce the DOT to near 0% Air Saturation, 

though it effectiveness was limited. These results were expected as this situation has been critically 

examined in the literature. One interesting feature to reckon with here is the step-wise decreases in 

pH in response to the glucose pulses as clearly demonstrated in graphs H. The flux of high glucose 

concentration accelerates the metabolic activities of the microbe, resulting in increased production 

of carbonic acids which then leads to a consequent drop in the pH. 
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Figure 4.11: The pH and DOT characteristics of uninduced E. coli W3110M_ pCTUT7_IL-2 

cultures  

Two sets of experiments presenting pH (curves on the right) and DOT (curves on the left) variations for: 

Non-pulse cultivations— A, B, E & F 

Pulse cultivations— C, D, G & H. Adjacent pH and DOT plots belong to the same cultivation condition. 

The parameters were quantified at 30 sec intervals using the PreSens SFR equipment. The longer spikes 

appearing in the DOT curves reflect glucose pulses while the shorter ones reflect sampling points which 

were effected by intermediate stops of the shaker. Cultivation was performed at 30 °C, 250 rpm applying 

the EnBase system with biocatalyst concentration of 2.4 U L
-1

. 

 

A 

 
B 

 

C 

 
 

Figure 4.12: Comparison between biomass accumulations in pulse and non-pulse cultivations. 

 

A— DCW and OD600 of both pulse and unperturbed cultures. 

B— Plot of DCW against OD600 for the pulse culture  

C— Plot of DCW against OD600 for the unperturbed culture  

The ODs were obtained by measuring the absorbance of the cells at 600nm. The DCWs were measured as 

described under materials and methods. The DCW attained during the entire period of cultivation for the pule 

culture (5.25 g L
-1

) was greater than that obtained with the non-pulse (4.8 g L
-1

).  

 

The growth parameters of the E. coli W3110M_ pCTUT7_IL-2 strain during the continuous fed-

batch cultivations using the EnBase
®
 technology system without IPTG induction presented a 
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number of substantiated outcomes with respect to proliferation rate. The dry cell weight (DCW) and 

OD600 are compared for the pulse and non-pulse (Figure 4.12 A). Assessments of the biomass yield 

of the cells were done by measuring their optical densities and dry cell weights. The results 

presented in Figure 4.12 B & C depict a quasi-linear correlation between the OD600 and DCW. This 

is quite interesting since such an outcome is expected for large-scale fed-batch cultivations. This 

further indicates that biomass accumulation in the non-pulse set-up was a little lesser than that 

observed in the pulse conditions. This is reasonably correct as non-pulse culture was constantly 

under glucose limitation and hence limited substrate availability for the cells to proliferate as 

opposed to the situation with the pulse configuration which constantly received a steady amount of 

glucose. The observations in Figures 4.11 and 4.12 provided insights on experimental design and 

optimizations for subsequent investigations that led to the major contribution in this work. 

 

 

4.5 SFR scale-down model cultivations with and without perturbations 

The roles of bioprocess perturbations on the synthesis and incorporations of non-canonical amino 

acids into heterologous IL-2 expressed in the industrial Escherichia coli W2110M strain was under 

investigation in this master’s work. The approaches applied to resolve the specific research 

questions highlighted were scale-down model simulations and metabolomics strategies in which 

carbonic acids were used to monitor the process while focusing on the concentration of branched 

chain canonical and non-canonical amino acids in crude cell extracts and in the expressed IL-2. 

 

4.5.1 Resolution of RQ1: The effects of oscillating conditions on BCAAs and 

nCAAs conc. in crude cell extracts of E. coli fermentation 

Oscillating conditions in large scale bioprocesses have a number of deterring factors, one of which 

is the continuous demand for oxygen since the cells grow exponentially. In the present study the 

heterogeneous conditions in large scale fermenters were introduced in a shake flask scale down 

model. The major principles behind this model have been well characterized under materials and 

methods. By creating inhomogeneity conditions in this model to mimic those observed in large 

scale environments, it was possible to identify some interesting features of E. coli fermentation 

processes. Firstly, oxygen depletion in E. coli fermentation is a daunting issue with respect to high  



62 
 

A 

 

B 

 

C 

 

D  

 

E 

  

F 

  
G 

 

H 

 



63 
 

Figure 4.13: The pH, DOT & growth properties of induced and uninduced cultivations  

 

Two sets of experiments performed under four different conditions using the SFR scale-down model (SSM). 

The pH (curves on the right) and DOT (curves on the left) variations for the: 

Pulse cultivations— A, B, C & D 

Non-pulse cultivations— E, F, G & H. Adjacent pH and DOT plots belong to the same cultivation condition. 

Curves B & D are the measured offline pH of the pulse cultures over the period of induction. Graph A is the 

uninduced while C is the induced cultivation with glucose pulses. Graph E is the uninduced while G is the 

induced cultivation without glucose pulses. The parameters were quantified at 30 sec intervals using the 

PreSens SFR equipment. The longer spikes appearing in the DOT curves reflect glucose pulses while the 

shorter ones reflect sampling points. Cultivation was performed at 30 °C, 250 rpm applying the EnBase 

system with biocatalyst concentration of 2.4 U L
-1

. The glucose pulses were perfomed by pumping 0.025 g of 

glucose into the culture medium as described earlier. Cellular growth was monitored by measuring the 

absorbance of the cells at 600nm (OD600).. 

  
glucose zones in the fermenter as discussed in the literature. This is true for the feed zones of the 

reactor where the feed concentration is high. Secondly excessive substrate limitation which happens 

in the starvation zone of the bioreactor also have adverse effects although a tight control of substrate 

availability is a useful tool to also guaranteeing efficient substrate utilization and limited formation 

of side products (Hsiao et al., 1992). With the SSM, it was possible to induce oxygen limitation in 

shake flasks culture by applying high glucose pulses while monitoring process relevant parameters 

such as pH and DOT variations.  

In order to assess the side metabolites that interfere with the homogenous formation of heterologous 

recombinant proteins, the SSM was applied to perform fed-batch fermentations using the EnBase
®

 

technology. Figure 4.13 above displays differential outcomes from two different set of 

cultivations—one was performed using glucose pulses while the other was performed in a 

continuous feeding set-up (details in figure’s legends).  

One interesting outcome presented here is the effect of IPTG induction which is shown to have a 

gross influence on the soluble amount of oxygen in the cultivation medium as witnessed by the 

induced and uninduced cultures. However, the pH constantly decreases as expected in both cases. It 

is clearly shown in both sets of pulse and non-pulse cultivations that IPTG induction reduces 

available oxygen in the medium (refer to figure 4.13 C & G). The percentage air saturation drops 

from the point of induction and though it rises subsequently as the cultures gradually regain from 

the influence of glucose fluxes, it assumes a level lower than that in the uninduced cultures.  The 

pulse experiments here were performed with very high concentration of glucose. The feed solution 

contained 50 g L
-1

 glucose and was pumped for 1 min into the culture medium at a rate that was five 

times higher than the expected linear feeding rate for a normal cultivation. Consequently, 0.025 g of 

glucose was pumped into the cultures at each pulse. This immediately drove the cultures into 
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oxygen limitation which took approximate an hour to recover fully as recorded by observed stability 

in the DOT. Nevertheless, the induced cultures never regained their original status in both cases due 

to expression of the interleukin-2 gene which increased the oxygen up-take rate (OUR) as already 

discusses elsewhere (Bhattacharya & Dubey, 1997).  

In the non-pulse cultivations, it can be verified that there is a distinct difference between the 

induced and uninduced cultures in terms of their cell masses as shown in Figure 4.14.  This is 

expected because the cells consume a substantial amount of energy to synthesize the target product. 

Furthermore, the perturbed cultures are constantly under stress introduced by the oscillating 

conditions which consequently lead to biomass reduction as discussed elsewhere (Enfors et al., 

2001) and witnessed in Figure 4.14. There was a slow fluctuating decrease in the DOT after two 

hour of feed start without the culture presenting any signs of returning to their original conditions as 

far as % Air saturation was concerned. With this development, it was reasoned that the 

concentration of glucose being released into the medium was higher than required. At this point, the 

pumping rate was halved implying that the feeding rate was now reduced to 0.15 g h
-1

. This resulted 

in the DOT rising immediately after the feeding rate was reduced as observed in Figure 4.13 E & G. 

 

A 

 

B 

 

 
Figure 4.14: Comparison between biomass accumulations in induced and uninduced cultivatures. 

 

A— Growth in the non-pulse cultivations 

B— Growth in the pulse cultivations 

The ODs were obtained by measuring the absorbance of the cells at 600nm. 
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4.5.1.1 Process monitoring by metabolites from glycolysis and the TCA cycle  

The properties of a culture and the behavior of microbes during a fermentation process are reflected 

by their metabolic components at various time points, transcriptional factors and physiological 

influences. In this study the metabolomics aspects were also under scrutiny so as to conform to do 

the observed physical parameters. In order to this, samples were analyzed for TCA cycle and 

glycolytic intermediates at three different time points during the cultivation.  

A 

 

B 

 

C 

 

D 

 
 

Figure 4.15: HPLC analysis of c TCA cycle and glycolytic intermediates from crude extracts of E. coli 

W3110M_pCTUT7_IL-2 

 

SSMl cultures:  
—with (A, B) and without (C, D) glucose pulses 

—with (A, C) and without (B, D) IPTG inducttion 

Samples were obtained at 0h, 2h and 10h of the post-induction phase of cultivation and analyzed by HPLC. 

The graphs present the data for the concentrations (g L
-1

) of the selected metabolites during the mentioned 

period of cultivation. All HPLC chromatographic peaks representing each compound at the specific retention 

times were integrated using the same format in order to form the basis for comparison. 
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Specific components which have been identified to show special physical and physiological 

relatedness to cell growth and production efficiency were selected and analyzed by HPLC using the 

refractive index detector (RID) as described under methodologies. The metabolites of interest here 

were glucose, pyruvate, formate and acetate, but due to some observations from the HPLC 

chromatograms the others; malate, fumerate, lactate, succinate, and ethanol were integrated 

alongside. 

From the graphs of Figure 4.15 it is shown that there is a fairly constant glucose concentration in 

the culture media indicating constant mechanical feeding as expected. In all four culture media, 

fumerate increased during the first four hours of feed start and then began to decrease sparingly. 

The increase in fumerate during this time would also explain why there is a rapid and steady 

decrease in the pH within the time frame (Figure 4.13 F &H). The slow decrease after this time 

could also be attributed to the more or less stable pH witnessed after the feeding rate was reduced. 

Malate increased during the oscillating pulse conditions but had a rather different trend in non-pulse 

cultivations. There was also a constant trend of ethanol in all four cultures. A small increase in 

succinate was witnessed in the induced cultures. Nevertheless, acetate, pyruvate and formate 

remained approximately constant at very low levels (see data in Appendix A) in all the cultivations, 

but a small increase in acetate was witnessed during a later cultivation phase in the induced pulse 

culture. Though not very legible on the plots (probably because the scale was optimized for the 

highest concentration), this minute increase was also witnessed in the induced non-pulse culture. 

The limited accumulation of pyruvate raised eyebrows in many respect since its interconnections as 

a central precursor in the glycolytic and branched chain amino acids pathways are of esteemed 

values in studies of this nature as observed in other studies (Apostol et al., 1997; Soini et al., 2008a; 

Soini et al., 2011). However, there was limited carbon/energy source for the cells in all the 

cultivations which might have as well facilitated this development.  

 

4.5.1.2 Effects of oscillating conditions on BCAAs in crude cell extracts 

The concentrations of branched chain amino acids in crude cell extracts were determined using the 

GC-MS. The oscillating conditions of oxygen limitations induced by glucose pulse in this case did 

not show significant effects on the concentration pools of the BCAAs as shown in Figure 4.16. As 

observed, the pulse effect did not institute any significant changes in the concentrations pools of all 

the branched chain amino acids selected. The concentrations of Leucine, valine and alanine which 

all belong to the alanine family and use pyruvate as precursor molecule in their biosynthetic 
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pathway decreased over time. Isoleucine which belongs to the aspartate family also decreased over 

time while methionine which belongs to the aspartate family presented a rather unfashionable 

behavior by remaining relatively constant in all the cultivation conditions. Alanine and leucine were 

relatively stable in the non-pulse cultivations but their decreasing trends in the uninduced culture 

with glucose pulses were a bit different. Alanine tended to increase at a later phase in the induced 

pulse setting.  
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Figure 4.16 Branched chain amino acids profile in crude extracts of E. coli W3110M_pCTUT7_IL-2  

—with (C, D) and without (A, B) glucose pulses 

—with (B, D) and without (A, C) IPTG inducttion 

The plots depict how their concentrations change over time. Samples were acid-hydrolyzed and analyzed by 

GC-MS at 0h, 4h and 10h of post-induction cultivation phase. All the plots are titled and the amino acids can 

be inferred from the legends. The graphs present the data for the concentrations in the unit of μM [OD600]
-1

. 
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4.5.1.3 nCAAs quantification in crude extracts of E. coli W3110M_pCTUT7_IL-2 

In order to provide reasonable information for cellular responses to oscillating conditions of glucose 

and dissolved oxygen concentrations, three common non-canonical amino acids were quantified 

from the crude cell extracts; norvaline, norleucine and beta-methylnorleucine. The results presented 

in Figure 4.17 provide evidence of variability in the concentrations of these products over time. 

Total norleucine increased a little bit higher in the induced non-pulse cultivation than in the 

uninduced culture. In the Induced pulse culture, higher levels of total norleucine was detected at the 

4
th

 hour of post-induction cultivation but was detected at low levels at the 10
th 

hour. The same 

pattern held for both norvaline and beta-methylnorleucine which also appeared to rise and then 

dropped in a similar manner. The levels of norleucine in the induced non-pulse and uninduced pulse 

cultures increased with time and much more significantly in the induced non-pulse. Norleucine also 

showed unchanged concentrations in samples at 4
th

 and 10
th

 hour from the uninduced non-pulse 

while the concentration of norvaline in the same culture dropped at the 10
th

 hour. The level of 

norvaline was found to increase with time in the uninduced pulse culture. In the induced non-pulse 

setting, norvaline was detected to have a stable level in samples collected at the 4
th

 and 10
th

 hour of 

post-induction cultivation while norleucine and beta-methylnorleucine were increasing respectively 

at these time points.  

To summarize the results here, all the non-canonical amino acids did increase in the pulse set-up 

with concentrations higher than those observed in the non-pulse cultures with regards to norvaline 

and beta-methylnorleucine. The information gathered here so far did not give any basis for feasible 

conclusions and also, rendered the influence of perturbations rather seemingly hypothetical. 

Nevertheless, the more important point was the observation that there were some differences 

between the results obtained from the distinct experimental set-ups. More so, the dissimilarities in 

the pattern of changes in the various components gave room for further plausible explanations with 

respect to experimental settings as would be discussed in a short while.  
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Figure 4.17 Selected nCAAs conc. in crude cell extracts of E. coli W3110M_pCTUT7_IL-2 over time.  

 

—with (C, D) and without (A, B) glucose pulses 

—with (B, D) and without (A, C) IPTG induction. Samplings were performed at 0h, 8h and 10h of post-

induction cultivation of the induced and uninduced, pulse and non-pulse cultivations in the SFR scale-down 

model. The samples were acid-hydrolyzed and analyzed by GC-MS. The plots are titled and the amino acids 

can be inferred from the legends. The graphs present data for the concentrations in the units of μM [OD600]
-1

. 

 

 

4.5.2 Resolution of RQ2: The effects of oscillations in glucose and dissolved 

oxygen concentrations on the synthesis of norvaline and other nCAAs in 

recombinant strains of E. coli expressing IL-2 

Whether oscillations in glucose and dissolved oxygen concentrations affect the synthesis of 

norvaline and other non-canonical amino acids in recombinant strains of E.coli expressing a 
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leucine-rich protein, is simply a question of how their concentrations vary with time with respect to 

reference cultivations. That is why in the present study the concentrations of non-canonical amino 

acids as well as BCAAs in IL-2 expressed in E. coli at four different sets of conditions were under 

scrutiny. 

 

4.5.2.1 BCAAs quantification in IL-2 expressed in E. coli W3110M_pCTUT7_IL-2 

Simply collecting data from the crude cell extracts (cell plus medium) could not have provided 

useful information to make conclusions in our investigation. Therefore, we sought to also determine 

the influences of this oscillating glucose pulses on the synthesis and incorporation of selected 

BCAAs as well as the non-canonical amino acids norvaline, norleucine and beta-methylnorleucine.  
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Figure 4.18: SDS-PAGE analysis showing the expression levels of interleukin-2 produced by E. coli 

W3110M_pCTUT7_IL-2. 

—A. Pulse induced  

—B. Non-pulse induced. In each gel picture above, the insoluble inclusion bodies (I) and the total soluble 

protein fractions (S) are displayed side-by-side. M=marker and the IL-2 bands are indicate by the arrows. 

The sampling time points are indicated at the bottom of the gels. Induction was done at 1 mM IPTG. The 

pictures depict a time-dependent increase in expression levels of the protein. In order to make sure that the 

comparison between the different cultivations was efficient, all samples were treated in the same manner 

from sample collection, processing and analysis.  

 

IL-2 
IL-2 
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In this procedure, inclusion bodies that resulted from the expressed IL-2 were extracted and purified 

by BugBuster
®

 as described earlier. The purified samples used in these analyses are presented in the 

SDS-PAGE gels displayed in Figure 4.18. 

The BugBuster
®
 purification was performed in the same manner in which it was done during the 

strain characterization phase of the work. To ensure the reliability of further preparations, the 

extracted inclusion bodies were analyzed by SDS-PAGE. A single band was obtained for each of 

the inclusion bodies samples as shown, providing enough evidence to support their purities. An 

interesting and expected observation was the increase in expression levels over time. It can be 

substantiated from the gel pictures that expression was greater in the non-pulse condition than in the 

pulse as clearly evidenced by samples at the 8
th

 and 10
th

 hour of post-induction cultivation. Samples 

from the 4
th

, 6
th

, 8
th

 and 10
th

 hour were processed for amino acids determination as described under 

materials and methods. Results for these analyses are displayed in Figure 4.19. 

Clearly, it is evidenced here that the amino acids concentrations in the protein increase over time for 

the non-pulse cultivation. Although these findings were in line with the expected outcomes, the 

other amino acids showed an unusual behavior in the pulse cultivation except for leucine. Isoleucine 

and methionine tend to increase slightly until the 8
th

 hour of post-induction cultivation and then 

decrease sparingly as seen in their levels at the 10
th

 hour. Valine also increases slight (not really 

explicit on the curve) and drops at the 10
th

 hour in the pulse cultivation product but appeared to be 

constant at low levels in the non-pulse, but begins to increase after the 8
th

 hour.  

IL-2 is a leucine-rich protein as depicted in graph C and leucine is however, the most abundant of 

all the amino acids in the native polypeptide chain of the protein. Furthermore, it is shown here that 

leucine has the highest concentration in all cases even from the crude extracts. The concentrations 

of leucine and all the other amino acids at each time point were greater in the non-pule experiment 

than in the pulse condition which is indeed in conformity with the results from the SDS-PAGE 

analysis—expression was higher in the non-pulse than in the pulse cultivation. Moreover, the 

behavior of leucine in both cases presented a compatible format. Methionine and isoleucine seemed 

to be at the same levels under the two conditions. Valine has the lowest concentration as also 

witnessed in graph C as the lowest of the BCAAs in terms of frequency in the polypeptide chain. 
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Figure 4.19 Concentrations of selected branched chain amino acids in the inclusion bodies of IL-2 

expressed in E. coli W3110M_pCTUT7_IL-2 strain over time.  
—A. Pulse induced  

—B. Non-pulse induced. Samples were analyzed by GC-MS at 4h, 6h, 8h and 10h of post-induction 

cultivation for the induced pulse and non-pulse cultivations in the SFR scale-down model. The plots are 

titled and the amino acids can be inferred from the legends. The graphs present data for the concentrations in 

the units of μM [OD600]
-1

. The bottom graph (C), represent the selected BCAAs and their frequencies 

annotated from the native polypeptide sequence of IL-2. 

 

4.5.2.2 Norvaline in IL-2 expressed in E. coli W3110M_pCTUT7_IL-2 

Norvaline accumulation and other nCAAs are consequently influenced by oscillating conditions in 

the bioreactor. Figure 4.20 summarizes cultivations under glucose pulses and non-pulse conditions 

showing how the levels of these non-canonical products vary with cultivation time in the expressed 

interleukin-2. It can be noted here that the concentrations of nCAAs in IL-2 expressed in both 

conditions differ considerable.  

Norleucine’s concentration increases with a higher order of magnitude than all the other unusual 

amino acids in both conditions and the increases are higher in the pulse than the non-pulse. Our 
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interesting finding here is that of norvaline which increases sparingly but significantly under the 

pulse condition which therefore ratifies that oscillating conditions potentiate the synthesis and 

incorporation of norvaline and other nCAAs into heterologous proteins. The two different 

conditions are compared with respect to the amount of each nCAA detected in the inclusion bodies 

isolated from their respective cultures. 

A 

 

B 

 

                                            C 

 
Figure 4.20 Concentrations of selected non-canonical amino acids in the inclusion bodies of IL-2 

expressed in E. coli W3110M_pCTUT7_IL-2  
 

Variations of nCAAs incorporated in interleukin-2 with regards to 

—A. Norvaline 

—B. Norleucine 

—C. Beta-methylnorleucine 

The plots Illustrates differences in nCAAs incorporated into IL-2 from pulse and non-pulse cultivations. 

Higher amount of each is observed in the pulse cultures, compared to the non-pulse cultures. 

Samples were analyzed by GC-MS at 4h, 6h, 8h and 10h of post-induction cultivation for the induced pulse 

and non-pulse cultivations in the SFR scale-down model. The graphs present data for the concentrations in 

the units of μM [OD600]
-1

. 
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There is a little interference in norvaline’s concentration at the 8
th

 hour but however, the 

concentration again peaks up during the 10
th

 hour of sampling. The level of norvaline in the non-

pulse situation eventually seems to drop after 8 hours but continues to increase in the pulse—an 

indication that this cultivation condition aggravate the situation even much more during the later 

phase of fermentation. Provided that the trends continued as indicated, then we should have a 

situation where norvaline continues to increase in the pulse culture while its level drops 

subsequently in the non-pulse. 
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5. DISCUSSIONS 

 

5.1 Perturbations influence norvaline synthesis and incorporation 

Extensive studies have been carried out in the literature to establish how the non-canonical amino 

acid norvaline is synthesized and consequently incorporated into recombinant proteins expressed in 

E. coli. Soini and coworkers have shown a couple years ago that an instantaneous downshift of 

oxygen facilitate the accumulation of norvaline in Escherichia coli W3110 (Soini et al., 2008a). 

The synthesis and incorporation of norvaline into hemoglobin heterologously expressed in E. coli 

had also been documented (Apostol et al., 1997). Additionally, a two-compartment scale-down 

reactor has been used to demonstrate the synthesis and accumulation of norvaline under oscillating 

conditions using a wild-type strain of E. coli W3110 (Soini et al., 2011). The missing gab here was 

therefore to use a recombinant strain to investigate the influence of inhomogeneity conditions 

observed in large scale bioreactor fermentations on the synthesis and incorporation of norvaline into 

recombinant heterologous proteins expressed in E. coli hosts. The target here was interleukin-2 

which is a leucine-rich human protein currently under investigation with regards to ensuing product 

quality issue in pharmaceutical production.  

 

5.1.1 Research Impact 

This research has impacted to this line of investigation by providing evidence to support the claim 

that oscillating conditions during bioprocessing play a role in the synthesis and incorporation of 

non-canonical amino acid norvaline into recombinant proteins heterologously expressed in 

Escherichia coli. This is the first time such investigation has been performed using a recombinant 

strain producing a target protein. This is indeed quite interesting since most attention have been 

focused on genetic knock-out studies in E. coli (Sycheva et al., 2007), different species of bacteria 

like the S. marcescens (Kisumi et al., 1977a; Kisumi et al., 1977b; Sugiura et al., 1981) and the use 

of wild-type E. coli strains to study oscillating condition (Soini et al., 2008a; Soini et al., 2011). It 

had been demonstrated that high concentration of glucose fed into the bioreactor accelerates 

glycolytic flux, thereby increasing the oxygen uptake rate and resulting in oxygen limitation (Xu et 

al., 1999; Lin et al., 2001) and further observed that inadequate mixing of cultures creates 

alternating high and low glucose zones in the reactor (Enfors et al., 2001; Neubauer & Junne, 
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2010). In agreement with these concepts a scale-down model was developed here, which uses 

glucose pulses as a means to create inhomogeneity conditions. This consequently was the main 

factor that contributed to the production of norvaline. Analysis of inclusion bodies that resulted 

from the expressed IL-2 revealed the presence of norvaline in the protein. A higher concentration of 

norvaline was observed in the oscillating scale-down model compared to the non-perturbed culture 

which increases over time during the cultivation process. Apostol and colleagues had found out that 

the incorporation of norvaline into recombinant hemoglobin is piloted by certain fermentation 

conditions at a later phase of the process (Apostol et al., 1997). The results here support their 

observation and also suggest that the conditions as they typically occur in large scale bioreactors 

may be critical for product quality. 

 

5.1.2 Experimental design and quality of results 

The levels at which the non-canonical product accumulate here clearly is not in line with what 

Apostol et al. and Soini et al. had witnessed in their cases (Apostol et al., 1997; Soini et al., 2008a) 

but care should be taken that their fermentations were performed in a typical large-scale (15 L 

capacity) bioreactor and the scale-down model used here was just 100 ml volume. Nevertheless, the 

concentrations observed were significant enough to make the necessary conclusions. Moreover, in 

their case Soini and colleagues had employed the use of a wild-type strain which obviously would 

have dissimilarities with regards to physiological responses to physical and metabolic alterations. 

The issue of concentration here could adequately be resolved by performing a standard fermentation 

in the advanced two-compartment bioreactor (Junne et al., 2011) described in the last section of the 

literature review. This device was originally planned to be used as a tool in this investigation but 

due to some difficulties in adequately sterilizing the PFR component part of the equipment, the 

strategy was waived. But we believe that by using the advanced TCR and collecting samples at the 

different sampling ports, at different time points, more informative data would be produced with 

regards to the influence of bioprocess perturbations on synthesis and incorporation of norvaline into 

recombinant interleukin-2 expressed in the designated strain. 

The pathway for the biosynthesis of norvaline have been detailly studied in S. marcescens (Kisumi 

et al., 1976a; Kisumi et al., 1977b) and E. coli (Sycheva et al., 2007). These investigations have 

yielded enough evidence which identify α-ketobutyrate as a product derived from pyruvate which is 

then used as precursor for the synthesis of norvaline. Accumulation of norvaline has been 

documented to be related to pyruvate accumulation which results from oxygen downshift (Soini et 
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al., 2008a) and  overexpression of leucine-rich protein by E. coli (Apostol et al., 1997). The results 

in the present study seemingly appear to show something different since pyruvate (As presented in 

Figure 4.15) showed very low concentration and remained approximately constant throughout the 

whole cultivation period. This observation was rather confounding and therefore necessitated 

further commentaries. There were some difficulties during the integration of pyruvate and malate 

peaks in the HPLC chromatogram. The pyruvate peaks appeared in all cases as a shoulder to the 

malate peak whose concentration increased significantly over time in the pulse cultures as shown in 

Figure 4.15. With this outcome, it would therefore suggest that accumulation of norvaline observed 

in this case is produced via a mechanism different from that triggered by pyruvate accumulation and 

probably connected to malate accumulation which is highly unlikely. Therefore, it is our reasonable 

suggestion that the pyruvate peaks might have merged with those of malate or better still, their 

retention times might have been swapped during calibration. Nevertheless, by analyzing 

intracellular metabolites, it would have been easier to identify if the decreases observed in the 

BCAAs alanine, leucine, isoleucine and valine which are all derived from pyruvate is connected to 

the limited availability of pyruvate in the whole culture.  

Furthermore, Threonine, methionine and isoleucine belong to the same group of amino acids 

derived from aspartate. Threonine had been identified as an alternative source of α-ketobutyrate 

(Umbarger, 1996). The fact that methionine and isoleucine did not increase, suggests that this 

pathway could not have been responsible for the synthesis of norvaline as well. Other pathways 

involving citramalate have also been characterized (Risso et al., 2008) but this had been performed 

on a different microorganism and not E. coli and moreover, this pathway specifies that α-

ketobutyrate is produced from pyruvate through citramalate which therefore indicates that pyruvate 

accumulation is primordial to drive the synthesis of norvaline. Therefore, the more suitable 

explanation for this data centers on the remarks made in the previous paragraph. By quantifying the 

intracellular amino and comparing with those in the crude extracts, more insights would have 

surfaced with regards to the observed changes.  

This was the first time the SSM device was used for large-scale studies and more or less still in the 

test phase, but the results produced so far show some prospects for the device to be applied in cell 

engineering studies. The SFR scale-down model can be improved for quality data collection by 

designing a strategy which sample collection can be effected online, without having to remove the 

PreSens flasks from the shaker every now and then. This will ensure continuous feeding and limit 

the stress on the unperturbed cultures. We also suggest that a good experimental set-up would be 
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achieved if the releasing rate of glucose in the EnBase
®
 system is known so that mechanical feeding 

calculations would be efficient.  

 

5.1.3 Why nCAAs in non-pulse cultures? 

Though shake flask cultivation may sometimes experience oxygen limitation as described by 

Panula-Perälä and colleagues (Panula-Perälä et al., 2008), it was ensured in the present study that 

this factor was eliminated by providing adequate mixing at a high shaking speed (250 rpm), but 

from time-to-time the shaker was stopped for sampling and during this period the cultures were also 

driven into oxygen limitation thereby creating an oscillating environment in the non-pulse cultures 

as well. This might explain why norvaline was also detected both in the crude cell extracts and in 

the IL-2 expressed under the non-pulse condition. Furthermore, the Bogosian hypothesis might also 

have some supportive role in this result but however, only applicable to the induced culture. It 

provides that overproduction of leucine-rich proteins causes derepression of the branched-chain 

amino acid biosynthetic pathway thereby directing the synthesis and incorporation of non-canonical 

amino acids into recombinant protein (Bogosian et al., 1989). As observed in Figures 4.16 and 4.17, 

The BCAAs decreased while norvaline increased in crude cell extracts from both induced cultures. 

Interleukin-2 was highly expressed in both cultures thereby, verifying Bogosian’s theory and 

supporting Apostol’s findings (Apostol et al., 1997). Nevertheless, if this be the case, what 

plausible explanations can be given to support the presence of norvaline in the uninduced non-pulse 

cultivation? 

One reason could be limitation in carbon source/energy which induces stress in the cultures since 

the cultivations were performed under glucose limitation. In this view, we would like to expatiate a 

little further into the EnBase
®
 cultivation system. The glucose-limited growth principle of the 

EnBase
®

 technique is depicted in Figure 5.1. Consider the Michaelis-Menten enzyme kinetic curves 

in Figure 5.1 for example. If the starting concentration of the glucose polymer in the medium is say, 

30 g L
-1

 then consequently, growth rate will decrease after the overnight cultivation phase (phase 1 

of graph B) since the substrate concentration would have reduced to about 22 g L
-1

 as well as 

enzyme efficiency. At this time point the rate of glucose release would have dropped (to say, V) as 

indicated by the thick curve. This slows down biomass accumulation. By adding more biocatalyst 

and raising the rate of glucose release back to the original value (Vmax) or alternatively, increasing 

the substrate concentration as indicated by the single-headed and double-headed arrows 

respectively, optimal growth rate is restored (phase 2 of graph B). If this is however, not done or the 
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applied mechanical feeding is not optimal (which appeared to be the case with the non-pulse 

cultivation in this study), then the culture runs into substrate starvation (Phase 3 of B). 

A 

 

B 

 

Figure 5.1: Michaelis-Menten model and schematic representation of the EnBase
®
 cultivation system.  

 

A— Illustration of glucose release rate, influenced by biocatalyst and polysaccharide substrate conc.  

B— The schematic representation of EnBase
®
 cultivation showing the different phases. Phase 1 is the 

overnight controlled cultivation in which there is very slow release of glucose into the medium. Phase 2 

represents the point where the releasing rate is increased, coupled with IPTG induction. The final phase (3) is 

the phase where there is low growth rate due to substrate limitation. 

 

 

Starvation of carbon/energy sources have been critically examined to induce stress responses in 

cells (Matin, 1991). At the moment, the metabolic-related stress responses is attributed to the 

characteristic rise in pyruvate and pyruvate-derived amino acids concentrations (Lin et al., 2001; 

Soini et al., 2008a; De Mey et al., 2010; Soini et al., 2011). In our study, we found reasons to 

propose that stress on itself might contribute to non-proteinogenous amino acid synthesis. Report 

shows that both metabolic and stress responses are observed in an oscillating oxygen-limiting zones 

in large scale fed-batch bioreactor cultivations (Enfors et al., 2001). Schweder and colleagues 

documented that overexpression of heterologous genes results in futility of ribosomes, dynamic 

culture behaviour, and the onset of stress responses (Schweder et al., 2002). Additionally, Lu and 

coworkers provided evidence to support that stress as a factor on its own contributes to some 

adverse conditions such as the endogenous biosynthesis of norleucine which results in reduced 

growth rates of the cells (Lu et al., 1988). 

As a consequence of these stress stimuli, stress proteins levels in the cells are elevated (Christman 

et al., 1985). Some of these stress proteins are phage shock protein (PspA and PspF) and σ
54 

which 

play specific roles to help cells adapt to the circumstances (Darwin, 2005; Joly et al., 2010) as well 

as IbpB, which is an inclusion body-associated protein whose expression level is also elevated in 

the event of overexpression of heterologous insoluble proteins (Neubauer et al., 2000). Apparently, 

Growth 
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all these proteins expressed in E. coli cells under stress circumstances have considerable number of 

leucine residues or are lsucine-rich as predicted by the LRRfinder web application (Offord et al., 

2010) and presented on Figure 5.2. 

 

Figure 5.2: The LRRFinder results of the sequences of PspA, IbpB, PspF and RNA polymerase sigma 

factor-54 (σ
54

) and IL-2.  

 

Aside from the target IL-2, these proteins are all stress-related proteins expressed at high levels during stress 

growth of E. coli. Except for PspA and IbpB, all show predominant occurrence of leucine with respect to the 

other amino acids. 

 



81 
 

Our reasoning here is therefore in connection to Bogosian’s theory. If the recombinant E. coli strain 

is expressing IL-2 which is a leucine-rich protein coupled with the native proteins expressed to 

ensure survival of the cells, then it is possible that these stress proteins may also contribute minutely 

to incorporation of nCAAs into the recombinant products. These observations could as well support 

the fact that norvaline was found in proteins expressed under glucose limitations in the non-pulse 

cultivations and also explain why there was a significant level in the uninduced culture. 

 

5.1.4 Other Findings 

It is documented that over-expression of recombinant proteins in bacteria limit growth of the 

organism by affecting the metabolism of main carbon source and energy utilization (Neubauer et 

al., 2003). It had also been proposed that recombinant protein expression at high specific growth 

rate introduces limitations in the required precursors when it is performed at low specific growth 

(Sandén et al 2003). Our results here also support these facts by showing slow growth in the 

induced cultures. Growth is higher in the non-pulse than in the pulse which also indicate the effects 

of perturbations on biomass yield as seen elsewhere (Enfors et al., 2001).  
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6. CONCLUSIONS AND OUTLOOK 

 

The missing gab in the line of studies carried out here was the fact that a recombinant strain of E. 

coli had never been utilized to study the influence of inhomogeneity conditions observed in large 

scale bioreactor fermentations on the synthesis and incorporation of norvaline into recombinant 

heterologous proteins expressed in E. coli hosts. It was formerly our desire in this master’s work to 

show that bioprocess perturbations play a role in influencing product quality by enhancing the 

synthesis and subsequent incorporation of non-canonical amino acids into recombinant human 

proteins, using the E. coli W3110_pCTUT7_IL-2 strain as a practical example during the process. 

This strain constituted some difficulties during the characterization phase and therefore prompted 

the development of the E. coli W3110M_pCTUT7_IL-2 strain which was fully characterized by 

calculating its growth rate and demonstrating its behavior under diverse cultivation conditions; 

testing its production potentials with respect to the target protein interleukin-2 and also designing 

experimental strategies. A scale down model was developed which simulated the heterogeneous 

conditions which are typically found in industrial scale bioreactors.  

The PreSens SFR scale-down model was used to establish a set of experiments using glucose pulses 

which eventually created oxygen limitations in the cultures, while monitoring process relevant 

parameters online. The fermentations were performed in two phases—an overnight phase which 

preceded an induction/sampling phase. This was possible by employing the use of the EnBase
®

 

cultivation system and linear mechanical feeding. Samples collected during the fermentation 

processes were subsequently analyzed by HPLC and GC-MS for glycolytic/TCA cycle 

intermediates and amino acids respectively. Analysis of inclusion bodies that resulted from the 

expressed IL-2 revealed the presence of norvaline in the protein. A higher concentration of 

norvaline was observed in the oscillating scale-down model compared to the non-perturbed culture, 

which suggests that the conditions as they typically occur in large scale bioreactors may be critical 

for product quality. The results and tools, developed in this work are a solid basis for future cell 

engineering approaches to overcome the challenges in view of product quality.  

We suggest the use of an advanced three compartment reactors which mimics the ‘feed’, ‘bulk’ and 

‘starvation’ zones of the bioreactor, to optimally visualize the activities and behavior of the cells 

during a large-scale fermentation.   
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APPENDIX 

 

Appendix A: HPLC Data 

 Glucose Pyruvate Malate Lactate Succinate Formate Acetate Fumerate Ethanol 

Nonpulse I0 0,342064 0,003871 0,038866 0 0,009552 0,008125 0 0,215399 0,119745 

Nonpulse I4 0,352791 0,003119 0,075073 0 0,080166 0,012607 0,010099 0,356114 0,09349 

NonpulseI10 0,338864 0,004172 0,069022 0,000823 0,0662 0,01264 0,009559 0,333371 0,09024 

          

Nonpulse U0 0,380109 0,004709 0,038205 0 0,00986 0,009473 0 0,197025 0,111226 

NonpulseU4 0,348884 0,003595 0,186159 0,003618 0,012145 0,01343 0,007859 0,33881 0,095664 

Nonpulse U10 0,344428 0,005869 0,138223 0,00208 0,012034 0,01448 0,007986 0,335274 0,081708 

          

PulseI0 0,390816 0,004432 0,05191 0,000535 0,009599 0,01157 0 0,207271 0,113918 

PulseI4 0,337729 0,000648 0,068013 0 0,029152 0,011504 0 0,341819 0,107908 

PulseI10 0,34544 0,006439 0,242371 0,008065 0,040901 0,014644 0,032065 0,312227 0,09421 

          

PulseU0 0,37212 0,003902 0,055098 0 0,009944 0,00853 0 0,19608 0,122572 

PulseU4 0,383013 0,003177 0,084771 0,00429 0,010446 0,015924 0 0,369741 0,113282 

PulseU10 0,392034 0,003452 0,227351 0,001437 0,01178 0,018306 0,010588 0,328039 0,096924 

 

 

Appendix B: Authors of GC-MS method used in amino acid analysis 

(Unpublished) 

Dennis Runge, Sergej Trippel and Robert Spann (Courtesy of BVT group, June 2013) 

 


