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Abstract 

P450 BM3 (CYP102A1) is a heme-containing monooxygenase isolated from the soil bacterium 

Bacillus megaterium. CYP102A1 is an interesting industrial biocatalyst for synthetic applications due 

to its broad substrate spectra, its high activity and reaction products obtained under mild conditions. 

P450 BM3 shows high catalytic activity towards the hydroxylation of medium- to long-chain fatty acids 

at sub-terminal positions. Different studies show that its activity can be increased and selectivity 

improved by mutagenesis of the active-site or substrate channel.  

The goal of this work was to evaluate the influence of cultivation parameters in the production of 

P450 BM3 and its variants in E. coli cultivations, enabling its optimisation and future up-scaling. 

The results obtained indicate that an auto-induction medium with a ratio of 1.29 g of carbon (lactose)/L 

to 1.00 g of carbon (glycerol)/L is the most favourable for P450 BM3 production. Higher concentrations 

of this cytochrome are obtained for cultivations under non-limited oxygen conditions, with a pH of 6.8 

and at 30 °C. A concentration of at least 10.0 mg/L of FeCl3·6 H2O in the medium is desirable in order 

to increase the final concentration of active P450. Furthermore, the use of aminolevulinic acid seems 

beneficial in the production of this monooxygenase, although no optimal concentration of this com-

pound was determined. 

By optimising the parameters mentioned above, a 1.6 to 3.9-fold increase of P450 BM3 variants was 

achieved in comparison with standard conditions used prior to this work. 
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Resumo 

A P450 BM3 (CYP102A1) é uma mono-oxigenase que contém um grupo heme. Esta enzima foi 

isolada da Bacillus megaterium, uma bactéria que pode ser encontrada no solo. CYP102A1 é um 

biocatalisador interessante para variadas aplicações devido à conversão de uma vasta gama de 

substratos, à sua elevada actividade e aos produtos de reacção obtidos em condições pouco 

exigentes. A P450 BM3 apresenta uma elevada actividade catalítica na hidroxilação de ácidos gordos 

de cadeia média a longa, em posições sub-terminais. Diferentes estudos mostram que a sua 

actividade pode ser aumentada e a sua selectividade melhorada através da mutagénese do centro 

activo ou dos canais de transporte do substrato.  

O objectivo deste trabalho foi avaliar a influência de parâmetros de cultivo para a produção da 

P450 BM3 e das suas variantes em cultivações em E. coli, permitindo a sua optimização e futuro up-

scaling. 

Os resultados obtidos indicam que um meio de auto-indução com uma razão de 

1,29 g de carbono (lactose)/L de lactose para 1,00 g de carbono (glicerol)/L é o mais favorável para a 

produção de P450 BM3. Concentrações mais elevadas deste citocromo são obtidas para cultivos em 

condições não limitadas pelo oxigénio, com um pH de 6.8 e a 30 °C. Uma concentração de pelo 

menos 10,0 mg/L de FeCl3·6 H2O no meio de cultura é desejável para aumentar a concentração final 

de P450 activa. Além disso, o uso de ácido aminolevulínico parece ser benéfico na produção desta 

mono-oxigenase embora não tenha sido possível determinar a concentração óptima deste composto. 

Ao optimizar os parâmetros acima mencionados, a produção das variantes de P450 BM3 é 

aumentada 1,6 a 3,9 vezes em comparação com as condições standard usadas antes deste trabalho. 

 

Palavras-chave: P450 BM3; heme; mono-oxigenase; parâmetros de cultivo; optimização 
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1 Introduction 

Cytochrome P450 monooxygenases (CYPs or P450s) are heme-contaning enzymes with great inter-

est when it comes to chemical and pharmaceutical industry, pollution management and oil refinement. 

This is due to their ability to region- and stereoselectively insert an oxygen atom from molecular oxy-

gen into allylic positions or inactivated C-H bonds under mild conditions, which is not easy to obtain by 

conventional organic synthesis (Dubey et al. 2010; Schewe et al. 2009; Wong 2005; Urlacher et al. 

2004). Some industrial processes where P450s are currently being used are the biotransformation of 

steroid hormones, the formation of dicarboxylic acids from alkanes and the hydroxylation of aromatic 

compounds (Urlacher et al. 2004). 

From the point of view of the functional role, the bioconversion of xenobiotics, such as degradation or 

solubilisation of compounds for excretion, and the biosynthesis of signalling molecules for homeosta-

sis are carried out by P450s (Denisov et al. 2005). Specific examples in mammalians are the biotrans-

formation of drugs, the metabolism of chemical carcinogens, the biosynthesis of steroid hormones, 

fatty acids, fat-soluble vitamins and bile acids and, lastly, the conversion of polyunsaturated fatty acids 

(fatty acids with at least one C=C bond) to biologically active molecules (Bernhardt 2006; Denisov et 

al. 2005). In plants P450 is able to degrade herbicides while in insects it provides resistance to insecti-

cides (Denisov et al. 2005). For that reason it has been underlined the potential of P450s for the 

bioremediation of these substances and other agrochemicals and environmental waste (Urlacher & 

Eiben 2006). 

In comparison with mammalian P450s, bacterial P450s have higher stability and catalytic activity, 

making them more suitable for biocatalysis (Lussenburg et al. 2005). The wild type P450 BM3, isolat-

ed from Bacillus megaterium, and its mutants is often expressed in recombinant Escherichia coli 

(E. coli) strains due to ease in handling, fast growth and high transformation efficiency (Dennig 2013). 

However, there has been some inconsistencies about which factors were the most relevant for P450 

biosynthesis and their concentrations. Also, the fact that complex media is often used for the produc-

tion of P450 BM3 makes it impossible to precisely identify and quantify the compounds present in the 

medium (Sung-Kun et al. 2010; Schewe et al. 2009; Lu & Mei 2007; Pflug et al. 2007; Lussenburg et 

al. 2005; Wong 2005)). For that reason, the use of a mineral medium where the concentrations of all 

components are specified enables a conclusion about which elements have a major influence on the 

production of active P450. By knowing the concentration of these components, it is then possible to 

optimise the production of this monooxygenase.  

Successful expression of proteins in shake flasks or microtiter plates (MTPs) cannot be easily up-

scaled unless cultivation parameters are well characterised (Losen et al. 2004). Therefore, the main 

objective of this thesis is to evaluate the influence of cultivation parameters on the production of 

P450 BM3 variants in E. coli cultivations, enabling the optimisation of the culture conditions for these 

fermentations. 
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2 Theoretical Background 

2.1 Cytochrome P450 monooxygenase 

Cytochrome P450 monooxygenases (CYP or P450) are heme-containing oxidoreductases 

(EC 1.14.14.1). They typically catalyse the insertion of one single oxygen atom from molecular dioxy-

gen into an organic substrate, in allylic positions or inactivated C-H bonds, reducing the second oxy-

gen atom to water (Whitehouse et al. 2012; Jung et al. 2011; Schewe et al. 2009). The two electrons 

derived from the electron donor, which is a reduced pyridine nucleotide (NAD(P)H), are transferred to 

P450 via electron transport proteins (Sono et al. 1996). This reaction can be described by equation (1) 

(Bernhardt 2006): 

RH + O2 + NAD(P)H + H+ → ROH + H2O + NAD(P)+ (1) 

P450s are able to catalyse reactions such as hydroxylation, N-,O- and S-dealkylation, sulfoxidation, 

epoxidation, deamination, dehalogenation, peroxidation and N-oxide reduction (Jung et al. 2011; 

Bernhardt 2006). Also, other more complex reactions can be catalysed by P450s, including chlorine 

oxygenation and ring formation, among others (Isin & Guengerich 2007). Substrates can range from 

fatty acids to steroids, prostaglandins, drugs, anaesthetics, organic solvents, ethanol, alkylaryl hydro-

carbon products, pesticides and carcinogens (Bernhardt 2006). A summary of the mechanism reac-

tions can be found in Figure IV.1, Appendix A.1. 

2.1.1 Catalytic cycle and uncoupling reactions of P450 monooxygenase 

In order to ensure the hydroxylation of the substrate, all ten steps of the catalytic cycle illustrated in 

Figure 2.1 are required: 
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Figure 2.1 Catalytic Cycle of P450 Monooxygenase (Whitehouse et al. 2012). 

In the resting state (I) the ferric iron atom has four equatorial nitrogen ligands, an axial thiolate ligand 

and an axial water ligand which is lost when a substrate arrives to the active site due to direct dis-

placement or in response to induced conformational changes (II). This increases the ferric spin state 

and make the heme reduction potential more oxidising. One electron from a reduced pyridine nucleo-

tide (NADH or NADPH) cofactor is transferred to the heme iron via the adjacent reductase and/or a 

redox mediator molecule, reducing it to the ferrous state (III) and allowing the binding of a molecule of 

oxygen and consequently generating an oxy-complex (IV). A second electron is then transferred from 

the cofactor which originates a ferric peroxy-complex (V). After protonation of the terminal oxygen 

atom, “Compound 0“ is formed which is a hydroperoxy adduct (VI). A second molecule of water is lost 

after the second protonation via the heterolytic cleavage of the O-O bond, originating “Compound I“, 

an oxyferryl (VII), which binds to a hydrogen atom from the substrate (VIII). This proton is later re-

bounded as an OH radical to the substrate and the hydroxylated substrate leaves the active site while 

the enzyme returns to the pentacoordinate ferric state (IX), allowing the binding of another molecule of 

water and consequently reaching the resting state (I). However, in order to form epoxides, there is a 

direct attack by “Compound I“ (VII) to the unsaturated carbon atoms instead of an hydrogen abstrac-

tion from the substrate (Whitehouse et al. 2012). 

In order to estimate the concentration of active P450 by difference spectrophotometry, a reduction of 

the enzyme with sodium dithionite to the ferrous state (III), followed by CO gassing should take place: 

P450s have a soret peak at 450 nm due to the CO-bound ferrous form of the enzyme (Whitehouse et 
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al. 2012; Denisov et al. 2005; Omura, Tsuneo; Sato 1964). However, if P450 became inactive, an 

absorption peak at 420 nm is displayed instead (Guengerich et al. 2009). 

NAD(P)H consumed does not always generate a stoichiometric amount of product: the ratio between 

electrons transferred from the cofactor and concentration of product formed is called coupling (Dennig 

2013; Whitehouse et al. 2012; Loida & Sligar 1993). A high percentage of coupling is necessary to 

have more productivity but also to avoid reactive oxygen species that can lead to P450 inactivation 

(Bernhardt 2006). There are three types of uncoupling that can happen during the catalytic cycle: a 

slow transfer of the second electron and consequently O2
∙− formation (superoxide uncoupling), H2O2 

formation due to the loose fitting of the substrate (peroxide uncoupling) and H2O formation because 

the hydrogen is far from the “Compound I“ and cannot be abstracted (oxidase uncoupling). However, 

in the presence of high concentrations of peroxide the reversion of the peroxide uncoupling pathway 

(peroxide shunt) is forced, allowing the use of peroxide without the additional cofactor and electron 

donor transport proteins by P450 like a peroxide-dependent enzyme, such as a chloroperoxidase 

(CPO) or CYP152 family (Whitehouse et al. 2012; Bernhardt 2006). 

2.1.2 Cytochrome P450 BM3 from Bacillus megaterium 

Cytochrome P450 BM3, also known as CYP102A1, was the third P450 being isolated from 

B. megaterium and is one of the most studied bacterial monooxygenases. It is a 119.5 kDa size solu-

ble enzyme and NADPH dependent with high coupling efficiencies in the hydroxylation of medium- to 

long-chain fatty acids at sub-terminal positions (ω-1 to ω-3) (Whitehouse et al. 2012; Lussenburg et al. 

2005; Wong 2005). Its catalytic activity is the highest determined for a P450 monooxygenase with 

natural substrates, reaching a kcat of 17000 min−1 with arachidonic acid for example (Jung et al. 2011; 

Munro et al. 2002). Also, it has a kcat 10 to 1000-fold higher than eukaryotic fatty acid hydroxylases 

(e.g.: CYP52 or CYP4 families) (Wong 2005). A list of pharmaceuticals and biomolecules that wild 

type P450 BM3 (WT) has shown activity and also terpenoids and aromatic compounds which were 

targeted for oxidation by WT P450 BM3 and its variants can be found in (Whitehouse et al. 2012).  

The activity and selectivity of P450 BM3 can be improved by mutagenesis of its active site or substrate 

channel (Dennig 2013; Urlacher et al. 2004). P450 BM3 engineered mutants can also catalyse the 

hydroxylation of alkanes, short- and medium-chain fatty acids and polycyclic aromatic hydrocarbons 

and the epoxidation of medium- and long-chain unsaturated fatty acids. These variants have a promis-

ing industrial application related to its significant marked value reaction products, such as indigo, 

catechols, hydroxylated alkanes, phenols, bisphenol A and alkylphenols (Dennig 2013; Lussenburg et 

al. 2005; Wong 2005). Both alkylphenols and phenols have a high demand since they are building 

blocks for plastics and resins while bisphenol A is used for the production of precursors for pharma-

ceuticals and flavours (Dennig 2013). The development of P450 BM3 mutants for aromatic hydroxyla-

tion of p-xylene to 2,5-dimethylphenol was also already studied by Dennig due to its applications in 

synthetic processes for vitamin E and pharmaceuticals like Gemfibrozil from Pfizer, a lipid lowering 

agent. 
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2.1.2.1 Domains and electron transfer 

P450 BM3 is dimeric protein with two identical peptide chains and a self-sufficient monooxygenase, 

which means that it has its natural reductase and electron transfer components fused with the P450 

heme domain (BMP). BMP has 55 kDa and contains the protoheme IX, a heme prosthetic group also 

known as heme b (Catalano et al. 2013; Dennig 2013; Whitehouse et al. 2012; Sono et al. 1996). The 

reductase domain (BMR) has 65 kDa and contains two prosthetic flavin groups in equimolar ratio: 

flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) (Whitehouse et al. 2012). The 

structure of heme b, which is a cofactor consisting of a ferrous ion in the centre of a porphyrin ring 

(heterocyclic organic compound made of four pyrrolic groups bounded by methine bridges) (A), and 

the scheme of the P450 BM3 domains (B) are shown in Figure 2.2: 

 

Figure 2.2: Structure of protoheme IX (A) (Sono et al. 1996) and P450 BM3 domains from 

Bacillus megaterium (B) (Munro et al. 2002). The BMP domain (P450 heme) and BMR domain (FAD and 

FMN domains). 

The FAD and FMN are distinct domains linked by a “hinge” domain. This “hinge” is thought to move 

between a “closed” conformation, where the two flavin domains are next to each other for the interfla-

vin (FAD–FMN) electron transfer, and an “open” conformation, which happens after a movement of 

the FMN domain of 10 Å in order to reduce the heme of P450 (Munro et al. 2002). This movement is 

required to transport the FMN flavin cofactor isoalloxazine ring (shown in orange in Figure 2.2 (B)) 

which is reduced by one electron and therefore form a semiquinone. This allows the shuttle of single 

electrons to the iron centre (Munro et al. 2002). However, electron transfer from FMN to the heme only 

occurs in the presence of substrate, preventing the consumption of the electron donor (NADPH) and 

avoiding the production of reactive and cell-damaging reactive oxygen species like hydrogen peroxide 

(Wong & Schwaneberg 2003). 

Both monomers of P450 BM3 interact during catalysis: electrons from the FAD domain of one subunit 

can be transferred to the FMN domain of the second subunit and thence to any of the BMP domain of 
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the dimer. This fact may explain the high activity of this monooxygenase (Dennig 2013; Whitehouse et 

al. 2012). 

2.1.2.2 Key residues 

Most residues have been subjected to site-directed mutagenesis in order to clarify which roles these 

residues play in the catalytic process, usually by comparing the fatty acid oxidation rate and product 

distribution given by the mutants to the ones from the wild-type (WT) (Whitehouse et al. 2012). 

 

Figure 2.3: Substrate access (A) and active site (B) of N-palmitoyl glycine (NPG) bound P450 BM3 

(Whitehouse et al. 2012). 

Residues like Arg47 and Tyr51 (R47 and Y51) are thought to regulate the inlet of substrate, water and 

even co-solvents to the active site (see Figure 2.3 (A)). They are two polar residues close to the mouth 

of the substrate access, where R47 can bind to the carboxylate groups of the fatty acids substrates by 

forming a salt bridge with its guanidine-group (Dennig 2013; Noble et al. 1998). They function as a 

binding site but they are also responsible for luring the substrates to the access channel opening 

(Whitehouse et al. 2012). Residue R47 is often mutated in order to allow the catalysis of non-natural 

substrates and shorter substrates because the carboxylate binding site is eliminated (Catalano et al. 

2013). 

Residue Phe87 (F87) is important for the substrate positioning and specificity, located in the substrate 

recognition site (Brühlmann et al. 2014). Its side-chain extends into the lumen of the substrate access 

channel, close to the haem iron (see Figure 2.3 (B)). It was proposed that F87 is responsible for 

displacing the axial water ligand from its coordination site and that triggers active site reorganisation. 

F87 is usually substituted for other amino acids, whose side-chains occupy less volume, creating more 

space in the proximities of the heme iron and increasing the number of molecules of water in the 

active-site. Although these mutations can promote the peroxide uncoupling pathway due to loosely-

fitting non-natural substrate, usually they are also beneficial to the oxidation of larger substrates or 

substrates with hydrophilic character (Whitehouse et al. 2012). 
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Ala328 (A328) and Ile401 (I401) are amino acids with hydrophobic side chains. The first is located five 

amino acids downstream of the highly conserved EXXR motif and it is thought to be critical for sub-

strate binding (Brühlmann et al. 2014) and substrate specificity towards smaller substrates (Chen et al. 

2012) while the second is beneath the heme and it is involved in binding and coordination of heme 

(Dennig 2013; Ruff 2012). 

Figure 2.4 shows the substitutions in the previously mentioned key residues. The resultant mutants 

were used in the experiments of this thesis: mutant F87A (FA), double mutants R47S Y51W (2 MTRS) 

and Y51W F87A (2 MTFA), triple mutant R47S Y51W I401M (3 MT) and quadruple mutant R47S 

Y51W F87A A328V (4 MT). The first letter and number correspond to the amino acid in a specific site 

and the last letter to the mutation done: for example F87A means that Phenylalanine 87 was substitut-

ed for an alanine. 

 

Figure 2.4: Amino acids substitutions made in key residues of P450 BM3 by site-directed mutagenesis 

(Compound interest 2014). 

The F87A mutant is usually used when a dealkylation is desirable (Whitehouse et al. 2012). It was 

also reported that this mutation shifts the regioselectivity of the hydroxylation of medium chain fatty 

acids towards the ω-3, ω-4 and ω-5 positions (Brühlmann et al. 2014). R47S mutant was reported to 

enhance the affinity of P450 for acyl homoserine lactone over acyl homoserine substrates by almost 

250-fold (Catalano et al. 2013; Whitehouse et al. 2012). A328V mutant is able to convert n-alkanes to 

primary alcohols, which are high-value products and synthetic intermediates, while the WT P450 BM3 

preferably oxidises at 3- and 4- positions. Also A328V is more active than WT towards cyclooctane 



 

9 

and cyclodecane but inactive towards cyclododecane, unless is combined with the F87A mutation 

(Whitehouse et al. 2012). The third mutant (3 MT) appears to have the highest reported activity 

(kcat= 1953 min−1 and 30-fold increase compared with the P450 BM3 WT) and a great coupling effi-

ciency (66 %) and selectivity (higher than 98 %) for the production of 2,5-dimethylphenol from 

p-xylene, as shown in a study by Dennig (Dennig 2013). 

2.2 Relevant parameters for the production of P450 BM3 

Experiments were performed in order to quantify the influence of cultivation parameters reported in 

literature. Escherichia coli (E. coli) is used as a host for the production of recombinant proteins for 

basic research and industrial applications due to its well characterised genome, well-developed tech-

niques for genetic manipulation and ease of cultivation (Dennig 2013; Xu et al. 2012). From all the 

E. coli strains, the use of E. coli BL21 as a host is appropriate for high level protein production purpos-

es (Rahmen 2015; Xu et al. 2012).  

2.2.1 Auto-induction medium 

The recombinant protein expression performed under the control of lactose-inducible promoter sys-

tems by an auto-induction medium is based on the diauxic growth of E. coli on glucose and lactose  

(Ukkonen et al. 2013). These systems include the T7 systems. T7 systems are based on the synthesis 

of T7 RNA polymerase from a chromosomal sequence controlled by the lactose-inducible 

lacUV5 promoter and, consequent transcription of the target gene placed under the promoter that is 

specifically recognised by the T7 RNA polymerase. Other promoters such as lac, tac, trc and T5 are 

recognised by the native E. coli RNA polymerase and controlled by the lacI repressor protein which 

can bind to the lacO operator sequences in the absence of the inducer (e.g.: lactose), blocking gene 

transcription (Ukkonen et al. 2013; Jiang et al. 2012).  

The protein expression from these promoters is usually induced by the manual addition of isopropyl-β-

D-1-thiogalactopyranoside (IPTG) in E. coli cultivations (Ukkonen et al. 2013; Urlacher et al. 2004). 

IPTG is able to bind to lacI protein, causing a conformational change and releasing the lacI-lacO 

bound, and consequently allowing the gene expression (Jiang et al. 2012). However, IPTG is expen-

sive and large amounts are needed for industrial scale, making it unsuitable for large-scale fermenta-

tion (Jiang et al. 2012; Urlacher et al. 2004; Neubauer et al. 1991). Moreover, IPTG is toxic to humans 

and for that reason cannot be used in the production of therapeutic proteins and products (Jiang et al. 

2012). Alternatively, lactose can be used as an inducer and its use does not imply the need of workers 

attending the incubation in order to induce the culture (Ukkonen et al. 2013; Urlacher et al. 2004). 

Also, the induction in auto-induction medium is done at a comparable growth phase and provides 

higher cell densities and yields of target proteins when compared to the IPTG induction done in the 

mid/late exponential phase of the culture (Ukkonen et al. 2013). The physiological inducer of lac 

operon is allolactose, an isomer of lactose which is catalysed from lactose by β-galactosidase (en-

zyme encoded by the lac operon) in E. coli (Jiang et al. 2012; Blommel et al. 2007; Studier 2005). 



 

10 

Unlike complex auto-induction media, mineral auto-induction media have a defined chemical composi-

tion, allowing a better understanding of metabolic processes during induction, gene expression and 

protein production of the host organism. Mineral auto-induction media are adequate for the characteri-

sation of new expression systems and for the best host strain for recombinant protein production 

screening (Rahmen 2015). In an auto-induction medium containing both glucose, glycerol and lactose, 

the transcription of the recombinant genes from lactose-inducible promoters is inhibited until glucose is 

completely consumed for the cell growth of E. coli, due to mechanisms of catabolite repression and 

inducer exclusion which prevent the uptake of lactose by lactose permease. Glucose depletion will 

trigger a starvation response, followed by the induction of the lac operon, lactose consumption and the 

consequent expression of heterologous proteins (Wewetzer et al. 2015; Ukkonen et al. 2013; Studier 

2005). Glycerol will serve as a supporting carbon during the lactose-induced expression since it does 

not provoke catabolite repression on lactose consumption (Ukkonen et al. 2013; Studier 2005). 

However, the use of glycerol rather than glucose as carbon source greatly reduces the accumulation 

of overflow and fermentative metabolites and, for that reason, media containing glucose should gen-

erally be avoided for the cultivation of E. coli, even under unlimited-oxygen conditions (Losen et al. 

2004). Glycerol is transported much slower into the cell than glucose, resulting in a lower flux of car-

bon through glycolysis (Pflug et al. 2007). Also, better production of recombinant proteins in E. coli has 

been reported while using glycerol instead of glucose, even if the latter increases more the growth rate 

(Pflug et al. 2007). 

As a side note, galactose can weakly bind the lacI repressor protein and since E. coli BL21 derived 

strains are not able to metabolize this sugar, induction can be maintained through the hydrolysis of 

lactose to galactose by β-galactosidase (Ukkonen et al. 2013).  

2.2.2 Oxygen limitation 

E. coli has more than 200 genes which are dependent on the availability of oxygen, making the control 

of aeration important (Losen et al. 2004). The primary metabolism of E. coli reacts quickly to oxygen 

limitation which interferes with its optimal growth (Losen et al. 2004). Also, it is known that oxygen 

limitation influences the expression of heterologous proteins and can cause the production of acetate 

which is toxic for the culture, especially at low pH (Ukkonen et al. 2013; Pflug et al. 2007; Losen et al. 

2004).  

The respiration of E. coli cultures is tightly dependent on the oxygen concentration. Therefore, higher 

shaking frequencies or lower medium filling volumes may be used to avoid oxygen limitation condi-

tions (Losen et al. 2004). Although increased aeration seems beneficial to the growth of cultures, the 

expression yield can be adversely affected in highly aerated conditions (Ukkonen et al. 2013; Pflug et 

al. 2007). Blommel et al. reported that oxygen-limited conditions contribute to an earlier consumption 

of lactose, and consequent protein expression, while oxygen-unlimited conditions would delay the 

lactose consumption and glycerol would be preferred instead in an auto-induction medium (Blommel 

et al. 2007). However these findings were not observed in the experiments performed by Ukkonen et 
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al. where accumulation of protein per cell ceased at a low concentration under high aeration condi-

tions in a glycerol-based medium (Ukkonen et al. 2013). 

2.2.3 pH and temperature 

During fermentation, both pH and temperature affect the mRNA translation, the proteolytic activity and 

proteins secretion and production in E. coli (Hannig & Makrides 1998). Their optimal values are differ-

ent within one microbial or enzymatic system and depend on whether the focus is on growth or prod-

uct formation, on enzyme activity or stability (Kunze, Lattermann, et al. 2014). 

The pH-value has a very important role in fermentation processes due to the narrow physiological or 

optimal pH-range of microorganisms (Scheidle et al. 2011). Experiments performed in shake flasks 

usually need high initial buffer concentrations to prevent pH-drifts during cultivation. A buffer common-

ly used is MOPS, whose pKa is around 7.2 at 25 °C and effective pH range is between 6.5-7.9 (Sigma-

Aldrich 2016; Scheidle et al. 2011). However, high buffer and substrate concentrations in small-scale 

cultivation media lead to low water activity and high osmolarity which can inhibit the growth of micro-

organisms (Scheidle et al. 2011).  

The metabolic activity of the microorganisms influences the pH-value of the medium which changes 

significantly during fermentation. Microorganisms cultivated in mineral media with glucose or glycerol 

as carbon source and ammonium salt as nitrogen source produce one proton per consumed molecule 

of ammonium, decreasing the pH of the medium during fermentation. Also, bicarbonate ions generat-

ed from their metabolism accumulate in the medium, lowering the pH. Furthermore, oxygen limitation 

and overflow metabolism induce the production of acetate which decreases the pH as well (Ukkonen 

et al. 2013; Scheidle et al. 2011; Scheidle et al. 2007; Losen et al. 2004). However, once the primary 

carbon source is depleted, microorganisms may start consuming the accumulated acetate as a sec-

ond carbon source in a diauxic manner, increasing the pH of the medium (Scheidle et al. 2011; 

Scheidle et al. 2007).  

The optimal pH-range for E. coli cultivation is between 6.5-7.5 which varies with temperature. The 

optimal medium osmolarity is around 0.3 Osmol/L. An increase on the latter from ca. 0.3 Osmol/L to 

1.0 Osmol/L can result in a decrease by half of the specific growth rate when cultivated in minimal 

medium (Scheidle et al. 2011). Cultivation temperature is also a basic fermentation parameter which 

directly influences the cell growth and cellular metabolism. E. coli optimal growth temperature is 37 °C 

but cultivating at lower temperatures (e.g.: 30 °C) is usually beneficial for protein solubility and activity 

by improving the folding process (Jiang et al. 2012). Also, cultures growing at temperatures above 

their optimal growth temperature show lower cell yields (Kunze, Lattermann, et al. 2014). Tempera-

tures ranging 25-37 °C were used for the main cultivations of E. coli in order to produce P450 BM3, as 

in (Dubey et al. 2010, Sung-Kun et al. 2010, Schewe et al. 2009, Pflug et al. 2007, Lu & Mei 2007 and 

Wong 2005). 

On a side note, temperature shifting during cultivation of E. coli can also induce gene expression by 

heat (40-42 °C) or cold shock (15-23 °C). However, proteins synthetized at the heat shock tempera-
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ture tend to fold incorrectly, resulting in the formation of inclusion bodies, proteolytic digestion and 

consequently in protein inactivation and decreased yield. A cold shock is preferred when the heterolo-

gous protein is unstable or toxic at high temperatures but it leads to a decrease in the growth rate, 

which is acceptable for the production of high value-added therapeutic proteins but problematic in 

cases where the productivity is important (Jiang et al. 2012). Nevertheless, a novel system which 

induces gene expression by reducing temperature from 42 °C to 25-37 °C was developed by Jiang 

(Jiang et al. 2012).  

The optimal pH for enzyme P450 BM3 during catalysis is around 7.4-8.0 and for that reason it is 

usually used phosphate, Tris- or MOPS buffers with concentrations between 50 and 100 mM for the 

fatty acid oxidation (Dennig 2013; Whitehouse et al. 2012). Optimal pH is the pH-value which favours 

the formation of enzyme-substrate complex and maximizes the biological activity of the enzyme 

(Cabral et al. 2003). Temperatures ranging from 15-37 °C are commonly applied, depending on the 

specific conversion reaction (Whitehouse et al. 2012). Temperature influences the rate of the enzy-

matic reaction. However, there is a loss of enzymatic activity due to thermal denaturation for higher 

temperature values than the optimal one (Cabral et al. 2003). 

2.2.4 Aminolevulinic acid (ALA) 

5-aminolevulinic acid (also known as δ-aminolevulinic acid or ALA) is a precursor of the heme biosyn-

thesis since it is needed for the porphyrin ring, which is a tetrapyrrole (Pflug et al. 2007; Urlacher et al. 

2004; Jahn et al. 1992). 

The biosynthesis of all tetrapyrroles starts with the formation of ALA which is the only source of the 

carbon and nitrogen atoms required for the formation of the tetrapyrrolic macrocycle (Heinemann et al. 

2008). In most bacteria “C5
 pathway” leads to ALA formation: glutamyl-tRNA (initial substrate) is pro-

vided by glutamyl-tRNA synthetase (GluRS) and used for protein synthesis and tetrapyrrole biosyn-

thesis. Then the NADPH dependent glutamyl-tRNA reductase (GluTR) catalyses the reduction of 

glutamyl-tRNA to glutamate-1-semialdehyde (GSA), while releasing an uncharged tRNA. A posteriori 

glutamate-1-semialdehyde-2,1-aminomutase (GSAM) catalyses the transamination of GSA to ALA in 

the presence of pyridoxal 5'-phosphate (PLP) or pyridoxamine 5'-phosphate (PAP) (Heinemann et al. 

2008; Jahn et al. 1992). The detailed mechanism and description of the heme biosynthesis from ALA 

can be found in (Heinemann et al. 2008). 

Insufficient endogenous heme synthesis is a major disadvantage of E. coli. Therefore, supplementing 

the medium with ALA may increase the protein expression rate. However, the high costs of ALA, 

which are responsible for up to 60 % of the enzyme production costs, may turn this compound unsuit-

able for large scale-application (Julsing et al. 2008; Pflug et al. 2007). A concentration of ALA of 

0.5 mM in the medium is widely used for the production of P450 BM3, as in (Sung-Kun et al. 2010; 

Pflug et al. 2007; Wong 2005). 
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2.2.5 Iron (III) chloride 

The last step of the heme biosynthesis is the insertion of a ferrous iron (Fe2+) into the protoporphyrin 

IX which originates the protheme IX, catalysed by ferrochelatase (FC). Environmental iron is primarily 

in the ferric form (Fe3+), therefore it has to be reduced before chelation (Heinemann et al. 2008). 

The production of P450 BM3 can be affected by the iron (III) chloride concentration, which provides 

the ferric ion to the medium (Lu & Mei 2007). Substantially different concentrations of FeCl3·6 H2O in 

the medium have been used to produce this monooxygenase, such as 0.05 mg/L (Pflug et al. 2007) 

and 27.93 mg/L (Wong 2005).  

2.3 Cultivation and online-monitoring devices 

Three different devices for the main cultures cultivation of recombinant E. coli BL21 DE3, in order to 

produce the WT P450 BM3 and its variants: the RAMOS, the BioLector and the μRAMOS devices. 

 

Figure 2.5: RAMOS (A) (Stevens 2015), BioLector (B) (Huber et al. 2009) and μRAMOS devices (C). 

The depicted devices are described in the following paragraphs. 

2.3.1 RAMOS device and μRAMOS device 

The RAMOS device (Respiration Activity MOnitoring System) is an online measuring device that can 

be connected up to eight shake flasks and determine the oxygen transfer rate (OTR) of the respective 

microbial cultures under sterile conditions (Anderlei & Büchs 2001). OTR is a measurable parameter 

that allows the quantification of the physiological state of an aerobic culture since most metabolic 

activities, such as substrate and oxygen limitations, product inhibitions, diauxic growth and other 

biological phenomena, depend on the consumption of oxygen (Anderlei et al. 2004; Anderlei & Büchs 

2001). These phenomena and respective effects on OTR are shown in Figure 2.6: 
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Figure 2.6: Typical biological phenomena and respective effects on OTR during fermentation (adapted 

from (Anderlei & Büchs 2001)). 

The RAMOS device also measures the carbon dioxide transfer rate (CTR) and the respiratory quotient 

(RQ) of the shake flasks, enabling the prediction of biomass concentration, the evaluation of energetic 

efficiencies of growth and the monitoring of growth yields (Anderlei et al. 2004). 

A measuring cycle is continuously being repeated during fermentation, separated into a measuring 

and a rinsing phase. In the latter a gas with specific composition flows through the shaken flask when 

the valves are opened. When the valves are closed, an oxygen gas sensor and a differential pressure 

sensor detect the partial pressure of oxygen in the headspace of the flask, which drops due to the 

continuous respiration activities of the microorganisms. On the other hand, the partial pressure of 

carbon dioxide increases. This allows the calculation of the OTR, CTR and the RQ by the computer 

through the following equations (2) to (4) (Anderlei et al. 2004; Anderlei & Büchs 2001):  

𝑂𝑇𝑅 =
∆𝑝𝑂2

∆𝑡
∙

𝑉𝐺

𝑅𝑇 · 𝑉𝐿

 (2) 

𝐶𝑇𝑅 =
∆𝑝𝐶𝑂2

∆𝑡
∙

𝑉𝐺

𝑅𝑇 · 𝑉𝐿

 (3) 

𝑅𝑄 =
𝐶𝑇𝑅

𝑂𝑇𝑅
 (4) 

where OTR and CTR are the oxygen and carbon transfer rate respectively [mmol.L-1h-1], RQ is the 

respiratory quotient [-], ΔpO2
 and ΔpCO2  are the variation of oxygen and carbon dioxide partial pressure 

respectively [bar], Δt is the variation of time [h], RT is the product of the molar gas constant and tem-

perature [L.bar.mmol-1] and VG and VL are the volume of gas and liquid [L], respectively. 
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In recent years this setup was scaled down further to 48-well microtiter plates (MTPs), also known as 

μRAMOS device (Flitsch et al. 2016). A schematic overview of the μRAMOS device as well as a 

single-well cross-section of the developed microfluidic MTP cover are illustrated in Figure 2.7: 

 

Figure 2.7: Schematic overview of μRAMOS device (A) and single-well schematic cross-section of the 

microfluidic MTP cover (B) (adapted from (Flitsch et al. 2016)). 

The microfluidic MTP cover is on top of the MTP which was previously covered with a gas permeable 

sterile barrier. Within this microfluidic MTP cover, every well has two valves and one optical fibre. It 

also contains a combined channel system to merge the air inlets of all 48 wells. Therefore, only one air 

supply tube has to be connected to the cover. The capillaries assure an equal air flow through all wells 

of the MTP which was assembled on an orbital shaker. In order to close the inlet and outlet valves, 

there is a moulded elastic silicone switching membrane above the respective valve seat. Once the 

switching membrane is over- or under-pressured, the air inlet of the valve seats is sealed or opened 

respectively. All inlet valves are connected to the same pressure channel system and consequently 

switch simultaneously. Also, there is an analogue channel system for the outlet valves. The oxygen 

partial pressure of the headspace is related to the luminosity of the fluorescence dye which is immobi-

lized in the fluorescence sensor spot. Its fluorescence lifetime can be used as a measurand in oxygen 

analytics (Flitsch et al. 2016). 

2.3.2 BioLector device 

The BioLector device is a system that allows a quasi-continuous measurement of optical signals over 

time. These optical signals represent the microbial growth (scattered light) and the formation of fluo-

rescent products measured without interruption of the shaking process, making them ideal for labora-

tory automation (Kunze, Lattermann, et al. 2014; Kunze, Roth, et al. 2014). The cultivations can be 

performed in 48-well MTPs, permitting the screening of many parameters at a specific temperature in 

a reasonably short time. 48-well Flower Plate may be used in order to overcome the oxygen limitation 

problem in MTPs (Kunze, Roth, et al. 2014). 
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The use of optodes for dissolved oxygen tension (DOT) and pH enables their online monitoring via 

special fluorescent dyes. Typical pH curves for E. coli cultivations present a steadily decrease of pH 

after the lag phase due to the consumption of ammonia from the medium and the accumulation of 

acetate and then an increase of pH once the stationary phase is reached due to the subsequent 

respiration of acetate (Kunze, Roth, et al. 2014; Scheidle et al. 2011). Regarding DOT curve, DOT 

decreases during exponential phase and then increases in stationary phase, the latter due to the 

depletion of the carbon source (Kunze, Roth, et al. 2014). 

As illustrated in Figure 2.8, the light detector scans different positions of each MTP well, enabling the 

detection of scattered light and fluorescence in the cell suspension, as well as the DOT and pH. The 

reading of one parameter on a 48-well MTP takes one minute and the scan of the next parameter only 

starts when the previous scan is over and the correspondent filters are changed (Kensy 2010). 

 

Figure 2.8: Schematic side view of microtiter plate well (A) and top view of a Flower Plate well with the 

different reading positions and sensor allocations (B) (adapted from (Kensy 2010)). 

The biomass concentrations were measured via scattered light at 620 nm excitation and with an 

emission filter with the same wavelength. An excitation filter of 470 nm and an emission filter of 

525 nm were used for the pH detection while an excitation wavelength of 520 nm and an emission 

wavelength of 600 nm were used to measure the DOT signal. 

Scattered light and fluorescence signals only provide information relative to a reference and have to 

be calibrated to obtain absolute values which represents a disadvantage of this system (Wewetzer et 

al. 2015). 
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2.4 Basics of optical measurement 

2.4.1 Absorbance spectroscopy  

Absorbance Spectroscopy measures the absorption of radiation of a sample, as a function of frequen-

cy or wavelength. The transmitted intensity varies with the thickness of the sample and with the molar 

concentration of the absorbing species according to the Beer-Lambert law: 

𝐼 = 𝐼0 ∙ 10−ε∙c∙d (5) 

where I is the transmitted intensity [-], I0 is the incident intensity [-], ε is the extinction  

coefficient [mM-1cm-1], c is the molar concentration of the absorbing species [mM] and d is the thick-

ness of the sample [cm]. The absorbance of the sample can be defined as: 

𝐴 = − log 𝑇 = log
𝐼0

𝐼
= ε ∙ c ∙ d (6) 

where A is the absorbance [-] and T is the transmittance [-] of the sample (Atkins & de Paula 2014).  

2.4.2 Fluorescence spectroscopy 

The fluorescence is the immediate conversion of absorbed light into reemitted radiant energy. The 

initial absorption of a photon takes the molecule to an excited electronic state, making it colliding with 

the surrounding molecules, losing energy and therefore stepping down the ladder of vibrational levels. 

However, the surrounding molecules might not be able to accept the larger energy needed to lower 

the molecule to the ground electronic state and therefore the excited state lasts long enough to gener-

ate a photon and emit the remaining excess of energy as radiation (Silbey et al. 2004).  

Fluorescence occurs at a lower frequency comparing with the incident radiation since the first one is 

emitted after some vibrational energy had been released into the surroundings (Silbey et al. 2004). 

Fluorescent molecules, also known as fluorophores, have specific excitation and emission wave-

lengths. For diluted solutions, the following equation allows the calculation of the Fluorescence Intensi-

ty: 

𝐹 = 𝐼0(2,303 ∙ ε ∙ c𝑓 ∙ d)ϕ (7) 

where F is the fluorescence intensity [-], I0 is the incident intensity [-], ε is the extinction 

coefficient [mM-1cm-1], cf is the molar concentration of the fluorophore [mM], d is the thickness of the 

sample [cm] and the ϕ is the quantum yield of fluorescence in percentage [-]. The latter is defined as 

the number of emitted photons relative to the number of absorbed photons (Lakowicz 2006; Williams 

2000; Parker & Rees 1960). 
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2.5 Enzyme analysis 

Enzyme analysis techniques used to evaluate the concentration of active P450 and its catalytic activity 

will be addressed in the next subchapters. 

2.5.1 Carbon monoxide difference spectroscopy 

The typical absorbance spectrum of a P450 domain is shown in Figure 2.9: 

 

Figure 2.9: Absorbance spectrum of the F87A mutant of P450 BM3 domain in the resting state (solid line) 

and in the CO-bound complex of the reduced P450 (dashed line) (Oliver et al. 1997). 

The WT P450 BM3 and its F87A mutant show a similar absorbance spectrum for the P450 domain 

since the substitution made does not affect the electronic structure of the heme (Oliver et al. 1997). In 

order to obtain the CO-bound complex of the reduced P450, the use of the reducing agent sodium 

dithionite and the gassing with CO is required (Dennig 2013). 

From Figure 2.9 it can be observed that the P450 domain in the resting state has two bands at 570 nm 

and 535 nm and a soret peak at 418 nm. On the other hand, the P450 domain in the CO-bound com-

plex of the reduced P450 shows a peak at 547 nm and a soret band at 448 nm. However, if analysed 

the whole P450, a similar spectra would be obtained with an additional small peak around 460 nm due 

to the flavin groups (Oliver et al. 1997). It can be concluded that there is no inactive P450 in the sam-

ple when no band at 420 nm in the CO-bound complex of the reduced P450 is present (Oliver et al. 

1997). The concentration of active P450 can then be calculated by using the difference of the absorb-

ance between 500 nm and 450nm (Dennig 2013). 
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2.5.2 Consumption of cofactor NADPH 

P450 BM3 catalyses the oxidation of a molecule of the reduced cofactor nicotinamide adenine dinu-

cleotide phosphate (NADPH) to his oxidised form (NADP+), originating two electrons and one proton. 

One electron will reduce the heme iron to its ferrous state and later a second electron will enable the 

formation of the ferric peroxy-complex (Whitehouse et al. 2012). 

 

Figure 2.10: NADPH and NADP+ molecules adapted from (Bashiri et al. 2010). 

NADPH is highly fluorescent while NADP+ is non-fluorescent since the fluorescent group is the re-

duced nicotinamide ring. The excitation and emission maximum of NADPH are clearly visible at 

340 nm and 460 nm, respectively (Lakowicz 2006; Latouche et al. 2000). However, the fluorescence 

of NADPH is partially quenched in solution due to collisions or stacking with the adenine moiety 

(Lakowicz 2006). 

NADPH depletion assay measures the decrease in the fluorescence which corresponds to the NADPH 

consumption and NADP+ formation, allowing the determination of the catalytic rate. However, the 

electron transfer from the cofactor may not be coupled with the formation of product. Therefore, the 

combination with other assays which measure either the desired product formation or products of 

uncoupled cofactor oxidation is important, such as hydrogen peroxide (Glieder & Meinhold 2003). The 

excitation and emission spectra of NADPH can be found in Figure IV.2 (Appendix A.2). 
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2.5.3 Quantification of hydrogen peroxide 

The hydrogen peroxide can be measured by adding Horseradish Peroxidase (HRP) and 1-(3,7-

dihydroxyphenoxazin-10-yl)ethanone (Amplex® Red). 

 

Figure 2.11: Formation of the fluorophore resorufin from Amplex® Red oxidation catalyzed by 

Horseradish Peroxidase (HRP) using hydrogen peroxide as oxidizing agent (adapted from (Mohanty et al. 

1997)). 

As Figure 2.11 illustrates, the HRP catalyses the oxidation of the substrate Amplex® Red, a colourless 

and non-fluorescent compound, by using H2O2 as an oxidizing agent at a 1:1 stoichiometric ratio. The 

reaction product is resorufin, a highly fluorescent product which can be easily detected by a fluorime-

ter (Zhao et al. 2012; Mohanty et al. 1997). The excitation and emission maximum are 571 nm and 

585 nm (Thermo Fischer Scientific 2015). The corresponding spectra can be found in Figure IV.3 

(Appendix A.3). However, the H2O2 response is only linear when a molar ratio of Amplex® Red : H2O2 

is higher than five, since with higher concentrations of the latter there is a second oxidation step, 

converting resorufin to non-fluorescent compounds (e.g.: sazurin) (Zhao et al. 2012; Mohanty et al. 

1997).  

Exposure of Amplex® Red to light should be avoided since it can trigger its auto-oxidation to resorufin. 

This effect depends on the duration of the light exposure, the energy of the light and the presence of 

oxygen in the solutions, with O2
∙− as an intermediate and H2O2 as a final product. When Amplex® Red 

is exposed to light in the presence of HRP, O2
∙− can spontaneously dismutate to H2O2, serving as 

substrate for HRP. A proposed mechanism of this photooxidation is presented by Zhao et al. 
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3 Materials and Methods 

All the materials and methods used in this thesis will be described in the next subchapters. 

3.1 Chemicals 

All chemicals used in the experiments of this thesis, as well as their suppliers, are listed in Table 3.1.  

Table 3.1: Chemicals used and their respective suppliers. 

Chemical Supplier 

Aminolevulinic acid Fluka 

Ammonium sulfate (≥99.5 %) Carl Roth® 

BugBuster® 10xProtein extraction reagent Novagen® 

Calcium chloride dehydrate (≥99 %) Carl Roth® 

Cobalt (II) chloride hexahydrate (98 %) Fluka 

Copper (II) sulfate (≥99 %) Carl Roth® 

Dipotassium phosphate (≥99 %) Carl Roth® 

Ethylenediamine tetraacetic acid disodium salt dihydrate (≥99 %) Carl Roth® 

Glycerol (≥99.5 %) Carl Roth® 

Iron (III) chloride hexahydrate (≥99 %) Merck 

Isopropyl β-D-1-thiogalactopyranoside Applichem 

Lactose monohydrate VWR Chemicals® 

Manganese (II) sulfate monohydrate (≥99 %) Carl Roth® 

MOPS (acidic form) (≥99.5 %) Carl Roth® 

Potassium dihydrogen phosphate (≥99 %) Carl Roth® 

Sodium dithionite (~85 %) Fluka 

Sodium hydroxide (≥99 %) Carl Roth® 

Sodium sulfate (≥99 %) Merck 

Zinc sulfate heptahydrate (≥99.5 %) Merck 
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3.2 Devices 

The devices used are listed in Table 3.2. 

Table 3.2: Devices used and their respective specifications and suppliers. 

Device Specification Supplier 

Multifunctional Plate Reader Synergy 4 BioTek 

BioLector CO-BioLector BioVT prototype 

RAMOS - BioVT prototype 

μRAMOS - BioVT prototype 

Photometer Genesys™ 20 Thermo Scientific 

Climo-shaker Incubator 
ISF-4-W 

Kühner Switzerland 
ISF1-X 

Thermomixer HLC MHR 23 Ditabis 

Centrifuge Sigma 1-15 Sigma 

pH Meter pH510 Eutech Instruments 

Hotplate Stirrer CB162 Stuart 

Analytical Balance Kern Alt 220-4M Kern 

Balance SI-6002 Denver Instrument 

Autoclave EL CertoClav 

Pipettes 0,5-10 μL, 10-100 μL and 
100-1000 μL 

Research® plus Eppendorf GmbH Deutschland 

Multi-channel-Pipette 10-100 μL Research® plus Eppendorf GmbH Deutschland 

3.3 Other materials 

The materials used, apart from the chemicals and devices, are listed in Table 3.3. 

Table 3.3: Other materials used and their respective suppliers. 

Material Supplier 

Flowerplate® Microtiter Plates (MTP) 48 Well, with and without 
optodes (pH and DO) 

m2p-labs 

Rotilabo® Microtest plates, 96 Well, 350 μL well, black Roth 

Rotilabo® Microtest plates, 96 Well, 335 μL well, clear Roth 
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Material Supplier 

Rotilabo® Sealer for Microtiter Plates Roth 

Disposable Semi-micro Cuvettes, PS, 1,5 mL VWR 

BRAND® Eppendorf Microcentrifuge Tubes 1,5 mL, 2 mL and 5 mL Merck 

FALCON® Falcon Tubes 15 mL and 50 mL VWR 

Falcon with 50 kDa cut-off, spinXR-UF 6 Corning® 

TipOne® Pipette Tips StarLab 

Pipettes 10 mL, 25 and 50 mL VWR 

Syringes 10 mL and 20 mL B.Braun 

Acrodisc® Sterile Syringe Filters, Supor Membrane, 32 mm, 0,2 μm PALL Life Sciences 

Shake Flasks and Flasks Schott Duran 

Solvex® Nitrile Gloves Ansell 

Nitrile Gloves VWR 

Safety Glasses Max Safety 

3.4 Vectors and strains 

The bacteria E. coli BL21 DE3 was used for the recombinantly expression of cytochrome P450 BM3 

and it was supplied by the chair of biotechnology of RWTH Aachen University:  

E. coli BL21 (DE3) lacIQ1: [F- ompT gal dcm lon hsdSB (rB- mB-) λ(DE3 [lacI lacUV5-T7 gege 1 ind1 

sam7 nin5])]. 

The employed bacterial plasmid is shown in the Figure 3.1: 
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Figure 3.1: Vector map of plasmid pALXtreme-1a presenting Multiple Cloning Site, where the P450 BM3 

gene was cloned, and kanamycin resistance. 

Apart from E. coli expressing the wild Type (WT) of P450 BM3 and the negative control Empty Vector 

(LV), five more E. coli variants were previously created by site-directed mutagenesis: F87A (FA), 

R47S Y51W (2 MTRS), Y51W F87A (2 MTFA), R47S Y51W I401M (3 MT) and R47S Y51W F87A 

A328V (4 MT). Mutants were only used in the oxygen limitation and in the comparison between opti-

mised and initial medium experiments. 

3.5 Cultivation media and media additives 

The medium used was Wilms MOPS medium and its standard composition can be found in Table IV.1 

(Appendix A.4). Alterations in the carbon source, aminolevulinic acid (ALA) and iron (III) chloride 

hexahydrate concentrations as well as pH are stated in the following subchapters, depending on the 

parameter studied. 

3.5.1 Preculture 

Three main solutions were prepared in order to cultivate the precultures (corresponding to 94.7 % (v/v) 

of the preculture medium). Unless stated otherwise, the pH was adjusted to the one used in the main 

culture (pH 6.8, 7.15 or 7.5). 
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3.5.2 Comparison between manually induced and auto-induction medium 

experiments 

The pH of the main solution was adjusted to 7.5 (94.7 % (v/v) of the culture medium). 

Lactose solution (125 g/L in deionised H2O, autoclaved and stored at room temperature) and glucose 

solution (100 g/L in deionised H2O, autoclaved and stored at room temperature) were also prepared. 

The different carbon sources concentrations used in the first experiment are stated in Table 3.4. 

Reference samples were cultivated in standard conditions: 20.0 g/L of glycerol as the only carbon 

source. 

Table 3.4: Concentrations of glucose, glycerol and lactose used in the first experiment regarding the 

influence of IPTG and the use of an auto-induction medium. 

Glycerol [g/L] Glucose [g/L] Lactose [g/L] 

20.0 0.0 0.0 

20.0 + IPTG 0.0 0.0 

7.5 

10.0 2.7 

8.0 5.0 

5.0 8.6 

4.5 9.2 

3.5 10.4 

3.0 11.0 

2.5 11.6 

2.0 12.2 

1.5 12.8 

1.0 13.3 

0.5 13.9 

0.0 14.5 

 

In order to induce one sample (manually induced reference sample), IPTG stock-solution (1000x) was 

prepared: 100 mM IPTG in deionised H2O, filtered sterile through a 0.45 μm/0.2 μm filter and stored at 

-20 °C. A stock-solution of ALA (1000x) was also used: 500 mM ALA in deionised H2O, filtered sterile 

through a 0.45 μm/0.2 μm filter and stored at -20 °C. 

A second experiment was performed where the influence of the concentration of glycerol and lactose 

was studied, by keeping the concentration of glucose constant. ALA stock-solution (1000x) was added 

to every sample and IPTG stock-solution (1000x) was used to induce one sample too (manually 

induced reference sample). The different carbon sources concentrations can be found in Table 3.5: 
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Table 3.5: Concentrations of glucose, glycerol and lactose used in the second experiment regarding the 

influence of IPTG and the use of an auto-induction medium. 

Glucose [g/L] Glycerol [g/L] Lactose [g/L] 

0.0 
20.0 0.0 

20.0 + IPTG 0.0 

0.0 

10.5 8.8 

8.8 10.5 

7.0 12.1 

5.3 13.7 

3.5 15.3 

1.8 17.0 

0.0 18.6 

0.5 

10.2 8.6 

8.5 10.2 

6.8 11.8 

5.1 13.4 

3.4 14.9 

1.7 16.5 

0.0 18.1 

3.5.3 Oxygen limitation experiment 

The pH of the main solution was adjusted to 7.5 (94.7 % (v/v) of the culture medium). IPTG stock-

solution (1000x) and ALA stock-solution (x1000) were used in every sample and prepared as in 3.5.2. 

3.5.4 pH and temperature experiment 

The pH of the main solutions were adjusted to 6.8, 7.15 and 7.5 (94.7 % (v/v) of the culture media). 

The concentrations of the carbon sources used in each sample were 8.8 g/L of glycerol (glycerol 

solution prepared as in Table IV.1 (Appendix A.4)) and 10.5 g/L of lactose (lactose solution prepared 

as in 3.5.2). ALA stock-solution (x1000) was used in every sample and prepared as in 3.5.2. 

3.5.5 Concentration of ALA experiment 

The pH of the main solution was adjusted to 6.8 (94.7 % (v/v) of the culture medium). The concentra-

tions of the carbon sources used in each sample are stated in 3.5.4. 

In order to infer the influence of the concentration of ALA in the production of P450, each sample had 

a different concentration of this compound. From the solution ALA stock-solution (1000x), which was 
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prepared as in 3.5.2, different volumes were used in order to reach the following concentrations in the 

medium: 0.10 mM, 0.20 mM, 0.30 mM, 0.40 mM, 0.50 mM, 0.57 mM, 0.64 mM, 0.71 mM, 0.79 mM, 

0.86 mM, 0.93 mM, 1.00 mM, 1.25 mM, 1.5 mM, 2.00 mM and 3.00 mM. 

3.5.6 Concentration of iron (III) chloride hexahydrate experiment 

The pH of the main solution was adjusted to 7.5 (94.7 % (v/v) of the culture medium). The concentra-

tions of the carbon sources used in each sample are stated in 3.5.4. ALA stock-solution (x1000) was 

used in every sample and prepared as in 3.5.2. 

In order to evaluate the influence of the concentration of FeCl3·6 H2O in the production of P450, each 

sample had a different concentration of this compound. A trace elements solution (x1000) but without 

FeCl3·6 H2O (see Table IV.1 (Appendix A.4)) and a FeCl3·6 H2O solution (10.0 g/L in deionised H2O, 

filtered sterile through a 0.45 μm/0.2 μm filter and stored at room temperature protected from the light) 

were prepared. The trace elements solution without FeCl3·6 H2O (1000x) was used for all the sam-

ples, except for the reference sample. The FeCl3·6 H2O solution (10.0 g/L) was diluted in order to 

reach the following concentrations in the medium: 5.3 mg/L, 8.0 mg/L, 10.0 mg/L, 12.0 mg/L, 

15.6 mg/L, 20.8 mg/L, 26.0 mg/L, 31.2 mg/L, 36.4 mg/L, 41.6 mg/L, 50.0 mg/L, 60.0 mg/L, 80.0 mg/L, 

100.0 mg/L and 120.0 mg/L. 

3.5.7 Comparison between optimised and initial medium conditions experi-

ment 

The samples cultivated in the initial medium contained all the solutions which were stated and pre-

pared as in 3.5.3. 

For the samples cultivated in the optimised medium, the pH of the main solution was adjusted to 6.8 

(94.7 % (v/v) of the culture medium). The concentrations of the carbon sources used in each sample 

are stated in 3.5.4. A volume of 4.26 µL of ALA stock-solution (1000x) was also used and prepared as 

in 3.5.2, in order to reach a final concentration of 0.71 mM of this compound in each sample. 

3.6 Preparation buffer 

A phosphate buffer (50 mM) was prepared by adding 1 M dipotassium phosphate solution to a 

1 M potassium dihydrogen phosphate solution, until a pH value of 7.5 was reached, and then diluted 

with deionised H2O. 
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3.7 Methods 

The methods performed in the experimental work of this thesis are described below. 

3.7.1 Cryocultures 

From previous cryocultures, 1 % (v/v) from all the variants was taken and separately cultivated in 

Wilms MOPS medium (medium prepared as in Table IV.1, Appendix A.4, and cultivation performed as 

for precultures in 3.7.2). The main solution used was the one with the pH adjusted to 7.5. In a 2 mL 

cryotube with 700 µL of glycerol (500 g/L) was added 300 µL of culture and frozen at -80 °C. Cultures 

were previously collected while in exponential growth. 

3.7.2 E. coli cultivation 

Precultures for all the experiments mentioned were prepared by inoculating 10 mL of Wilms MOPS 

medium (medium as in 3.5.1) with 0.1 % (v/v) of cryoculture (see 3.7.1) in 250 mL shake flasks and 

incubated in the climo-shaker incubator at 250 rpm and 37 °C. Precultures were harvested in the 

exponential phase and diluted for inoculation to an OD600 nm of 0.5. 

The cultures of the first experiment regarding the influence of IPTG and the use of an auto-induction 

medium were run in a MTP, with a final volume of culture of 750 µL per well, in the μRAMOS device 

for 40 h at 1000 rpm (with a shaking diameter of 3 mm) and 30 °C. Only a reference sample was 

induced with IPTG right in the beginning of the cultivation. 

The cultures of the oxygen limitation experiment were run in special 250 mL shake flasks, with a 

volume of culture of 10 mL and 20 mL, in the RAMOS device for 30 h at 250 rpm (with a shaking 

diameter of 50 mm) and 30 °C. All samples were manually induced with IPTG after 4.5 h of cultivation 

(OTR around 10 mmol/(L.h)). 

The cultures of the second experiment regarding the influence of IPTG and the use of an auto-

induction medium, concentration of ALA, concentration of iron (III) chloride hexahydrate and compari-

son between optimised and initial medium experiments were run in MTPs, with a final volume of 

culture of 750 µL per well, in the BioLector at 1000 rpm (with a shaking diameter of 3 mm) and 30 °C. 

The cultivation was performed until stationary phase was reached. The cultures of the pH/temperature 

experiment were also run in these same conditions, except for the temperature (temperatures of 25 °C 

and 35 °C were also tested). Only one sample from the second experiment concerning the use of an 

auto-induction medium and the samples cultivated in the initial medium from the experiment regarding 

the comparison between optimised and initial medium were induced with IPTG after reaching the 

exponential phase. 

Another cultivation concerning the use of the optimised parameters in the fermentation was performed 

in order to infer the OTRs of the E. coli BL21 DE3 cultivations expressing the WT P450 BM3 and 

variants. These cultures were run as in the oxygen limitation experiment but no IPTG was added and 

only a volume of culture of 10 mL was used. 
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3.7.3 Cell lysis 

The broth from the E. coli cultivations was centrifuged for 15 min at 4000 rpm and 4 °C. The superna-

tant was removed and the cell pellet was stored at -20 °C. Cell pellets were diluted and resuspended 

with phosphate buffer (50 mM) (see 3.6) to an OD600 nm of 10. A fixed volume of every sample was 

then transferred to new eppendorfs and a volume of 1:10 of BugBuster® 10xProtein extraction reagent 

was added. The samples were then shaken in the thermomixer at room temperature for 20 min. Final-

ly, the samples were centrifuged for 15 min at 14000 rpm and 4 °C in order to remove the insoluble 

cell debris. The supernatant was then stored at 4 °C for future use. 

3.7.4 Carbon monoxide difference spectroscopy 

For each experiment, 75 µL of each cell lysate obtained by 3.7.3 and 75 µL of 0.1 g/mL of sodium 

dithionite solution (the latter was prepared by dissolving sodium dithionite in phosphate buffer 

(50 mM)) were added in a MTP well in order to reduce the heme-iron of P450 BM3.  

The absorbance of the samples was measured for the wavelengths between 400 nm and 500 nm, 

corresponding to the zero value, and then gassed with CO for 5 min. The absorbance was then meas-

ured again for the same wavelengths. Concentration measurements were performed by the supervisor 

in the BioLector prototype. 

The concentration of active cytochrome P450 [mM] can be calculated by the following equation 

(Dennig 2013): 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 P450 =  
𝐴450 𝑛𝑚 − 𝐴500 𝑛𝑚

𝜀𝑃450

× 𝑓 (8) 

in which A450 nm and A500 nm correspond to the absorbance at 450 and 500 nm [-] of the CO-gassed 

samples after subtracting the zero values, εP450 corresponds to the extinction coefficient of P450 BM3, 

whose value is 91 mM-1cm-1, and f to the dilution factor [-]. 
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4 Results and Discussion 

The results of the experiments performed in this thesis will be presented and discussed in the follow-

ing subchapters. 

4.1 Relevant parameters for the production of P450 BM3  

The experiments related to relevant parameters for the production of P450 BM3 were mostly conduct-

ed in E. coli BL21 (DE3) expressing WT P450 BM3 since similar behaviour was expected for the 

cultures expressing the mutations in P450 BM3. Only the experiments regarding the influence of 

oxygen limitation and the comparison between optimised and initial culture conditions were also 

performed for the mutants.  

4.1.1 Comparison between manually induced and auto-induction medium 

Two experiments concerning the effect of Wilms MOPS mineral auto-induction medium containing 

lactose were performed. Different concentrations of glucose (Glu) and lactose (Lac) were used in the 

first experiment, and their effects on OTR monitored by using the μRAMOS device. The OTR of both 

reference samples are first shown in Figure 4.1: 

 

Figure 4.1: Effect of IPTG induction on the OTR of the reference sample. Cultivation of E. coli BL21 (DE3) 

expressing WT P450 BM3 in Wilms-MOPS medium: 20.0 g/L glycerol, 200 mM MOPS, pH 7.5, T= 30 °C, 

n= 1000 rpm, d0= 3 mm, VL= 750 μL. Without induction (black line) and with induction with IPTG (final 

concentration of 0.1 mM) at the beginning of the cultivation (grey line). 

The black line of Figure 4.1 illustrates the expected unlimited growth of E. coli BL21 (DE3) without 

induction: there is an exponential growth during the first 9 h, increasing greatly the OTR which eventu-
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ally reached the value of ca. 38 mmol/(L.h). The steady decrease of OTR reflects the depletion of 

glycerol, which took place at 16 h of cultivation (Rahmen 2015; Anderlei et al. 2004; Anderlei & Büchs 

2001). The second OTR peak displayed from 20 h to 24 h corresponds to the aerobic respiration of 

acetate (Kunze, Roth, et al. 2014; Huber et al. 2011; Scheidle et al. 2011; Scheidle et al. 2007). Over-

flow metabolism and cultivations performed under oxygen-limited conditions cause the production of 

acetate (Rahmen 2015; Scheidle et al. 2011).  

For the sample cultivated in the same medium but induced with IPTG in the beginning of the cultiva-

tion (grey line), there is a delayed initial increase in OTR. This delay was also described by Rahmen. 

This phase is expected because of the metabolic burden during protein production as a consequence 

of the induction of the lac operon by IPTG (Rahmen 2015). Metabolic burden is described as the 

amount of resources withdrawn from the host’s metabolism. It lowers growth rate and biomass yield 

after induction of recombinant protein synthesis (Hoffmann & Rinas 2001). Growth is possible at 15 h 

of cultivation, resulting in an exponential OTR increase. Unlike lactose in auto-induction medium, IPTG 

is not metabolized during cultivation (Rahmen 2015). Therefore, additional growth phase observed 

after metabolic burden might be related to plasmid loss and subsequent growth and respiration of cells 

which do not carry any plasmid (Marisch et al. 2013). A similar maximum OTR as in non-inducing 

conditions (ca. 40 mmol/(L.h)) is reached. Also, a small peak around 35 h should be related to the 

diauxic growth due to the presence of acetate (Kunze, Roth, et al. 2014; Huber et al. 2011; Scheidle et 

al. 2007). Nevertheless, the non-induced culture exhibits a bigger peak related to the uptake of ace-

tate, indicating a previously higher production of this compound. This suggests an overflow metabo-

lism for the non-induced culture due to a faster growth. Overflow metabolism is a natural response 

used by cells to balance the contradictory proteomic demands of energy biogenesis and biomass 

synthesis for rapid growth (Basan et al. 2015). It depends on the degree of carbon influx and not 

specifically on the nature of the carbon source (Basan et al. 2015). It is manifested by the use of 

inefficient metabolic routes at high substrate availability (Molenaar et al. 2009). 

However, both cultivations do not follow the same tendency as the ones illustrated in Rahmen’s exper-

iments, cultivated in similar conditions (Rahmen 2015). Firstly, the production of only low concentra-

tions of acetate by E. coli BL21 (DE3) is reported by Rahmen, without interfering with the growth rate. 

In Rahmen’s experiments, no second peak related to the aerobic respiration of acetate was shown for 

non-induced and IPTG induced cultivations. Also, the maximum OTR value of her IPTG induced 

culture (final concentration of 0.1 mM in the culture) after 3 h of cultivation reached half of the value of 

the one cultivated in non-induced conditions. A correlation regarding the difference between maximum 

OTR values from non-inducing and inducing cultivations (ΔOTRmax) was stablished by Rahmen. High-

er values of ΔOTRmax reflects higher target protein production (Rahmen 2015). Moreover, in this 

experiment both samples present an OTR plateau at 9 h and 27 h, indicating a phase of oxygen 

limitation for non-induced and IPTG induced sample, respectively (Rahmen 2015; Anderlei et al. 2004; 

Losen et al. 2004; Anderlei & Büchs 2001). This is probably the cause of higher concentrations of 

acetate produced when compared with Rahmen’s experiments. 
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In both Figure 4.2 and Figure 4.3, the effect of different concentrations of glucose and lactose on the 

OTR of some samples is illustrated. This effect can also be observed in Figure IV.4 (Appendix A.5) for 

additional samples. 

 

Figure 4.2: Effect of the variation of the concentration of glucose and lactose on the OTR (part I). Cultiva-

tion of E. coli BL21 (DE3) expressing WT P450 BM3 in Wilms-MOPS auto-induction medium containing 

7.5  g/L of glycerol: 200 mM MOPS, pH 7.5, T= 30 °C, n= 1000 rpm, d0= 3 mm, VL= 750 μL.  

In Figure 4.2, the OTR of some samples containing more glucose in their medium can be observed. 

All cultures behave in the same way in the beginning of the cultivation. They firstly show preference on 

the consumption of glucose which is used for their growth. However, a shift on their metabolism takes 

place around 7.5 h (green line), 9 h (light blue line) and 10.5 h (dark blue line) due to the depletion of 

glucose and relief of the catabolite repression. Cultures start consuming both lactose and glycerol at 

the same time (Rahmen 2015; Ukkonen et al. 2013; Kunze et al. 2012; Studier 2005). As the figure 

shows, this shift of metabolism naturally occurs later for higher concentrations of glucose. A second 

peak is more noticeable for lower concentrations of glucose. Glucose increases the accumulation of 

overflow and fermentative metabolites so these peaks should not correspond to the respiration of 

acetate (Losen et al. 2004). E. coli BL21 (DE3) consumes lactose faster than glycerol after its initial 

growth on glucose (Rahmen 2015; Blommel et al. 2007). Thereby, second peaks may be related to 

their growth on residual glycerol. The results obtained resemble the ones reported by Kunze et al. 

(Kunze et al. 2012). Sharp decrease of OTR reflects the depletion of all available carbon sources 

(Rahmen 2015; Anderlei et al. 2004; Anderlei & Büchs 2001). 
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Figure 4.3: Effect of the variation of the concentration of glucose and lactose on the OTR (part II). Cultiva-

tion of E. coli BL21 (DE3) expressing WT P450 BM3 in Wilms-MOPS auto-induction medium containing 

7.5 g/L of glycerol: 200 mM MOPS, pH 7.5, T= 30 °C, n= 1000 rpm, d0= 3 mm, VL= 750 μL. 

In Figure 4.3 the shift of metabolism can still be observed for the samples containing the smallest 

amounts of glucose (yellow and orange lines). The shift of metabolism happens first for the red sample 

around 3.5 h of cultivation, as it was expected. However, red and orange samples containing the 

highest concentrations of lactose do not present accentuated second peaks. Therefore, an offline 

analysis with high performance liquid chromatography (HPLC) should take place in order to determine 

if second peaks are related to residual growth on lactose or glycerol. The offline samples should be 

taken from cultures cultivated in parallel under identical conditions as the μRAMOS experiment. Rah-

men used an organic acid resin column and 5.0 mM H2SO4 as eluent at a flow rate of 0.8 mL/min and 

60 °C. Also, peaks were detected by recording the refractive index (Rahmen 2015).  

The OTR reached by all the samples in Figure 4.2, Figure 4.3 and Figure IV.4 is around 

40 mmol/(L.h), except for the samples containing only lactose (red sample) or 0.5 g/L of glucose 

(orange sample), whose OTR is around 35 mmol/(L.h). All the samples are oxygen-limited since OTR 

plateaus could be observed (Rahmen 2015; Anderlei et al. 2004; Losen et al. 2004; Anderlei & Büchs 

2001). Also, a delayed increase in OTR due to metabolic burden during protein production was not 

observed in any of the samples grown in auto-induction medium when compared with the IPTG in-

duced sample. A decrease in the growth rate was only observed in Figure 4.3 for the orange and red 

samples. These last samples have a lower growth rate due to the small amount of glucose and high 

concentration of lactose. The focus on the formation of product instead of growth due to high amounts 

of lactose as inducer is possibly the reason (Neubauer et al. 1992). Therefore, higher concentrations 

of P450 produced for auto-induction samples with the highest concentrations of lactose are expected. 

0

5

10

15

20

25

30

35

40

45

0 5 10 15 20 25 30 35 40

O
T

R
 [

m
m

o
l/
(L

.h
)]

Time [h]

Glu: 1.0 g/L + Lac: 13.3 g/L Glu: 0.5 g/L + Lac: 14.0 g/L Glu: 0.0 g/L + Lac: 14.5 g/L



 

35 

After performing the cell lysis of the respective cultivation broths and following the carbon monoxide 

difference spectroscopy procedure, the concentration of active WT P450 BM3 for each sample was 

calculated. The respective results are displayed in Table 4.1. Concentrations of glucose and lactose 

are coloured according with the samples from Figure 4.2 and Figure 4.3. 

Table 4.1: Effect of the variation of the concentration of glucose and lactose on the production of 

WT P450 BM3. Cultivation of E. coli BL21 (DE3) expressing WT P450 BM3 in Wilms-MOPS auto-induction 

medium: 200 mM MOPS, pH 7.5, T= 30 °C, n= 1000 rpm, d0= 3 mm, VL= 750 μL. 

Glycerol [g/L] Glucose [g/L] Lactose [g/L] P450 [µM] 

20.0 0.0 0.0 0.1 

20.0 + IPTG 0.0 0.0 1.1 

7.5 

10.0 2.7 1.2 

8.0 5.0 1.2 

5.0 8.6 3.2 

4.5 9.2 3.2 

3.5 10.4 4.1 

3.0 11.0 4.5 

2.5 11.6 4.8 

2.0 12.2 4.5 

1.5 12.8 4.9 

1.0 13.3 3.0 

0.5 13.9 4.7 

0.0 14.5 5.2 

 

As shown in the previous table, higher concentrations of active WT P450 BM3 were obtained for the 

samples where higher concentrations of lactose were used, especially for the green sample (2.5 g/L of 

glucose), the sample containing 1.5 g/L of glucose, the orange sample (0.5 g/L of glucose) and the red 

sample (no glucose). The red sample contained the maximum P450 concentration produced (5.2 µM 

of P450). Despite the tendency shown, smaller amounts of P450 than expected were obtained for 

samples with 2.0 g/L and 1.0 g/L of glucose. The inconsistency observed in the sample containing 

2.0 g/L of glucose is most probably related to experimental errors during the cell lysis procedure. 

Assuring that the OD600 nm of the samples are identical before adding the protein extraction reagent 

and that P450 BM3 extraction is done exactly in the same conditions in every sample is not possible 

using the selected methods.  

The use of glucose as carbon source increases the accumulation of overflow and fermentative metab-

olites, such as acetate (Losen et al. 2004). Acetate accumulation during recombinant E. coli cultiva-

tions has been correlated with a decrease in the production of recombinant proteins (Ponce 1999). 
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This is in agreement with the results obtained which state higher P450 production when lower concen-

trations of glucose were used. 

Prolonged phases of metabolic burden during protein expression were identified as indicators of 

increased production of recombinant protein (Rahmen 2015; Huber et al. 2009). However, this was not 

verified for the sample induced with IPTG. An early induction right at the beginning of the cultivation 

may have been the cause (Huber et al. 2009). 

As mentioned before, since the highest concentration of P450 was reached with no addition of glu-

cose, another experiment was performed where half of the samples did not have glucose present in 

the medium and the other half had only 0.5 g/L of glucose. In this experiment the concentrations of 

lactose and glycerol (Gly) were varied while ensuring that the total concentration of carbon was the 

same for every sample: 7.82 g/L of carbon which was the amount present in the references samples 

with 20.0 g/L of glycerol. 

Extraction of P450 and CO gassing were not performed in samples containing 17.0 g/L and 18.6 g/L of 

lactose (without glucose) and 16.5 g/L and 18.1 g/L of lactose (containing 0.5 g/L glucose) (see 3.5.2). 

These samples presented low OD600 nm values (around 1.45). Cultures supplemented with glycerol 

reach much higher cell densities than when supplemented with lactose as carbon and energy source, 

as reported by Studier (Studier 2005). Final concentrations of P450 obtained in this experiment are 

shown in Table 4.2: 

Table 4.2: Effect of the variation of the concentration of glycerol and lactose on the production of 

WT P450 BM3. Cultivation of E. coli BL21 (DE3) expressing WT P450 BM3 in Wilms-MOPS auto-induction 

medium: 200 mM MOPS, pH 7.5, T= 30 °C, n= 1000 rpm, d0= 3 mm, VL= 750 μL. 

Glucose [g/L] Glycerol [g/L] Lactose [g/L] P450 [µM] 

0.0 
20.0 0.0 0.0 

20.0 + IPTG 0.0 1.7 

0.0 

10.5 8.8 2.3 

8.8 10.5 2.8 

7.0 12.1 2.0 

5.3 13.7 1.3 

3.5 15.3 0.2 

0.5 

10.2 8.6 2.5 

8.5 10.2 2.1 

6.8 11.8 1.7 

5.1 13.4 1.4 

3.4 14.9 0.4 
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No production of P450 for the non-induced reference sample was observed. Since no IPTG or lactose 

were added to induce the lactose-inducible promoter, no product was formed (Ukkonen et al. 2013). 

The consumption of glycerol was only used for E. coli growth. The samples from Table 4.2 with lower 

concentration of lactose and higher concentration of glycerol presented more P450, independently of 

the concentration of glucose. Studier observed that more than a two fold increase of target protein was 

obtained when glycerol was present in an auto-induction medium instead of using equivalent amounts 

of lactose as primary energy source (Studier 2005). This is in agreement with the results obtained.  

As it can be observed in Table 4.2, the use of an auto-induction medium seems beneficial for P450 

production when compared with the addition of IPTG, depending on the concentrations of the carbon 

sources used. The highest production of P450 was observed when no glucose was added and for 

concentrations of 8.8 g/L of glycerol and 10.5 g/L of lactose, corresponding to 3.42 g of carbon/L and 

4.40 g of carbon/L respectively (ratio of 1.29 g of carbon (lactose)/L to 1.00 g of carbon (glycerol)/L). 

Also, IPTG is costly and large amounts are needed for industrial scale and the induction of the culture 

must be manual, making the use of an auto-induction medium more attractive (Ukkonen et al. 2013; 

Jiang et al. 2012; Urlacher et al. 2004; Neubauer et al. 1991). Furthermore, monitoring the culture 

growth and inducing parallel cultures at the same growth phase in high-throughput cultivations is not 

feasible according to Studier (Studier 2005). 

Nonetheless, an auto-induction medium cannot be applied to all host/vector systems (Huber et al. 

2009). Also, a similar yield of P450 production was reached for the IPTG induced sample and for the 

7.0 g/L of glycerol (without glucose) and 6.8 g/L of glycerol (with 0.5 g/L glucose) samples. Moreover, 

the IPTG induced sample produced more cytochrome than the two samples containing the lowest 

concentrations of glycerol. Therefore, it is important to take into consideration other factors regarding 

the addition of IPTG, such as the induction time and IPTG concentration. These factors are known as 

the most critical for inducible recombinant expression systems and consequently product yield (Huber 

et al. 2011; Huber et al. 2009). Although IPTG concentrations in the range of 0.1-1.0 mM are usually 

applied, concentrations in the range of 0.05-0.1 mM are considered optimal. Higher concentrations 

lead to strong inhibition and a metabolic break down of the host organism (Huber et al. 2009). Also, 

great variations in the product formation are obtained when induction is done at different growth phas-

es (Huber et al. 2009). Protein expression induced at the very beginning of the batch culture leads to a 

lower growth rate and less amount of product formed in comparison with a later induction time. This is 

because there is more biomass at the point of induction of the latter. However, when induction is done 

in the late exponential phase, the lowest concentration of target protein is produced. This is because 

the transition of the late exponential phase to the stationary phase takes place, resulting in the lack of 

nutrients and metabolic activity of the cells. Both protein production and growth kinetics of late-induced 

cultures are similar to the ones of non-induced cultures (Huber et al. 2011; Huber et al. 2009). 

In conclusion, despite the advantages related to the use of an auto-induction medium, further studies 

regarding different induction times during exponential phase with IPTG as well as different concentra-

tions of this compound (between 0.05-0.1 mM) should take place. By investigating these parameters, 
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it can be inferred whether the highest yield of protein production is obtained with the manual addition 

of IPTG or with the use of an auto-induction medium with 8.8 g/L of glycerol and 10.5 g/L of lactose. 

4.1.2 Oxygen limitation 

The aim of the oxygen limitation experiment was to confirm its effect on the OTR of different 

P450 BM3 variants and to conclude which oxygen conditions would enable a higher production of 

P450. Two different media filling volumes were used for this purpose, 10 mL (non-limited oxygen 

conditions) and 20 mL (oxygen-limited conditions). Cultures were induced with IPTG at 4.5 h of culti-

vation. The variation of OTR for E. coli cultivations expressing WT, 2 MTRS and 3 MT P450 BM3 are 

shown in Figure 4.4: 

 

Figure 4.4: Effect of different media filling volumes (10 and 20 mL) in the OTR of WT, 2 MTRS and 

3 MT P450 BM3 variants. Cultivation of E. coli BL21 (DE3) in Wilms-MOPS medium: 20.0 g/L glycerol, 

200 mM MOPS, pH 7.5, T= 30 °C, n= 250 rpm, d0= 50 mm. Induction with IPTG (final concentration of 

0.1 mM) at 4.5 h of cultivation. 

Samples containing 10 mL of medium have a slow OTR increase after the addition of IPTG. This 

phase was expected due to the metabolic burden during protein production (Rahmen 2015). This 

phase is shorter for the WT variant (2.5 h) than for the 2 MTRS (11 h) and 3 MT (8 h). As soon as this 

phase is over, the culture is able to grow and consequently the OTR increases exponentially. This 

additional growth phase might be related to plasmid loss and subsequent growth and respiration of 

cells which do not carry any plasmid (Marisch et al. 2013). The drop after reaching an OTR of ca. 

43-45 mmol/(L.h) represents the depletion of glycerol (Rahmen 2015; Anderlei et al. 2004; Anderlei & 

Büchs 2001). These OTR curves are identical to the ones described by Rahmen cultivated in similar 

conditions (Rahmen 2015). 
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On the other hand, a horizontal plateau is present in every sample containing 20 mL of medium. This 

indicates that samples are under oxygen-limited conditions (Rahmen 2015; Losen et al. 2004; Anderlei 

et al. 2004; Anderlei & Büchs 2001). These OTR plateaus represents the maximum oxygen transfer 

capacity (OTRmax) of the systems which is ca. 25 mmol/(L.h) (Anderlei et al. 2004). OTRmax is achieved 

at 7 h for the cultivation expressing WT P450 BM3, with an oxygen limitation phase lasting for 11 h. 

However, the other two variants presented a much shorter oxygen limitation phase, lasting 4 h and 

4.5 h for 2 MTRS and 3 MT, respectively. A small peak after the depletion of glycerol can be observed 

for every sample. These second peaks are bigger for the samples were a volume of 20 mL was used. 

This fact is most likely due to the respiration of acetate which is produced in bigger quantities in oxy-

gen limitation conditions (Rahmen 2015; Kunze et al. 2012; Scheidle et al. 2011; Losen et al. 2004). 

All oxygen-limited OTR curves resemble the ones described by Wewetzer et al. and Rahmen, alt-

hough an auto-induction medium instead of IPTG was used in their experiments (Rahmen 2015; 

Wewetzer et al. 2015). 

The effect of the variation of filling media volume on the OTR was similar for all the E. coli variants, 

which can be observed in Figure IV.5 (Appendix A.6). Horizontal plateaus with an OTRmax around 

25 mmol/(L.h) were observed for the filling volume of 20 mL while OTR maximum values between 

41 mmol/(L.h) and 46 mmol/(L.h) were reached for the filling volume of 10 mL, right before the glycerol 

depletion. 

As illustrated in Figure 4.4, the duration of protein production stage vary between mutants. This can be 

related to different substituted amino acids in P450 BM3 variants. Amino acids with highly energetic 

costs cause additional cellular stress, consequently leading to a decrease in growth of the host organ-

ism (Rahmen 2015). Biosynthesis of tryptophan (W), phenylalanine (F), tyrosine (Y), histidine (H) and 

methionine (M) were reported as leading to the highest energetic costs (Akashi & Gojobori 2002). 

Also, variation in plasmid copy numbers and formation of inclusion bodies have been reported as 

being influent in the metabolic activity of the host organism (Rahmen 2015). However, 

3 MT P450 BM3 (R47S Y51W I401M) includes the mutations of 2 MTRS P450 BM3 (R47S Y51W) but 

has a shorter period of metabolic burden. Also, the 3 MT variant would be expected to have the long-

est metabolic burden because it presents two mutated amino acids with highly energetic costs. In this 

way, the presence of amino acids with highly energetic costs can be concluded as not being the 

reason for the variation of the metabolic burden phase in this experiment. Another hypothesis for the 

difference shown can be the impediment of P450 correct folding due to an increased target protein 

biosynthesis. It results in the accumulation of incorrectly folded proteins as inclusion bodies and trigger 

various stress responses. Also, the high plasmid copy numbers can burden the host’s metabolism, 

resulting in a decreasing growth. In order to investigate these potential factors, soluble and insoluble 

protein fractions and respective P450 content could be analysed by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) while the copy number of plasmids per genome could be 

determined by real-time quantitative PCR (polymerase chain reaction) (Rahmen 2015). 
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The concentrations of P450 obtained for each E. coli variant cultivation are illustrated in the Figure 4.5: 

 

Figure 4.5: Effect of oxygen limitation on the production of WT P450 BM3 and variants, by varying the 

filling volume of media (10 and 20 mL). Cultivation of E. coli BL21 (DE3) expressing WT, FA, 2 MTFA, 

2 MTRS, 3 MT and 4 MT P450 BM3 in Wilms-MOPS medium: 20.0 g/L glycerol, 200 mM MOPS, pH 7.5, 

T= 30 °C, n= 250 rpm, d0= 50 mm. Induction with IPTG (final concentration of 0.1 mM) at 4.5 h of cultiva-

tion. 

Based on the previous figure, it can be concluded that oxygen limitation conditions (20 mL) have a 

negative impact on the production of the target cytochrome. Final concentration of active cytochrome 

was higher for all the variants cultivated in non-limited oxygen conditions. More than a two-fold in-

crease of WT, FA, 2 MTFA and 4 MT P450 BM3 variants was obtained in comparison with the oxy-

gen-limited conditions. The variant which beneficiates more from the unlimited oxygen conditions was 

4 MT while 2 MTRS had the smallest variation of P450 production between limited and unlimited 

oxygen conditions. As expected, both cultivations expressing the empty vector (LV) did not present 

any production of P450. 

Rahmen reported that longer cultivation durations lead to an enhanced product formation since growth 

is reduced (Rahmen 2015). However, this is not in agreement with the results obtained in non-limited 

oxygen conditions. The lowest concentration was produced for 2 MTRS P450 BM3 despite having the 

longest cultivation duration. 

No conclusion can be made about the duration of the oxygen limitation phase and its effect on the 

production of P450: 2 MTRS had the shortest oxygen limited phase (4 h), however it produced less 

P450 than 3 MT (4.5 h) and WT (11 h). On the other hand, FA had a slightly longer duration of oxygen 

limitation phase (11.5 h) than WT but more cytochrome was obtain for the latter. 
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4.1.3 pH and Temperature 

Optimal pH-value and temperature of cultivation were tested at the same time for E. coli cultures 

expressing WT P450 BM3 since optimal pH for E. coli cultivation varies with the temperature chosen. 

According to Scheidle, it should be within a range of 6.5 to 7.5 (Scheidle et al. 2011). The effect of 

both pH and temperature on the production of P450 is illustrated on Figure 4.6: 

 

Figure 4.6: Effect of the pH and temperature on the production of WT P450 BM3. Cultivation of 

E. coli BL21 (DE3) expressing WT P450 BM3 in Wilms-MOPS auto-induction medium: 8.8 g/L glycerol, 

10.5 g/L lactose, 200 mM MOPS, n= 1000 rpm, d0= 3 mm, VL= 750 μL. 

Based on the previous figure, it can be concluded that a pH of 6.8 allows the highest production of 

cytochrome for every temperature in comparison with the other pH-values used. However, the maxi-

mum of P450 is obtain when a temperature of 30 °C is applied with this pH-value (3.5 µM). Also, there 

is a big discrepancy in the final concentration of active cytochrome between different pH-values when 

the cultivation is done at 30 °C. This is probably due to the combined effect of these two parameters in 

the growth of E. coli (Scheidle et al. 2011; Davey 1994). High concentrations of P450 were also pro-

duced for every pH-value when a temperature of 35 °C was used: 3.2 µM (pH 6.8), 2.6 µM (pH 7.15) 

and 2.2 µM (pH 7.5). This does not follow the trend observed by Kunze, Lattermann, et al. who stated 

an increase in product formation with lower temperatures due to a longer growth inhibited production 

phase (Kunze, Lattermann, et al. 2014). Also, lower temperatures were reported as beneficial for 

protein solubility activity by improving the folding process (Kunze, Lattermann, et al. 2014; Jiang et al. 

2012). However, based on the results obtained a temperature of 25 °C during cultivation is not advisa-

ble since small amounts of P450 were produced. 

The combined effect of temperature and pH should be analysed for more values within the range used 

in this experiment in order to have a higher resolution of data regarding the interaction of these pa-

rameters. 
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4.1.4 Concentration of ALA 

An experiment regarding the influence of the heme precursor aminolevulinic acid (ALA) on the produc-

tion of cytochrome was performed. The concentrations of P450 obtained for different ALA concentra-

tions in the medium can be observed in Figure 4.7. Reference sample is coloured with light blue, 

representing the standard concentration used for the production of P450 BM3.  

 

Figure 4.7: Effect of the concentration of ALA on the production of WT P450 BM3. Cultivation of 

E. coli BL21 (DE3) expressing WT P450 BM3 in Wilms-MOPS auto-induction medium: 8.8 g/L glycerol, 

10.5 g/L lactose, 200 mM MOPS, pH 6.8, T= 30 °C, n= 1000 rpm, d0= 3 mm, VL= 750 μL. 

Figure 4.7 shows that an increase in the concentration of ALA until 0.71 mM results also in an in-

crease in P450 production. A final concentration of active cytochrome of 5.7 µM was obtained for 

0.71 mM of ALA. However, the effect of the concentration of ALA above 0.71 mM is not clear. An 

inhibition of P450 production with concentrations of ALA ranging from 0.71 mM to 0.86 mM can be 

observed. Also, there is a new increase in the concentration of P450 at 0.93 mM ALA (6.1 µM of 

P450). Similar production yields are obtained for 1.00 mM ALA (6.0 µM of P450) and 1.25 mM ALA 

(5.9 µM of P450). The maximum concentration of P450 (6.8 µM of P450) is reached by using an ALA 

concentration of 1.50 mM. However, a small decrease on the production (6.3 µM of P450) is observed 

when the concentration of ALA is increased to 2.00 mM. 

A substantial increase in the amount of P450 was obtained when a concentration of ALA of 0.71 mM 

instead of 0.50 mM was used. The optimal concentration of ALA cannot be determined since no 

distinct tendency between the concentration of P450 and the concentrations of ALA above 0.71 mM 

was observed. However, ALA is costly and there is no major difference in the production of P450 

when used 0.71 mM of ALA or higher concentrations of this compound (Julsing et al. 2008; Pflug et al. 
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2007). For this reason, 0.71 mM of ALA was chosen as optimised ALA concentration in further exper-

iments. Moreover, a new experiment regarding the concentration of ALA in the medium should be 

performed in order to validate the results obtained. 

4.1.5 Concentration of iron (III) chloride hexahydrate 

The last parameter studied was the concentration of iron (III) chloride hexahydrate (FeCl3·6 H2O). 

Iron (III) chloride can affect the production of P450 BM3 (Lu & Mei 2007). The results regarding the 

effect of this compound on the concentration of WT P450 BM3 produced are displayed in Figure 4.8: 

 

Figure 4.8: Effect of the concentration of iron (III) chloride hexahydrate on the production of 

WT P450 BM3. Cultivation of E. coli BL21 (DE3) expressing WT P450 BM3 in Wilms-MOPS auto-induction 

medium: 8.8 g/L glycerol, 10.5 g/L lactose, 200 mM MOPS, pH 7.5, T= 30 °C, n= 1000 rpm, d0= 3 mm, 

VL= 750 μL. 

As shown in Figure 4.8, an increase in the concentration of P450 obtained in the end of the cultivation 

is observed for increasing concentrations of FeCl3·6 H2O until 10.0 mg/L. The use of 10.0 mg/L of 

FeCl3·6 H2O generated a concentration of 3.6 μM of cytochrome. However, higher concentrations than 

10.0 mg/L of this compound did not further increase the product formation, resulting in P450 concen-

trations ranging between 3.5 μM and 3.8 μM. For this reason, the concentration of 41.8 mg/L of 

FeCl3·6 H2O in the medium can be considered optimal. Standard volume used of trace elements 

solution (Table IV.1, Appendix A.4) already contains the amount of this compound needed to reach 

41.8 mg/L of FeCl3·6 H2O in the medium. This concentration enabled a production of 3.5 μM of cyto-

chrome in this experiment (reference sample coloured in blue). 
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4.2 Comparison between optimised and initial medium conditions 

After performing the experiments of the previous subchapters, it was possible to conclude which 

parameters values should be used in order to optimise the culture conditions. In Table 4.3 a resume of 

these optimised parameters is shown: 

Table 4.3: Resume of the parameters used for the optimisation of the cultivation of E. coli BL21 (DE3) 

expressing WT P450 BM3 and variants, based on previous experiments. 

Parameters 

Temperature 30 °C 

pH 6.8 

Oxygen conditions Non-limited 

Glycerol 8.8 (g/L) 

Lactose 10.5 (g/L) 

ALA 0.71 (mM) 

FeCl3·6 H2O 41.8 (mg/L) 

 

The values of these parameters were used in the cultivation of all E. coli variants in RAMOS device, 

enabling the monitoring of OTR (Figure 4.9): 

 

Figure 4.9: OTR of E. coli BL21 (DE3) cultivations expressing WT, FA, 2 MTFA, 2 MTRS, 3 MT and 

4 MT P450 BM3 in the optimised culture conditions: Wilms-MOPS auto-induction medium with 

8.8 g/L glycerol, 10.5 g/L lactose, 200 mM MOPS, pH 6.8, 0.71 mM ALA, T= 30 °C, n= 250 rpm, d0= 50 mm, 

VL= 10 mL. 
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The variation OTR of cultures expressing WT and P450 variants during cultivation follows a very 

similar tendency. Previous studies reported that cultures start consuming both lactose and glycerol at 

the beginning of cultivation but lactose is consumed faster than glycerol (Rahmen 2015; Kunze et al. 

2012; Ukkonen et al. 2013; Blommel et al. 2007; Studier 2005). After a linear OTR increase, only 

cultures expressing 3 MT and 2 MTRS have a pronounced metabolic burden phase, represented by 

small OTR plateaus at ca. 21 mmol/(L.h) (Rahmen 2015; Kunze, Lattermann, et al. 2014; Huber et al. 

2009). This phase lasted 2.0 h and 1.5 h respectively. After lactose depletion and consequent protein 

production, cultures are able to grow on residual glycerol, showing an exponential increase in OTR 

(Wewetzer et al. 2015; Rahmen 2015). OTR values between 33 and 37 mmol/(L.h) are reached for 

cultures expressing mutations on P450 and 42 mmol/(L.h) for the culture expressing WT. Also a 

higher second peak can be observed for the WT, 2 MTFA and 4 MT variants while 3 MT, 2 MTRS and 

FA displayed a smaller peak. This is most probably related to respiration of acetate (Kunze, Roth, et 

al. 2014; Huber et al. 2011; Scheidle et al. 2011; Scheidle et al. 2007). Since cultures are not under 

oxygen-limited conditions, the reason for higher second peaks should be related to the overflow me-

tabolism of some variants (Rahmen 2015; Scheidle et al. 2011). Higher growth rates are observed for 

3 MT, 2 MTRS and WT P450 BM3 while FA and 2 MTFA P450 BM3 presented lower growth rates. 

Since overflow metabolism is a natural response used for rapid growth, an increased accumulation of 

acetate should be expected for variants presenting higher growth rates (Basan et al. 2015). However, 

this is not in agreement with the second peaks observed in Figure 4.9. A depletion of all carbon 

sources is then reflected by OTR drop to 0 mmol/(L.h) for every variant (Rahmen 2015).  

OTR curves do not resemble the ones described by Wewetzer et al. and Rahmen in an auto-induction 

medium (Rahmen 2015; Wewetzer et al. 2015). In their experiments a delayed increase in OTR can 

be observed, presenting long metabolic burden phases. Also, no accumulation and consequent respi-

ration of acetate is observed. However, glucose was added in their experiments and concentrations of 

carbon sources were not similar: Wewetzer et al. and Rahmen used 0.5 g/L of glucose, 5.0 g/L of 

glycerol and 2.0 g/L of lactose. In this way, longer metabolic burden phases would be expected in this 

experiment which is not observed. Since a higher ratio of lactose-glycerol is present in this experi-

ment, a focus on the protein production instead of growth should have taken place (Neubauer et al. 

1992).  

Lastly, cultivations in BioLector were performed to compare the production of different variants of 

P450 BM3 between cultures with the described parameters optimised (see Table 4.3) and cultures 

under the initial culture conditions. The results are illustrated in Figure 4.10: 
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Figure 4.10: Comparison of the production of WT P450 BM3 and variants when initial and optimised 

conditions were used. Cultivation of E. coli BL21 (DE3) expressing WT, FA, 2 MTFA, 2 MTRS, 3 MT and 

4 MT P450 BM3 in Wilms-MOPS medium: 200 mM MOPS, T= 30 °C, n= 1000 rpm, d0= 3 mm, VL= 750 μL. 

Initial conditions: 20.0 g/L glycerol, pH 7.5 and induction with IPTG (final concentration of 0.1 mM) at 4.5 h 

of cultivation. Optimised conditions: 8.8 g/L glycerol, 10.5 g/L lactose, pH 6.8, 0.71 mM ALA. 

From Figure 4.10 it is possible to conclude that there is a 1.6 to 3.9-fold increase of the production of 

the WT and all variants of P450 by optimising the culture conditions. Furthermore, more than a 2-fold 

increase of the concentration of P450 was obtained for the cultures expressing WT, FA, 2 MTFA and 

4 MT in comparison with the initial conditions proposed. The variant which benefited more from the 

culture optimisation was 2 MTFA (6.3 μM vs 1.6 μM of P450) while the one which had the smallest 

increase in the final concentration of P450 after optimisation was 3 MT (5.2 μM vs 3.3 μM of P450). 

Accentuated metabolic burden phases during protein expression are thought to indicate an increased 

production of recombinant protein (Rahmen 2015; Wewetzer et al. 2015; Huber et al. 2009). This is 

not in agreement with the results obtained since both 3 MT and 2 MTRS did not present the highest 

production of cytochrome. Moreover, acetate accumulation is linked to a decrease in the production of 

recombinant proteins (Ponce 1999). In this experiment FA does have the smallest peak related to the 

respiration of acetate and the highest concentration of P450 produced under optimised conditions. 

However, the lowest concentrations of cytochrome would be expected for WT, 2 MTFA and 4 MT 

variants which was not observed. After FA, these variants present the highest protein production 

under optimised conditions. This shows that acetate accumulation may not have a big impact in P450 

production. 
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5 Conclusions and Future Perspectives 

P450 BM3 is a self-sufficient monooxygenase with high catalytic activity towards the hydroxylation of 

medium- to long-chain fatty acids at sub-terminal positions. Increased activity and selectivity were 

reported in P450 variants with mutations in residues of the active site or substrate channel. 

The objective of this work was to determine the influence of cultivation parameters in the production of 

P450 BM3 variants in E. coli. 

The use of an auto-induction medium showed higher results in the expression of P450 BM3 in com-

parison with the addition of the costly chemical IPTG. The highest concentration of this cytochrome 

was achieved by using an auto-induction medium with a ratio of 1.29 g of carbon (lactose)/L of to 

1.00 g of carbon (glycerol)/L.  

Oxygen limitation, pH and temperature have the biggest impact in the production of CYP102A1. Non-

limited oxygen conditions, a pH of 6.8 and a temperature of 30 °C increased P450 expression. 

The heme precursor ALA enhanced the production yield of this monooxygenase. However, based on 

the results obtained no ideal concentration of ALA in the medium could be determined. 

The use of FeCl3·6 H2O also increased the final concentration of active P450, although no further 

increase was observed for concentrations higher than 10.0 mg/L. The value of 41.8 mg/L was consid-

ered optimal, corresponding to the amount of iron (III) chloride hexahydrate in trace elements solution. 

By optimising these parameters, the production of all P450 BM3 variants was enhanced. A 1.6 to 

3.9-fold increase was achieved in comparison with standard conditions used prior to this work. 

In the future, studies regarding different induction times and concentration of IPTG should be per-

formed and compared with the results obtained with an auto-induction medium. A new experiment 

concerning the pH and temperature of the cultivation shall take place. Testing more levels for these 

parameters in order to refine the results is suggested. Also, the repetition of the experiment regarding 

the influence of ALA is recommended in order to validate the results obtained and to determine its 

optimal concentration. In order to infer P450 BM3 activity, experiments assessing the NADPH oxida-

tion rate and H2O2 and O2
∙− formation towards different substrates must be performed, allowing the 

estimation of peroxide and superoxide uncoupling.  

The implementation of the optimised cultivation, analytical assays and other small scale downstream 

processes can be performed in an automated platform. The Robo-Lector, an automated micro fermen-

tation platform with advanced sensing technologies consisting of a BioLector and a liquid-handling 

robot, has already been built and tested. The interaction between these two devices combines high-

content data generation with systematic high-throughput experimentation in an automated way. Fur-

thermore, the liquid-handling workstation allows a fast and accurate pipetting, enabling the preparation 

of several media with different compositions and diminishing the human manual error and workload 

(Huber et al. 2009). 
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IV Appendix 

 Reactions catalysed by P450 Monooxygenase 

 

Figure IV.1: Reactions catalysed by P450 (Sono et al., 1996). 
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 Excitation and emission spectra of NAD(P)H 

 

Figure IV.2: : Excitation and emission spectra of NAD(P)H, which are left and right spectrum respectively 

(adapted from (Patterson et al. 2000)). 

 Excitation and emission spectra of Resorufin 

 

Figure IV.3: Excitation (blue) and emission (red) spectra of resorufin (adapted from (Thermo Fischer 

Scientific 2015)). 
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 Composition of Wilms MOPS medium for cultivation 

Table IV.1: Composition of Wilms MOPS medium. 

Main Solution   

Compound 

Molar 

Mass 

[g/mol] 

Molarity in 

Medium [mM] 

Concentration in 

Medium [g/L] 
Amount per 
947 mL [g] 

Volume 

per 1 L 

Medium  

(NH4)2SO4 132.02 52.87 6.98 6.98 

947 mL 
K2HPO4 174.18 17.22 3.00 3.00 

Na2SO4 142.04 14.08 2.00 2.00 

MOPS (acidic form) 209.27 200.00 41.85 41.85 

Dissolve in ca. 900 mL of deionised water, adjust pH to 7.5 with NaOH, make up to 

947 mL, autoclave and store at room temperature RT  

  

1000x Trace Elements Solution  

Compound 

Molar 

Mass 

[g/mol] 

Molarity in 

Medium [mM] 

Concentration in 

Medium [g/L] 

Amount per 

50 mL [g] 

Volume 

per 1 L 

Medium 

ZnSO4·7 H2O 287.45 0.0019 0.00054 0.027 

1 mL 

CuSO4·5 H2O 249.60 0.0019 0.00048 0.024 

MnSO4·H2O 168.99 0.0018 0.00030 0.015 

CoCl2·6 H2O 237.38 0.0023 0.00054 0.027 

FeCl3·6 H2O 270.30 0.1545 0.04176 2.088 

CaCl2·2 H2O 147.02 0.0135 0.00198 0.099 

Na2EDTA·2 H2O (Ti- 

triplex III) 
372.24 0.0897 0.03340 1.670 

Sterile filter and store away from light at 4 °C.   

25x Glycerol (500 g/L pure Glycerol)   

Compound 

Molar 

Mass 

[g/mol] 

Molarity in 

Medium [mM] 

Concentration in 

Medium [g/L] 
Amount per 
500 mL [g] 

Volume 

per 1 L 

Medium 

Glycerol 92.02 217.37 20.0 250 40 mL 

Autoclave and store at room temperature   
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100x Magnesium Sulfate (50 g/L)   

Compound 

Molar 

Mass 

[g/mol] 

Molarity in 

Medium [mM] 

Concentration in 

Medium [g/L] 
Amount per 
100 mL [g] 

Volume 

per 1 L 

Medium 

MgSO4·7H2O 246.36 2.03 0.50 5.00 10 mL 

Autoclave and store at room temperature  

1000x Thiamine (10 g/L)   

Compound 

Molar 

Mass 

[g/mol] 

Molarity in 

Medium [mM] 

Concentration in 

Medium [g/L] 

Amount per 

10 mL [g] 

Volume 

per 1 L 

Medium 

Thiamine hydrochlo-

ride 
337.27 0.03 0.01 0.10 1 mL 

Sterile filter and store away from light at 4 °C.  

1000x Kanamycin (50 g/L)   

Compound 

Molar 

Mass 

[g/mol] 

Molarity in 

Medium [mM] 

Concentration in 

Medium [g/L] 

Amount per 

10 mL [g] 

Volume 

per 1 L 

Medium 

Kanamycin 484.50 0.10 0.05 0.50 1 mL 

Sterile filter, aliquot and store at -20 °C   
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 Auto-induction medium Experiment 

 

Figure IV.4: Effect of the variation of the concentration of glucose and lactose on the OTR. Cultivation of 

E. coli BL21 (DE3) expressing WT P450 BM3 in Wilms-MOPS auto-induction medium containing 7.5 g/L of 

glycerol: 200 mM MOPS, pH 7.5, T= 30 °C, n= 1000 rpm, d0= 3 mm, VL= 750 μL. 
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 Oxygen Limitation Experiment 

 

Figure IV.5: Effect of different media filling volumes (10 and 20 mL) in the OTR of WT P450 BM3 and 

variants. Cultivation of E. coli BL21 (DE3) in Wilms-MOPS medium: 20.0 g/L glycerol, 200 mM MOPS, 

pH 7.5, T= 30 °C, n= 250 rpm, d0= 50 mm. Induction with IPTG (final concentration of 0.1 mM) at 4.5 h of 

cultivation. 
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