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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 ALA seems beneficial in the production of this monooxygenase, although no optimal 
concentration of this compound 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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1 Introduction  

Cytochrome P450 monooxygenases (CYPs 
or P450s) are heme-contaning enzymes with 
great interest 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 oxygen 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 homeostasis are carried out by 
P450s (Denisov et al. 2005). Specific examples 
in mammalians are the biotransformation 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 
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to insecticides (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, isolated from 
Bacillus megaterium, is often expressed in 
recombinant Escherichia coli (E. coli) strains due 
to ease in handling, fast growth and high 
transformation efficiency (Dennig 2013). 
P450 BM3 is a NADPH dependent enzyme 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). 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 promising 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). 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 production of P450 BM3 
makes it impossible to precisely identify and 
quantify the compounds present in the medium. 
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.  

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. 

2 Materials and Methods 

2.1 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])]. 

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 
optimised and initial medium experiments. 
 
2.2 Cultivation media and media additives 

All chemicals used were purchased from Carl 
Roth (Karlsruhe, Germany), Merck (Darmstadt, 
Germany), Fluka (Neu-Ulm, Germany) and 
AppliChem (Darmstadt, Germany). Wilms MOPS 
medium was used with the following standard 
composition per 1 L of medium: 

Main Solution: 6.98 g (NH4)2SO4, 3.00 g 
K2HPO4, 2.00 g Na2SO4, 41.85 g MOPS (acidic 
form) were dissolved in 900 mL deionised H2O 
and the pH was adjusted with NaOH. Deionised 
H2O was added until a final volume of 947 mL 
was reached. The main solution was autoclaved 
and stored at room temperature. 

Glycerol (25x): 500 g/L in deionised H2O, 
autoclaved and stored at room temperature. 

Trace Elements Solution (1000x): 27.0 mg 
ZnSO4·7 H2O, 15.3 mg CuSO4, 15.0 mg 
MnSO4·H2O, 27.0 mg CoCl2·6 H2O, 2.088 g 
FeCl3·6 H2O, 99.0 mg CaCl2·2 H2O, 1.67 g 
Na2EDTA·2 H2O were dissolved in 50 mL 
deionised H2O, filtered sterile through a 
0.45 μm/0.2 μm filter and stored at room 
temperature protected from the light. 

Magnesium Sulfate Solution (100x): 50 g/L in 
deionised H2O, autoclaved and stored at room 
temperature. 

Thiamine stock-solution (1000x): 10 g/L in 
deionised H2O, filtered sterile through a 
0.45 μm/0.2 μm filter and stored at -20 °C. 
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Kanamycin stock-solution (1000x): 50 g/L in 
deionised H2O, filtered sterile through a 
0.45 μm/0.2 μm filter and stored at -20 °C. 
 

Unless stated otherwise, the pH of 
precultures was adjusted to the one used in the 
main culture (pH 6.8, 7.15 or 7.5). 

Alterations in the concentrations of the carbon 
source, ALA, and iron (III) chloride hexahydrate 
and as well as pH of the main cultures are 
described below for each experiment. Manually 
induced samples were induced with IPTG stock-
solution (1000x) (100 mM IPTG in deionised 
H2O, filtered sterile through a 0.45 μm/0.2 μm 
filter and stored at -20 °C). ALA stock-
solution (1000x) (500 mM ALA in deionised H2O, 
filtered sterile through a 0.45 μm/0.2 μm filter and 
stored at -20 °C) was added to every manually 
induced/auto-induced sample of main culture. 

 
2.2.1 Comparison between manually induced 

and auto-induction medium 

The pH of the main solution was adjusted to 
7.5. A lactose solution (125 g/L in deionised H2O, 
autoclaved and stored at room temperature) and 
a glucose solution (100 g/L in deionised H2O, 
autoclaved and stored at room temperature) 
were also prepared. Concentrations of carbon 
sources used in the first and second experiments 
are stated in Table 1 and Table 2, respectively. 
 
Table 1: 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 

Table 2: 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 

 
2.2.2 Oxygen limitation 

The pH of the main solution was adjusted to 
7.5. Samples were induced with IPTG stock-
solution (1000x). 
 
2.2.3 pH and temperature 

The pH of the main solutions were adjusted to 
6.8, 7.15 and 7.5. Auto-induction medium with 
8.8 g/L of glycerol and 10.5 g/L of lactose was 
used. 

 
2.2.4 Concentration of ALA 

The pH of the main solution was adjusted to 
6.8. Auto-induction medium with 8.8 g/L of 
glycerol and 10.5 g/L of lactose was used. 
Different concentrations of ALA in the medium 
were tested: 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. 

 
2.2.5 Concentration of Iron (III) Chloride 

Hexahydrate 

The pH of the main solution was adjusted to 
7.5. Auto-induction medium with 8.8 g/L of 
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glycerol and 10.5 g/L of lactose was used. A 
trace elements solution (x1000) without 
FeCl3·6 H2O 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. Different concentrations of 
FeCl3·6 H2O in the medium were tested: 
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. 
 
2.2.6 Comparison between optimised and initial 

medium conditions 

Samples cultivated in the standard Wilms 
MOPs medium had the pH of the main solution 
adjusted to 7.5 and were induced with IPTG 
stock-solution (1000x).  

Samples cultivated in the optimised medium 
had the pH of the main solution adjusted to 6.8. 
Auto-induction medium with 8.8 g/L of glycerol 
and 10.5 g/L of lactose was used. A 
concentration of 0.71 mM ALA was used. 
 
2.3 Measurement of cell density 

The optical density (OD) was measured at 
600 nm (photometer Genesys™ 20, Thermo 
Scientific).  
 
2.4 E. coli cultivation 

Precultures were prepared by inoculating 
10 mL of Wilms MOPS medium with 0.1 % (v/v) 
of respective cryocultures in 250 mL shake flasks 
and incubated in the climo-shaker incubator 
(ISF-4-W, Kühner Switzerland) 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 Flowerplate® 
MTP (m2p-labs), with a final volume of culture of 
750 µL per well, in an in-house constructed 
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 an in-house constructed RAMOS 
device for 30 h at 250 rpm (with a shaking 
diameter of 50 mm) and 30 °C. All the 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 comparison between optimised and initial 
medium experiments were run in Flowerplate® 
MTPs (m2p-labs), with a final volume of culture 
of 750 µL per well, in an in-house constructed 
BioLector device 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. 
 
2.5 Cell lysis 

The broth from E. coli cultivations were 
centrifuged (Sigma 1-15, Sigma) for 15 min at 
4000 rpm and 4 °C. The supernatant was 
removed and the cell pellet was stored at -20 °C. 
Cell pellets were diluted and resuspended with 
phosphate buffer (50 mM) 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 (Novagen®) was added. The samples 
were shaken in a thermomixer (HLC MHR 23, 
Ditabis) at room temperature for 20 min. Finally, 
samples were centrifuged (Sigma 1-15, Sigma) 
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. 

 
2.6 Determination of the enzyme concentration 

The enzyme concentration was measured on 
a multifunctional plate reader (Synergy 4, 
BioTek) by the CO-difference spectra method, 
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described in (Omura, Tsuneo; Sato 1964). An 
extinction coefficient of ε= 91mM−1cm−1 was used 
for the calculation. 

 
3 Results and Discussion 

3.1 Comparison between auto-induction and 
manually induced medium 

The effect of IPTG induction on the OTR is 
illustrated in Figure 1: 

 

 

Figure 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. Induction with IPTG (0.1 mM) at the 
beginning of the cultivation (grey line). 

The black line of Figure 1 illustrates the 
expected unlimited growth of E. coli BL21 (DE3) 
without induction: there is an exponential growth, 
increasing greatly the OTR. The steady decrease 
of OTR reflects the depletion of glycerol, which 
took place at 16 h of cultivation (Rahmen 2015; 
Anderlei et al. 2004). The second OTR peak 
corresponds to the aerobic respiration of acetate 
due to an overflow metabolism (Kunze, Roth, et 
al. 2014; Huber et al. 2011). For the sample 
induced with IPTG in the beginning of the 
cultivation (grey line), there is a delayed initial 
increase in OTR. This delay is expected due to 
the metabolic burden during protein production 
as a consequence of the induction of the lac 
operon by IPTG (Rahmen 2015). 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). Furthermore, non-
induced culture exhibits a bigger peak related to 
the uptake of acetate, indicating a previously 
higher production of this compound. This 
suggests an overflow metabolism for the non-
induced culture due to a faster growth (Basan et 
al. 2015). However, both cultivations do not 
follow the same tendency as the ones illustrated 
in (Rahmen 2015), cultivated in similar 
conditions. In Rahmen’s experiments, no second 
peak related to the aerobic respiration of acetate 
was shown for non-induced and IPTG induced 
cultivations. Also, both samples presented an 
OTR plateau at 9 h and 27 h in this experiment, 
indicating a phase of oxygen limitation for non-
induced and IPTG induced sample, respectively 
(Rahmen 2015; Anderlei et al. 2004). This is 
probably the cause of higher concentrations of 
acetate produced. 

The effect of different concentrations of 
glucose and lactose on the OTR of samples is 
illustrated in Figure 2: 

 

 
 

Figure 2: 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. 

All cultures 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). As the figure shows, 
this shift of metabolism occurs later for higher 
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concentrations of glucose. A second peak is 
more noticeable for higher concentrations of 
lactose, except for samples containing 13.9 g/L 
and 14.5 g/L of lactose (data not shown). 
Moreover, E. coli BL21 (DE3) consumes lactose 
faster than glycerol after its initial growth on 
glucose (Rahmen 2015). Therefore, an offline 
analysis with HPLC should be performed to 
determine if second peaks are related to residual 
growth on lactose or glycerol. 

P450 production was not observed for the 
non-induced sample since no IPTG or lactose 
were added to induce the lactose-inducible 
promoter (Ukkonen et al. 2013). From the first 
experiment, higher concentrations of active 
WT P450 BM3 were obtained when lower 
concentrations of glucose were used. The use of 
glucose as carbon source increases the 
accumulation of overflow and fermentative 
metabolites, such as acetate (Losen et al. 2004). 
Acetate accumulation during recombinant E. coli 
cultivations has been correlated with a decrease 
in the production of recombinant proteins (Ponce 
1999). 

Samples from the second experiment 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. 
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 (2.8 μM of P450). This P450 
concentration is higher than the one obtained 
when the sample was induced with IPTG 
(1.7 μM). Moreover, 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). Nonetheless product yield resulting from 
the addition of IPTG is critically dependent on 
induction time and IPTG concentration (Huber et 
al. 2009). 

 

3.2 Oxygen limitation 

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

 

 

Figure 3: 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 IPTG addition. This 
phase was expected due to the metabolic burden 
during protein production (Rahmen 2015). As 
soon as this phase is over, the culture is able to 
grow and consequently the OTR increases 
exponentially. The drop after reaching an OTR of 
ca. 43-45 mmol/(L.h) represents the depletion of 
glycerol (Rahmen 2015; Anderlei et al. 2004). 
These OTR curves are identical to the ones 
described by Rahmen cultivated in similar 
conditions (Rahmen 2015). 

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; 
Anderlei et al. 2004). These OTR plateaus 
represents the maximum oxygen transfer 
capacity (OTRmax) of the systems (Anderlei et al. 
2004). 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 oxygen 
limitation conditions (Rahmen 2015; Kunze et al. 
2012). 
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As illustrated in Figure 3 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 organism (Rahmen 2015). 
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 longest metabolic burden 
because it presents two mutated amino acids 
with highly energetic costs (tryptophan and 
methionine) (Akashi & Gojobori 2002). In this 
way, the presence of amino acids with highly 
energetic costs can be concluded as not being 
the reason for these variations. In order to 
investigate other potential factors, soluble and 
insoluble protein fractions and respective P450 
content could be analysed by SDS-PAGE while 
the copy number of plasmids per genome could 
be determined by real-time quantitative PCR 
(Rahmen 2015). 

From the results obtained, oxygen limitation 
conditions have a negative impact on the 
production of P450. The concentration of P450 
was higher for all variants cultivated in non-
limited oxygen conditions. More than a two-fold 
increase of WT, FA, 2 MTFA and 4 MT 
P450 BM3 variants was obtained in comparison 
with the oxygen-limited conditions. Rahmen 
reported that longer cultivation durations lead to 
an enhanced product formation since growth is 
reduced (Rahmen 2015). However, the lowest 
concentration was produced for 2 MTRS P450 
BM3 despite having the longest cultivation 
duration. 

 
3.3 pH and Temperature 

The pH-value has a very important role in 
fermentation processes due to the narrow 
physiological or optimal pH-range of 
microorganisms. The optimal pH for E. coli 
cultivation varies with the temperature chosen. 
Optimal pH-value is within a range of 6.5 to 7.5  
(Scheidle et al. 2011). Cultivation temperature is 
also a parameter which directly influences cell 

growth and cellular metabolism. E. coli optimal 
growth temperature is 37 °C (Jiang et al. 2012). 

From the results obtained, a pH of 6.8 allows 
the highest production of cytochrome for every 
temperature in comparison with the other pH-
values used. However, the maximum 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 produced 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 advisable. 

 
3.4 Concentration of ALA 

5-aminolevulinic acid (ALA) is a precursor of 
the heme biosynthesis (Pflug et al. 2007; 
Urlacher et al. 2004). Insufficient endogenous 
heme synthesis is a major disadvantage of 
E. coli. Therefore, supplementing the medium 
with ALA may increase the protein expression 
rate (Julsing et al. 2008). 

An increase in the concentration of ALA until 
0.71 mM resulted also in an increase in P450 
production (5.7 µM for 0.71 mM ALA). However, 
the effect of ALA is not clear for higher 
concentrations. An inhibition of P450 production 
with concentrations of ALA ranging from 0.71mM 
to 0.86 mM was observed while the maximum 
concentration of P450 (6.8 µM) was reached with 
1.50 mM of ALA. 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 
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(Julsing et al. 2008; Pflug et al. 2007). Therefore, 
0.71 mM of ALA was chosen as optimised ALA 
concentration in further experiments.  

 
3.5 Concentration of iron (III) chloride 

hexahydrate 

The last step of the heme biosynthesis is the 
insertion of a ferrous iron (Fe2+) into the 
protoporphyrin IX by a ferrochelatase. 
Environmental iron is primarily in the ferric form 
(Fe3+), therefore it has to be reduced before 
chelation (Heinemann et al. 2008). Substantially 
different concentrations of FeCl3·6 H2O in the 
medium have been used to produce P450, such 
as 0.05 mg/L (Pflug et al. 2007) and 27.93 g/L 
(Wong 2005).  

Results show an increase in the concentration 
of P450 for increasing concentrations of 
FeCl3·6 H2O until 10.0 mg/L, reaching 3.6 μM of 
cytochrome. However, higher concentrations 
than 10 mg/L did not further increase the product 
formation. For this reason, a concentration of 
41.8 mg/L of FeCl3·6 H2O in the medium can be 
considered optimal. 

3.6 Comparison between optimised and initial 
medium conditions 

Concentrations of P450 BM3 variants 
obtained in the end of cultivation under initial and 
optimised conditions are illustrated in Figure 4: 

 

Figure 4: 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. 

A 1.6 to 3.9-fold increase of the production of 
the WT and all variants of P450 was obtained by 
optimising the culture conditions. Furthermore, 
more than a 2-fold increase of the concentration 
of P450 was obtained for cultures expressing 
WT, FA, 2 MTFA and 4 MT in comparison with 
the initial conditions proposed. 
 
4 Conclusions and Future Perspectives 

The use of an auto-induction medium showed 
higher results in the expression of P450 BM3 in 
comparison with the addition of the costly 
chemical IPTG. The highest concentration was 
achieved by using an auto-induction medium 
with a ratio of 1.29 g of carbon/L of lactose to 
1.00 g of carbon/L of glycerol. 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 
considered 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 performed 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 

oxidation rate and H2O2 and O2
∙−  formation 

towards different substrates must be performed, 
allowing the estimation of peroxide and 
superoxide uncoupling. The implementation of 
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the optimised cultivation, analytical assays and 
other small scale downstream processes can be 
performed in an automated platform. The Robo-
Lector, an automated micro fermentation 
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. Furthermore, 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). 
 

 
Abbreviations  

ALA Aminolevulinic acid 
CYP Cytochrome P450 monooxygenase 
d0 Shaking diameter 
E. coli Escherischia coli 
HPLC High Performance Liquid 

Chromatography 
IPTG Isopropyl β-D-1-

thiogalactopyranoside 
MOPS 3-(N-morpholino)propanesulfonic 

acid 
MTP Microtiter Plate 
n Shaking frequency 
NADPH Nicotinamid Adenin Dinucleotide-

Phosphate (reduced) 
ODx nm Optical Density at x nm 
OTR Oxygen Transfer Rate [mmol.L-1h-1] 
OTRmax Maximum oxygen transfer capacity 

[mmol.L-1h-1] 
P450 Cytochrome P450 monooxygenase 
PCR Polymerase Chain Reaction 
pH Decimal logarithm of the reciprocal 

of the hydrogen ion activity 
RAMOS Respiration Activity MOnitoring 

System 
SDS-PAGE Sodium Dodecyl Sulfate 

Polyacrylamide Gel 
Electrophoresis 

rpm Revolutions per minute 
T Temperature [°C] 
VL Volume of liquid [µL] 
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