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Summary 

 
ROBOX focuses on the development of oxidoreductases (Baeyer-Villiger monooxygenases, P450 

monooxygenases, alcohol dehydrogenases and alcohol oxidases) for manufacturing of alcohols, 

phenols and products derived thereof. To facilitate the identification of useful P450 monooxygenases 

for hydroxylation of aromatics and cyclic alkenes, ETH and RWTH have been working on the 

development of product specific high-throughput screening systems.  

 

RWTH developed a fast multiplexed capillary electrophoresis system for screening of P450 BM3 variant 

libraries detecting 4-OH-isophorone. The standard NADPH depletion assay is used as a measure for 

initial activities of P450s, however, discrimination between formation of the target product or side 

products as well as NADPH that goes into H2O2 production and not into the product is not possible, 

H2O2 production can even inactivate P450 BM3. The 96-well capillary electrophoresis system allows to 

detect and quantify the full product range of a P450 variant during screening. Additional, analysis of 

NADPH consumption and product formation enable on the screening stage to identify truly activity 

improved and more robust P450 variants. 

 

ETH developed a multiplexed flow cytometric assay for rapid identification of arene hydroxylases from 

P450 BM3 mutant libraries. The screening system employs genetically-encoded biosensors for 

simultaneous detection of the main- and side-products (phenol(s) and hydrogen peroxide, 

respectively) formed upon P450-mediated hydroxylation of arene substrate(s). The development of a 

suitable biosensor system has been described in the deliverable 1.4 report and the key experiments 

pertaining to screening system validation are summarized in section B of the present report.  
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1. 96-well capillary electrophoreses screening system 
 

The report relating to the 96-well capillary electrophoreses screening system establishment is divided 

into the following three sections. In the first section, the introduction to α-isophorone conversion and 

the relevance and challenges in the development of a product specific 96-well MTP assay are 

described. Subsequently, the detailed description of the established CE screening platform including 

the validation of the screening system and the screening of P450 BM3 libraries as proof of concept are 

summarized. In the last section, the conclusion is drawn that a capillary electrophoresis screening 

platform in 96-well microtiter plate format for screening of P450 BM3 libraries towards improved 

isophorone conversion was successfully achieved. 

 

1.1  Introduction 
The chemical production of keto-isophorone is an energy- and cost-intensive process as an 

unfavourable equilibrium during the isomerization step of the educt, α-isophorone, hinders effective 

oxidation in para-position (Fig. 1). For the enzymatic production of keto-isophorone, initially, a P450 

BM3 variant which converts α-isophorone to 4-hydroxy-isophorone has been used for the first 

oxidation step (Fig. 1). As dehydrogenation was reported to be a side reaction of P450 BM3, ideally, 

the obtained variant is also capable of the production of keto-isophorone. Alternatively, oxidative 

enzymes such as alcohol dehydrogenases are used for the conversion of 4-hydroxy-isophorone to keto-

isophorone. 

 
Figure 1 Reaction scheme of α-isophorone conversion by P450 BM3 variants showing the main product, 4-hydroxy-

isophorone, formed by the wild type enzyme. Potential side products are isophorone oxide, the double oxidation product 

keto-isophorone and several hydroxy-methyl-products (not shown).1 

 

Mutation library screening of NADPH dependent enzymes is frequently performed by a cofactor 

depletion assay determining initial activities2. Activities determined with NADPH consumption assay 

do not only account for target product formation alone and also include the contributions of side 

product formation (H2O2). The use of unnatural substrates often leads to the so called uncoupling 

which describes the effect of inefficient electron usage by the P450 leading to reactive oxygen species 

(ROS: H2O2,
 .OH) by reduction of oxygen. These side reactions make the selection of improved variants 

challenging since a high uncoupling could be interpreted as a high activity despite that only a small 

                                                           
1 Kaluzna, I.; Schmitges, T.; Straatman, H.; van Tegelen, D.; Mueller, M.; Schürmann, M.; Mink, D. Org. Process 
Res. Dev. 2016, 20, 814-819. 
2 Tee, K. L. and Schwaneberg, U. Comb. Chem. High Throughput Screen. 2007, 10, 197-217. 
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amount of product is produced. The specific detection of the hydroxyl group within 4-hydroxy-

isophorone and keto group of keto-isophorone is a great challenge as no studies about e.g. colorimetric 

detection of these compounds have been described in literature, yet. Additionally, reactions of their 

functional groups are usually activated by complex catalysts making them hard to access for high 

throughput screening. Specific detection of keto-isophorone is also highly challenging as α-isophorone 

already contains a keto group.  

 

One promising analytical tool to quantify product formation and avoid false selections is the 

application of capillary electrophoresis (CE) with its universal product detection possibilities (UV-

detector). CE has been proven for separations and quantifications of compounds such as amino acids, 

chiral drugs, vitamins, pesticides, inorganic ions, organic acids, dyes, surfactants, peptides and 

proteins, carbohydrates, oligonucleotides and DNA restriction fragments, and even whole cells and 

virus particles.3,4 Separation is achieved by differential migration of solutes in an electric field.  

The ends of a narrow-bore, fused silica capillary are placed in buffer reservoirs which also contain the 

electrodes used to make electrical contact between the high voltage power supply and capillary (Fig. 

2). Samples are loaded onto the capillary (usually at the anode) applying either an electric field or an 

external pressure and separation is performed by application of a high voltage electric field. Due to the 

small capillary diameter only small sample volumes are required. Compounds are detected at the 

opposite end directly through the capillary wall by optical methods. 

 

 

 
 

Figure 2 Capillary electrophoresis device: The “multiplexed cePRO 9600™ system” from Advanced Analytical Technologies 

(Ames, IA, USA) (A), the capillaries (B) and its operation scheme (C) which allows to analyze 96 samples in one run (96 

capillaries). 

                                                           
3 Altria; K. D. J. Chromatogr. A 1999, 856, 443–463. 
4 Harstad, R. K.; Johnson, A. C.; Weisenberger, M. M.; Bowser, M.T. Anal. Chem. 2016, 88, 299−319. 

C 

A B 
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To accomplish separation of neutral species the use of surfactants in the running buffer was introduced 

by Terabe5 in 1984, named micellar electrokinetic capillary electrophoresis (MEKC). The surfactant and 

thus the micelles are usually charged and migrate either with or against the EOF (depending on the 

charge). The more the solute interacts with the micelle, the longer is its migration time since the 

micelle carries it against the EOF. MEKC is therefore a solution for the simultaneous detection of 

alkenes such as isophorones. Multiplex systems even allow the simultaneous measurement in 96-well 

format and combined with the possibility of quantification which makes this system a promising HTS 

method for directed evolution approaches. 

 

1.2  Details on screening of P450 BM3 mutation libraries by multiplexed 

capillary electrophoresis 
Establishment and validation of the screening system - Separation of the four main isophorone 

components (α-isophorone, 4-hydroxy-isophorone, isophorone oxide and keto-isophorone; Fig. 1) via 

capillary electrophoresis (CE) was achieved in a micellar buffer system (Fig. 3a). A multiplexed cePRO 

9600™ system (Advanced Analytical Technologies, Ames, IA, USA) with UV-detection (254 nm) was 

used for all separations with the cathode on the outlet side. The cePRO 9600 CE system highly improves 

laboratory throughput by the parallel measurement of 96 samples while minimizing sample 

consumption. Selectivity of the used separation method is high as at least 4 min lie between the 

retention times of the different isophorone compounds. Differences in product formation are well 

recognized within the system (Fig. 3b) and can even be quantified which allows variant selection based 

on specific target product formation. The system shows a low standard deviation of 8-13% when 

quantifying the product formation of 4-hydroxy-isophorone by 88 P450 BM3 wild type variants on one 

microtiter plate (MTP) (Fig. 4) which enables reliable screening of evolution libraries. 

 

 
Figure 3 CE electropherograms of a) 10 mM isophorone standards and b) the product scope after screening of empty vector 

(EV), wild type (WT) P450 BM3 and one variant after α-isophorone conversion. For the screening of variants an internal 

standard (IS) is added to the stopped conversion reaction to secure reliable measurements. The electropherogram of the 

variants (b), blue) shows a higher and broader peak for 4-hydroxy-isophorone than the WT (b), red) indication higher 4-

hydroxy-isophorone concentrations. The electropherogram of the EV (b), black) shows no peak for 4-hydroxy-isophorone. 

                                                           
5 Terabe, S.; Otsuka, K.; Ichikawa, K.; Tsuchiya, A.; Ando, T.  Anal. Chem. 1984, 56, 111-113. 
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Figure 4 Determination of the standard deviation of the formation of 4-hydroxy-isophorone by 88 variants of P450 BM3 wild 

type. 

 

In summary, a first significant step in D1.7 is achieved by baseline separation and quantification of all 

four isophorone compounds. The obtained standard deviation with 8.3% is highly suitable for directed 

enzyme evolution. Screening systems with standard deviation <20% were proven in literature6. 

 

Proof of concept: Identification of improved P450 BM3 variants for α-isophorone conversion by 96-

well CE 

Three site-saturation mutagenesis (SSM) libraries of P450 BM3 variant were generated with 

degenerated primers (NNK codon). Due to a not finalized manuscript the saturated positions are not 

stated in the public report. Libraries SSM 1, SSM 2 and SSM3 covering the full spectrum of the 20 

natural amino acids were screened (180 clones each; 2 MTPs). Comparison of the frequently used 

NADPH depletion assay and the corresponding product based results obtained by CE measurements 

(Fig. 5) show that high initial activities in cofactor consumption (Fig. 5a, orange stars) do not always 

correlate with increased product formation (Fig. 5b, green stars). As expected, NADPH depletion is 

strongly influenced by uncoupling (reactive oxygen species (ROS) formation) which generally makes it 

difficult to not feasible to identify the most beneficial P450 variants. ROS inactivate P450 BM36. 

Exclusion of variants with high uncoupling at early stages of the screening process is therefore highly 

beneficial for determination of robust P450s. The combination of NADPH depletion assay and a 

product specific method like CE allows a (semi)-quantification of uncoupling and thereby to select the 

more robust P450 variants even when the same product yields are obtained.  

 

Based on the first round of screening by NADPH depletion assay of SSM 1 and SSM 2 several P450 BM3 

variants with high NADPH oxidation rates compared to the wild type enzyme were chosen for a re-

screening (Fig. 6). Variants were measured in quadruplets to minimize artefact selection. The re-

screening plate was measured by NADPH depletion assay and capillary electrophoresis. Based on the 

NADPH depletion rescreening results in Fig. 6 (grey line) variants SSM1 P1 D8, SSM1 P1 F1 and SSM2 

P2 F11 would have been chosen for further characterization. The simultaneous detection and 

quantification of several products determined by CE show that the formation of the target product 4-

hydroxy-isophorone is only produced by variant SSM2 P2 F11 (blue bar). Variant SSM2 P2 F11 shows a 

2.27 fold improved initial NADPH oxidation and a 1.71 fold improved 4-hydroxy-isophorone formation 

compared to P450 BM3 wild type. The other two variants SSM1 P1 D8 and SSM1 P1 F1 show only an 

                                                           
6 Wong, T. S., Wu, N., Roccatano, D., Zacharias, M., Schwaneberg, U. J. Biomol. Screen., 2005, 10, 246-252. 
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increased formation of side products (green bars) compared to the WT. Variant SSM 1 P2 E10 on the 

other hand shows a minor improvement in respect to concerning initial NADPH consumption (1.14 

fold), however a 1.49 fold improvement in 4-hydroxy-isophorone formation was obtained. 

 

The knowledge obtained by high-throughput screening with multiplexed capillary electrophoresis 

allows the exclusion of variants with undesired products and identification of variants with true 

formation of desired products ahead of larger scale characterization studies reducing the total time 

effort in finding improved and robust biocatalysts.  

 

In summary, the re-screening results of two SSM libraries in Fig. 6 and the identification of P2F11 

proves that the CE is a novel and highly valuable screening platform to identify more efficient P450 

BM3 variants.  

 

 

 
 

Figure 5 Results of a) NADPH depletion assay and b) capillary electrophoresis screening of one MTP of SSM 3 plate 1 

containing 90 variants and P450 BM3 WT (red bars) and EV (blue bars) as positive and negative control. Results are shown 

relative to the mean of three WT values. The orange stars represent the potential choice of variants based on increased initial 

NADPH consumption compared to the WT (a). The green stars represent the choice of variants based on increased formation 

of the target product 4-hydroxy-isophorone compared to the WT (b). Comparison of both experiments show that increased 

initial NADPH consumption does not go in hand with increased product formation. 
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Figure 6 Rescreening results of two SSM libraries (SSM 1 and SSM 2). Re-screening was performed by NADPH depletion assay 

showing the relative NADPH oxidation rate compared to the WT enzyme (grey line) and capillary electrophoresis showing 

product concentrations (colored bars) of the target products 4-hydroxy isophorone and keto-isophorone and the side product 

isophorone oxide. Variants were measured as quadruplets and values compared to WT enzyme, EV and the two variants with 

known properties M2 and M3. 

 

1.3  Conclusions - 1 
The establishment of a capillary electrophoresis screening platform in 96-well MTP format for 

screening of P450 BM3 libraries towards improved isophorone conversion was successfully achieved. 

Two variants of two SSM libraries with improved 4-hydroxy-isophorone formation were identified. 

Additionally, variants with high initial NADPH consumption but low 4-hydroxy-isophorone production 

and/or high side product formation could be excluded at early stage of development too. In summary, 

the combination of NADPH depletion assay and the newly developed CE screening platform for 

directed P450 evolution allows to facilitate the selection of robust P450-biocatalysts and fulfills from 

the point of the RWTH partner the CE-part of deliverable 1.7.  
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2. First flow cytometric screening system  

 

2.1  Introduction 
Within the ROBOX consortium, ETH is responsible for the development of genetically-encoded 

biosensors7-9 for simultaneous in vivo detection of main and side products formed in the course of 

P450-catalysed bioconversion reactions. P450 BM3 libraries can be readily expressed in E. coli strains 

equipped with biosensor plasmids. The individual enzyme variants may yield the wanted product but 

at the same time different amounts of unwanted side-products. The sensor system should allow an 

estimation of the ratio between product and side product as well as the total amount of product 

formed in the basis of fluorescence signals recorded by flow cytometry at rates >10’000 analyzed 

events per second (Fig. 7a).  

 

The genetic circuits employed for sensing are composed of transcriptional regulatory proteins 

inducible by either the wanted product or the unwanted side product (Fig. 7b).10-11 As a side product, 

we focused on the detection of H2O2 due to its putative importance as a determinant of P450 BM3 

stability while as a main product we focused on the detection of o-cresol formed upon hydroxylation 

of toluene. For detection of the two substances in vivo, i.e. directly within the strain used in screening, 

we employed two inducible transcription factors for regulation of a green and a red fluorescent 

protein, respectively. The suitability of the system for simultaneous and quantitative detection of 

relative H2O2 and o-cresol formation rates was validated with two enzymes provided by RWTH - P450 

BM3 WT and the mutant P450 BM3 M3. While in vitro P450 BM3 WT converts toluene to o-cresol 

inefficiently, P450 BM3 M3 does so at significantly higher rates and improved coupling efficiency (Table 

1). E. coli strains expressing the sensor circuits for o-cresol and H2O2 were transformed with plasmid 

encoding for either of the two enzymes and the fluorescence signals generated from the cells during 

toluene conversion (technical triplicates, performed in microtiter plates) was recorded over time. As 

expected, high GFP (indicative of o-cresol conversion efficiency) and RFP (indicative of hydrogen 

peroxide) signals were recorded for P450 BM3 M3 mutant and low ones for the P450 BM3 WT 

expressing strain (Table 1). These data correlate well with the in vitro coupling and activity data and 

show that the ratios of fluorescence signals are indicative of the degree of coupling and the product 

formation rates. 

 
Table 1 Indication of coupling efficiencies and product formation rates toluene conversion to o-cresol. 

Turnover frequencies (TOFs) and coupling efficiencies of the purified P450 BM3 WT and variant M3 have been previously 

measured by RWTH12. Genes encoding for the two enzymes were expressed in E. coli screening strains equipped with o-cresol 

and hydrogen peroxide sensitive transcriptional regulatory DmpR and OxyR biosensors regulating the synthesis of a green 

and a red fluorescent protein, respectively.  

 

a turnover frequency (TOF) [µmolproduct µmolP450
-1 s-1] measured with purified enzyme via NADPH consumption rates 

b coupling efficiency [%] measured with purified enzyme 
c turnover frequency [AU min-1] measured in vivo by GFP signal intensities regulated via DmpR activated by o-cresol 
d hydrogen peroxide formation [AU min-1] measured in vivo by RFP signal intensities regulated via OxyR activated by H2O2 

e ratio of DmpR and OxyR signals indicative for the coupling efficiency 

 TOFa 

[s-1] 

Couplingb 

[%] 

GFP intensityc 

[AU min-1] 

RFP intensityd 

[AU min-1] 

Ratio DmpR/OxyRe 

[-] 

P450 BM3 0.15 10 0.1 0.8 0.1 

P450 BM3 M3 2.3 50 25.0 17.1 1.5 
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Figure 7 Screening of hydroxylases efficiently converting toluene to o-cresol. 

a) High-throughput screening strategy for identification of P450 monooxygenases via simultaneous quantification of the 

product (o-cresol) and side product (H2O2) formation using genetically-encoded biosensors and flow cytometry. b) 

Hydroxylation of toluene by cytochrome P450 BM3 to o-cresol can sporadically result in a futile cycle leading to uncoupling 

and the formation of hydrogen peroxide and other reactive oxygen species compromising the long term stability of the 

enzyme. 

 

2.2 Flow cytometric screening for identification of P450 BM3 mutant libraries 

for toluene hydroxylases displaying different degrees of uncoupling 
 

We next set out to use the two sensor circuits for flow cytometric screening of a P450 BM3 library 

expressed in E. coli with the aim of identifying hydroxylase variants capable of synthesizing o-cresol at 

high rates by flow cytometry. For this, a model library comprised of E. coli cells expressing the 

hydroxylase P450 BM3 M3 from a high copy vector and another E. coli isolate which carried the same 

plasmid but without gene insert were mixed at a ratio of 1:100, the culture was grown to allow for 

P450 BM3 expression, then substrate was added. After short incubation (~ 1 h) the culture was 

subjected to flow cytometric sorting whereas highly green fluorescent cells (indicating high o-cresol 

formation) were sorted out. Next, we analyzed the genotype of 15 randomly clones picked from the 

isolated fraction by colony PCR. The results indicated that all 15 clones carried P450 BM3 M3 plasmid 

thereby proving that we succeeded in efficiently separating the (underrepresented) fraction of 

hydroxylase positive cells from the background. 

 

Next, multi-site saturation mutagenesis libraries P450 BM3 (~1x104 unique variants and provided by 

RWTH) were subjected to screening for toluene hydroxylase activity with the aim of discriminating 

variants displaying different degrees of uncoupling and high o-cresol formation rates. To do so, the 

plasmid-encoded P450 BM3 variants were transformed into E. coli equipped with the biosensors for 

phenols (DmpR) and hydrogen peroxide (OxyR). The transformants were grown in the presence of an 

inducer for expression of the P450 BM3 variants and the cells were normalized (to OD600) prior to 

substrate addition. Afterwards the bioconversion substrate (toluene) was added and the culture was 
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incubated until the GFP signal could be detected from individual cells (~1 h). The library was then 

subjected to flow cytometric analysis and sorting using the GFP signal (indicative of o-cresol conversion 

efficiency) and RFP signal (indicative of hydrogen peroxide) as sorting criteria. In this way, after 

analyzing of approx. 3x105 events, three different fractions were collected (Fig. 7a) and spotted as 

single cells (128 for each condition) on agar plates. The first fraction was isolated from gates Q2+Q3 

(Fig. 8a, green rectangle). Here, cells were sorted independent of the displayed RFP signal intensity. 

The second exhibited high GFP and low RFP fluorescence (Figure 8a, Q3, highlighted in a blue box) 

while in the third fraction both fluorescent signals were high (Figure 8, Q2, highlighted in a red box).  

 

In total 80 individual colonies (40 from the fraction containing events in Q2+Q3 and 20 each from 

fractions Q2 or Q3) were picked, inoculated in microtiter plate wells, grown, and re-assessed for 

toluene conversion efficiency via the DmpR biosensor (GFP fluorescence intensity) and o-cresol 

formation was confirmed by HPLC. Out of the 40 clones derived from the first fraction (Q2+Q3, green 

rectangle), one clone (E. coli P450 BM3 M3.1) displayed strong specific GFP fluorescence similar to that 

of the variant P450 BM3 M3 used as a positive control. All clones isolated in gate Q3 failed to develop 

GFP fluorescence while one of the clones from gate Q2 (E. coli P450 BM3 M3.2) displayed GFP 

fluorescence and converted toluene to o-cresol. The relatively high number of false positives, i.e. 

clones that were positive in the flow cytometric screen but negative in the microtiter plate assay 

employed for verification is likely due to cross-talk of o-cresol between the cells and single cell noise. 

Noteworthy, o-cresol is not (or only transiently) retained by the positive cells and readily leaches out. 

The thus liberated o-cresol may further stimulate GFP synthesis in individual cells present in the 

background (e.g. cells expressing a P450 BM3 mutant displaying moderate activity or cells 

stochastically containing a high fraction of DmpR molecules) to the extent required in order to push 

them into the screening positive fraction. Noteworthy, only 10 µM of externally supplied cresol are 

added in order to fully induce the sensor system (see also D1.2 report). 

 

Both o-cresol synthesizing mutants (E. coli P450 BM3 M3.1. and M3.2, respectively) were sequenced. 

The results indicated uniqueness of the two variants. Next, E. coli BM3 M3.1 and M3.2 along with the 

wildtype (E. coli P450 BM3 WT) and the parent used for library generation (E. coli P450 BM3 M3) used 

as a positive control were subjected to further characterization in microtiter plates (Fig. 8b). In this 

setting, the GFP signals obtained from the two mutants were slightly lower than for the parent strain 

used for library generation (i.e. E. coli P450 BM3 M3). However, the RFP signals obtained from the two 

strains deviated considerably. While the strain expressing P450 BM3 M3.2 (isolated from Q3, red box) 

exhibited higher concurrent RFP fluorescence (indicating production of hydrogen peroxide), only weak 

RFP signals were recorded for strain M3.1. These results are pretty much in line with our expectations 

as the strain expressing the efficiently coupled hydroxylase (P450 BM3 M3.2) but not the poorly 

coupled one (P450 BM3 M3.1) have been isolated under stringent conditions (low RFP signal intensity). 

Analysis of the protein composition of the recombinants by SDS-PAGE indicates a comparable cellular 

P450 BM3 content independent of the introduced mutations. The differences in activity and coupling 

efficiency are therefore likely to indeed result from the differences of the enzyme’s performance. Both 

muteins, P450 BM3 M3.1 and M3.2, are currently undergoing purification and in vitro characterization 

at RWTH. 

 

Taken together, the results suggest that muteins featuring high conversion and low uncoupling can be 

found with the developed flow cytometric assay.  
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a) 

 
 

b) 

 

Figure 8 Screening of P450 libraries and preliminary characterization of the isolated hits 

a) Overview of the data obtained during flow cytometric screening of a BM3 library and verification of the isolated hits in a 

with a microtiter plate assay. b) Characterization of P450 BM3 WT, variant M3, and the newly identified variants M3.1 and 

M3.2 in a microtiter plate assay using DmpR/GFP and OxyR/RFP as indicators for o-cresol and H2O2 formation. The change 

of the GFP signal intensity (indicative of o-cresol formation) and the OxyR signal (indicative of hydrogen peroxide formation) 

are normalized to OD600 and corrected for the unspecific fluorescence (i.e. the fluorescence change rate of the culture 

resulting from the supplementation of the medium with the starting material toluene). The picture below shows a protein 

gel of the individual strain after expression of the recombinant P450 hydroxylases (BM3 and its variants M3, M3.1 and M3.2, 

respectively).  
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2.3  Conclusions - 2 

We report the development and application of a biosensor-based assay system for simultaneous 

detection of a wanted (o-cresol) and an unwanted side product (H2O2) accumulated in the course of 

the conversion of toluene by P450 BM3 variants. The system has been applied in two different formats: 

(I) For rapid screening of mutant libraries by flow cytometry and (II) for characterization of hydroxylase 

positive cells in a MTP format. The results correlate well with the results obtained by RWTH in the 

course of the in vitro characterization of two enzymes (P450 BM3 WT and the variant M3) used for 

reference purposes.   

M3.1 and M3.2 identified in a small library of the P450 BM3 M3 scaffold (~104 CFUs containing only a 

fraction of active variants) generated by site saturation mutagenesis were isolated after one round of 

flow cytometric analysis and sorting and re-screening of 80 of the isolated clones. Importantly, the 

isolated mutants exhibited differential uncoupling in the flow cytometric and a microtiter plate assay 

performed for verification purposes thereby suggesting that the coupling efficiencies of the two 

hydoxylases are indeed indicated correctly. Both of the mutants are currently further characterized by 

RWTH and we are looking forward that the cycle of indication of coupling efficiency and product 

formation rates in the flow-cytometric assays performed at 10’000 Hz, verification of the results in 

MTP assays at rates of a few 100 per day, and performance of the enzyme in vitro can be closed.  

Further screenings of larger and more complex P450 BM3 library to be provided by RWTH will be 

carried out in order to identify additional P450 BM3 muteins and, more importantly, to demonstrate 

the true potential and throughput of the developed screening system on a huge sequence space. In 

addition, the isolation of further P450 BM3 mutants with low uncoupling can help in the identification 

of key determinants (amino acid residues or stretches of residues) of coupling in the P450 BM3 

sequence and devise a more widely applicable strategy for development of better coupled and robust 

P450 BM3 catalysts. i 
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