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Abstract 

Microstructured reactors are promising engineering tools to develop emerging flow-chemistry 

applications. Apart from their purely chemical applications, microreactors have also drawn 

significant attention for use in biocatalysis. A promising layout involves flow microchannels 

that are wall-coated with enzyme. In this study, an immobilization procedure was developed 

that involves fusion of the target enzyme to the cationic binding module Zbasic2 (58 amino 

acids; 7 kDa mass) to enable oriented immobilization on negatively charged surfaces based on 

convenient charge complementarity. The effects of multiple Zbasic2 modules in a single 

enzyme molecule on immobilized performance in a glass microreactor were studied for 

sucrose phosphorylase (SPase). Results showed that multivalent constructs reached a higher 

value of space-time yield and operational stability as compared to monovalent construct 

contains one Zbasic2. 

A fundamental problem of enzyme microreactor design is that plain microchannels without 

extensive static internals, or packings, offer limited exposed surface area for immobilizing the 

enzyme. To boost the immobilization in a manner broadly applicable to enzymes, we coated 

borosilicate microchannels with silica nanosprings. Using a multivalent Zbasic2 construct of 

SPase, it was shown that the nanosprings-coated microchannel boosted the conversion rate, 

but also the operational stability, as compared to the plain microchannel. 

To explore the application of immobilized enzyme microreactors in another aspect, we also 

studied the easy integration of O2 sensor systems into microreactors to study the performance 

of an O2-dependent enzyme, namely glucose oxidase.  

Considering the high efficiency of the Zbasic2 immobilization method demonstrated in proof of 

principle studies, we expanded the research to the development of a self-sufficient 

monooxygenase biocatalyst. Cytochrome P450 monooxygenases (P450s) promote 

hydroxylations, via oxygen insertion from O2, in a broad variety of substrates. However, 

operating P450 reactions involves complex management of the main substrate, O2 and 

NADPH reducing equivalents against an overall background of low enzyme operational 

stability. Using enzymes as fusion proteins with Zbasic2, the canonical P450 monooxygenase 

(P450 BM3) was co-immobilized with glucose dehydrogenase (as a cofactor regeneration 

enzyme) on anionic sulfopropyl-activated carrier (ReliSorb SP). The immobilized P450 BM3 

showed a high total turnover number and remarkable number of reusability. This study 

therefore supports the idea of practical heterogeneous catalysis by P450 monoxygenase 

systems immobilized on solid support. The results provide an important step towards the 

application of complex biocatalysts in continuous microreactors. 
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Zusammenfassung 

 

Mikrostrukturierte Reaktoren sind vielversprechende technische Werkzeuge für die 

Entwicklung von Anwendungen der Flow Chemistry. Abgesehen von ihrer reinen chemischen 

Anwendung, haben Mikroreaktoren auch durch ihre Anwendung in der Biokatalyse 

Aufmerksamkeit auf sich gezogen. Eine vielversprechende Ausführung beinhaltet Durchfluss-

Mikrokanäle, deren Wände mit Enzym gesättigt sind. In dieser Arbeit wurde eine 

Immobilisierungsmethode entwickelt, welche auch die Fusion des gewünschten Enzyms an 

ein kationisches Bindungsmodul Zbasic2 (58 Aminosäuren; 7 kDa Masse) miteinschließt, um 

eine geordnete Immobilisierung an negativ geladene Oberflächen basierend auf nützlicher 

Ladungskomplementarität zu ermöglichen. Untersucht wurden die Effekte auf die 

Immobilisierungseffizienz von mehreren Zbasic2 Modulen an einem einzigen Enzym Molekül 

für Sucrose Phosphorylase (SPase). Die Resultate zeigten, dass Konstrukte mit mehreren 

Modulen Zbasic2, im Vergleich zu Konstrukten mit einem Modul, einen höheren Wert bei der 

Space-Time-Yield und der operative Stabilität erreichten. 

Ein elementares Problem des Enzym-Mikroreaktor-Designs ist das einfache Mikrokanäle 

ohne umfangreiche statische Einbauten oder Füllkörper nur wenig freiliegende Oberfläche für 

die Immobilisierung der Enzyme anbieten. Um die Immobilisierung für eine erweiterte 

Anwendbarkeit für Enzyme zu steigern, haben wir die Oberfläche der Borosilikat-

Mikrokanäle mit Silica-Nanosprings beschichtet. Durch Verwendung von einem Konstrukt 

mit mehreren Modulen Zbasic2, konnte gezeigt werden, dass mit Nanosprings-beschichteten 

Mikrokanälen im Vergleich zu unbeschichteten Mikrokanälen sowohl die Konversionsrate als 

auch die operative Stabilität gesteigert werden konnte.  

Um einen anderen Aspekt der Anwendung von immobilisierten Enzym-Mikroreaktoren zu 

erforschen, haben wir die einfache Integration von O2 Sensorsystemen untersucht, um die 

Effizienz des O2 abhängigen Enzyms Glucose Oxidase zu erforschen. 

Unter Berücksichtigung der hohen Effizienz der Immobilisierungsmethode mit Zbasic2 in 

„Beweis des Prinzips“-Studien, haben wir unsere Erforschung auf die Entwicklung eines 

autarken Monooxygenase Biokatalysators erweitert. Cytochrome P450 Monooxygenasen 

(P450s) begünstigen Hydroxylierungen durch die Einbringung von Sauerstoff in eine 

breitgefächerte Menge an Substraten. Allerdings ist für die Anwendung von P450 Reaktionen 

ein komplexes Management des Hauptsubstrats, O2 und NADPH reduzierende Äquivalente 

notwendig im Gegenzug zur niedrigen operativen Enzymstabilität. Durch Verwendung von 

Enzymen als Fusionsproteine mit Zbasic2, wurde die kanonische P450 Monooxygenase (P450 

BM3) mit Glucose Dehydrogenase (als Cofaktor regenerierendes Enzym) auf anionischem 

Sulfopropyl-aktiviertem Trägermaterial (ReliSorb SP) coimmobilisiert.  Das immobilisierte 

P450 BM3 zeigte eine hohe total turn over number und eine bemerkenswerte 

Wiederverwendbarkeit. Diese Arbeit unterstützt aufgrund dessen die Idee der praktischen 

heterogenen Katalyse von P450 Monooxygenase Systemen immobilisiert auf festen 

Trägermaterialien. Die Resultate liefern einen wichtigen Beitrag für die Anwendung von 

komplexen Biokatalysatoren in kontinuierlichen Mikroreaktoren.  
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Abstract. Cytochrome P450 monooxygenases (P450s) promote hydroxylations, via oxygen insertion 

from O2, in a broad variety of substrates. Their prowess in C-H bond functionalization renders P450s 

promising catalysts for organic synthesis. However, operating P450 reactions involves complex 

management of main substrates, O2 and NADPH reducing equivalents against an overall background 

of low enzyme operational stability. Whole cell biocatalysis, although often used, offers no general 

solution to this problem. Herein, we present a tailor-made design of a self-sufficient, operationally 

stabilized and recyclable P450 catalyst on porous solid support. Using enzymes as fusion proteins 

with the positively charged binding module Zbasic2, the canonical P450 monooxygenase (P450 BM3) 

was co-immobilized with glucose dehydrogenase (type IV; from Bacillus megaterium) on anionic 

sulfopropyl-activated carrier (ReliSorb SP). Affinity-like immobilization via Zbasic2 enabled each 

enzyme to be loaded in controllable amount, thus maximizing the relative portion of the limiting 

P450 M3 (90 nmol/gcarriers) in total enzyme immobilized. Using lauric acid (2 mM) as a 

representative P450 substrate that is poorly accessible to whole-cell catalysts, we demonstrate 

complete hydroxylation of substrate under efficient coupling, inside of catalyst particle, to the 

regeneration of NADPH from glucose (20 cycles). The immobilized P450 BM3 showed a total 

turnover number of 11,000, thus allowing fully active catalyst to be recycled at least 10 times. This 

study therefore supports the idea of practical heterogeneous catalysis by P450 monoxygenase 

systems immobilized on solid support. 

Keywords: Hydroxylation; Cytochrome P450; Glucose dehydrogenase; Immobilization; 

Heterogeneous biocatalysis 
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Introduction 

Cytochrome P450 monooxygenases (CYPs or P450s) are heme-containing enzymes that catalyze 

chemically challenging reactions such as the introduction of molecular oxygen into non-activated 

carbon atoms (Kang et al., 2014; O'Reilly, Kohler, Flitsch, & Turner, 2011; Ortiz de Montellano, 

2010; Urlacher & Eiben, 2006; Urlacher & Girhard, 2012). P450 BM3 from Bacillus megaterium, a 

well-characterized and self-sufficient P450 monooxygenase (monooxygenase and reductase domains 

are fused via a short linker), hydroxylates a broad variety of substrates at high activity rates with 

NAD(P)H as electron source and O2 (air) as oxidant (Munro et al., 2002; Whitehouse, Bell, & Wong, 

2012). 

Despite its large synthetic and industrial potential, the effective use of P450 BM3, especially in 

large-scale production processes, has been hindered since operating P450 reactions involves complex 

management of the target substrates, O2 and NADPH reducing equivalents (Dennig, Lülsdorf, Liu, & 

Schwaneberg, 2013; Schoemaker, Mink, & Wubbolts, 2003). In addition, low operational stability 

and high uncoupling efficiency (% NADPH that is oxidized but no product is formed) when 

converting non-natural substrates are usually found. 

Whole cells catalysis solves some of the aforementioned limitations and they allow the successful 

use of P450s (Hernandez-Martin et al., 2014; Park et al., 2015). However, in some cases the activity 

is too low, or the reaction is not viable. For example, while using fatty acids as natural substrates, 

P450 BM3 displays a high activity (>1000 turnovers/min) and nearly 100% coupling efficiency (Di 

Nardo & Gilardi, 2012), medium and long chain fatty acids are notoriously challenging in whole cell 

catalysis due to their poor uptake and metabolizing activities in whole cells (Schewe, Holtmann, & 

Schrader,2009). 
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To gain versatility, isolated enzymes can be used, but stability issues arise. When using cell-free 

P450 BM3 preparations the hydrophobicity of fatty acids, their low solubility in water and 

heterogeneous character at higher concentrations often impairs with the typically polar environment 

needed for efficient enzyme catalysis. At high substrate loading, further challenges become the 

efficient regeneration of NADPH and related pH changes as well as transfer of O2 into water 

(Dennig, Busto, Kroutil, & Faber, 2015). The use of solid-supported immobilized enzymes proved to 

be a good strategy to address many of the mentioned challenges. Enzyme immobilizates generally 

further offer the significant advantages of facile re-use and clean separation from the liquid phase 

containing the product (López-Gallego, Jackson, & Betancor, 2017; Mateo, Palomo, Fernandez-

Lorente, Guisan, & Fernandez-Lafuente, 2007; Santos et al., 2015; D. N. Tran & Balkus, 2011).  

Compared to other enzyme families, there are only a few reports on the immobilization of 

monooxygenases and mainly P450 BM3 has been used due to its self-sufficient character that 

simplifies electron transfer (Ducharme & Auclair, 2018). For instance, the cross-linking-adsorption 

of P450 BM3 on Ni
+2

-functionalized magnetic nanoparticles via its His-tag succeeded in 

hydroxylation of 10-(4-nitro-phenoxy) decanoic acid (10-pNCA). The catalyst was used for six 

cycles and the corresponding TTN was reached 2983  (Bahrami et al., 2017). Through fusion with 

phasin, P450 BM3 was immobilized on biopolymer where using 7-ethoxucoumarin as a substrate, 

the catalyst showed the TTN of 2400 (J. H. Lee et al., 2014). In another study, encapsulation of 

P450 BM3 in a sol-gel matrix obtained the TTN of 2460 for the oxidation of 10-pNCA (Maurer, 

Schulze, Schmid, & Urlacher, 2003). The immobilization of P450 BM3 on metal surface via binding 

peptide (Zernia et al., 2016) or using mesoporous molecular sieves to immobilize the isolated heme 

domain of P450 BM3 (Weber et al., 2010) showed other techniques of P450s immobilization. 

Reported concepts utilized colorimetric/fluorogenic substrates during development and 

characterization (robustness and rapid development), however, examples for conversion of relevant 
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industrial substrates and/or relevant product titers are often lacking. Consequently, there is a clear 

demand to develop robust and practical methods of immobilized preparations involving 

monooxygenases. 

In P450 catalysis, NAD(P)H needs to be recycled in-situ ideally from a renewable and cheap electron 

sources such as glucose or formate by a dehydrogenase (Lu & Mei, 2007; Maurer et al., 2003; Nagao 

et al., 1992). Alternatively electrons can be supplied/regenerated by chemical, electrochemical or 

photochemical setups (Hollmann, Hofstetter, & Schmid, 2006; S. H. Lee, Kwon, Kim, & Park, 2013; 

N. H. Tran et al., 2013; Wang et al., 2017; Wu et al., 2013) and non-natural cofactor mimics 

(Nowak, Pick, Lommes, & Sieber, 2017). However, enzymatic approaches for cofactor regeneration 

provide noticeable highest compatibility as NAD(P)H is universally accepted in Nature and mild 

reaction conditions are used that are favored by most enzymes. Glucose dehydrogenase (GDH) from 

Bacillus megaterium is widely applied and highly active enzyme that catalyzes the oxidation of 

glucose to gluconolactone with participant reduction of NAD
+
 and/or NADP

+ 
(Müller et al., 2013; 

Nagao et al., 1992; Nowak et al., 2017). Although, there are some reports on the co-expression of 

GDH and P450 monooxygenase in E. coli, the low amount of product remained as the main 

challenge (Lu & Mei, 2007; Pham, Gao, & Li, 2013). As the example of cofactor regeneration 

system, NADP
+
-dependent formate dehydrogenase co-immobilized with P450 BM3 in a sol-gel 

matrix showed the TTN of 235 increased to 630 using immobilized single enzymes for the oxidation 

of 10-pNCA (Maurer et al., 2003). An ideal immobilization procedure for P450 BM3 should provide 

conditions to load P450 BM3 and the regeneration enzyme in one platform which can offer the “self-

sufficient” system only requires substrate, O2 and source of reducing equivalents. 

A well-established immobilization technology based on cationic binding via Zbasic2, would suggest a 

novel, mild and selective method for immobilization of P450 BM3 WT and the regeneration enzyme 

on solid carriers. Zbasic2, a 7 kDa protein containing three α-helices with clustered positive charges 
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from multiple arginine residues, allows creating protein chimeras that bind very tightly to negatively 

charged surfaces at physiological pH. Due to the high pI of Zbasic2 (10), the immobilized enzyme 

can be applied over a broad range of pH values, which is relevant in particular for pH 

sensitive/changing reactions by oxidoreductases (one mol H
+
 released per mol NAD(P)H 

regenerated). The immobilization with Zbasic2 is highly selective, most likely because it appears to 

occur in a well-defined orientation via the cationic residues. It is stable under operation, yet readily 

reversible which allows reusability of carriers (Bolivar, Gascon, Marquez-Alvarez, Blanco, & 

Nidetzky, 2017; Bolivar & Nidetzky, 2012a, 2012b; Wiesbauer, Bolivar, Mueller, Schiller, & 

Nidetzky, 2011).  

Here, we show the development of an efficient and re-usable heterogenous P450 BM3 WT 

monooxygenase co-immobilized with a GDH. We use lauric acid and anisole as the two model 

substrates both having a specific challenge due to their low solubility in water. The co-immobilized 

system serves as off-the-shelf-catalyst to catalyze hydroxylation of industrially relevant substrates. 

Materials and Methods 

Materials  

ReliSorb SP400/SS was a gift from Resindion (Milano, Italy) with the following specifications: 50-

150 µm diameter and 80-100 nm pore size. Unless stated otherwise, chemicals were of the highest 

available purity and obtained from Sigma-Aldrich (Vienna, Austria) or Carl Roth (Karlsruhe, 

Germany). Catalase bovine liver (2000-5000 U/mg) was from Sigma-Aldrich (Steinheim, Germany). 

DNA sequencing was done at LGC Genomics (Berlin, Germany).
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Molecular cloning and expression of enzymes 

Enzyme cloning 

The plasmids containing either GDH or P450 BM3 WT fused at the N-terminal part with Zbasic2 

(Z_P450 BM3, Z_GDH) were constructed by using a modified the megaprimer/megawoop protocol 

approach (Miyazaki, 2011). For this, a pT7ZbQGKlenow plasmid (Wiesbauer et al., 2011) 

containing the N-terminal Zbasic2 was used as recipient vector. DNA amplifications by PCR were 

done using Q5 high-fidelity DNA polymerase (New England Biolabs, U.S.) and following the 

producer’s manual. Underlined letters in primer sequences indicate the complementary area between 

vector and inserted genes used for mega-primer amplification. The plasmid backbone was amplified 

by PCR with primers pT7NZbas_fw (5’-

GGTTCTAGCGGCGGTAGCGGCTAAAAGCTTGAAGCTGAGTTGGCT-3’) and pT7NZbas_rv 

(5’- CTACCGCTCTGAAAGTACAGATCCTCGCTACCGCCGCTCTGGAA 

CAGAGCTTCCAAATTCG-3’) (in total 30 cycles; each cycle: 98 °C/15 s; 62 °C/30 s; 72 °C/10 

min; 20 min at 72 °C final extension). BM3 WT and GDH genes were amplified by PCR from 

plasmid DNA using ZBFw_BM3/ZBRv_BM3 (ZBFw_BM3: 

AGCGAGGATCTGTACTTTCAGAGCGGTAGCATGACAATTAAAGAAATGCCTCAGC-3’; 

ZBRv_BM3: 5’-GCCGCTACCGCCGCTAGAACCCCCAGCCCACACGTCTTTTGCG 

TATC-3’) and Zbas_GDH_fw/Zbas_GDH_rv (Zbas_GDH_fw: 5’AGCGAGGATCTGTACT 

TTCAGAGCGGTAGCATGTATACAGATTTAAAAGATAAAGTAG-3’; Zbas_GDH_rv 5’-

GCCGCTACCGCCGCTAGAACCCTATTAGCCTCTTCCTGCTTGGAAAGAAG-3’) as primers. 

The following PCR programs were used to execute amplification of BM3 WT and GDH: BM3 WT: 

98 °C/15 s; 55 °C/15 s; 68 °C/5 min, one fill-up cycle: 10 min at 68 °C final extension; GDH: 98 

°C/15 s; 55 °C/15 s; 72 °C/1 min; 25 cycles; 5 min at 72 °C final extension. Successful PCR 
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amplification was verified by agarose gel-electrophoreses and template DNA was removed from 

PCR mixtures by DpnI (Thermo Scientific, U.S.) digest overnight at 37 °C following the supplier’s 

manual. The digested PCR products were purified by PCR clean-up KIT (Blirt DNA GDANSIC, 

Poland) and mixed in a 2:1 gene to vector ratio  (2 mol gene to 1 mol vector; 100 ng vector was 

used) followed by 25 cycles of DNA amplification using Q5 DNA polymerase (95 °C/15 s; 55 °C/30 

min; 72 °C/10 min). PCR products were directly transformed without further treatment into chemical 

competent Top10 cells (New England Biolabs, U.S.). To verify successful DNA assembly, colony 

PCR was performed using gene specific primers for GDH and P450 BM3 WT. Clones harboring the 

constructs with correct size were sequenced and used for protein expression (see Supporting 

Information for full length DNA and amino acid sequences of fused constructs). 

Enzyme expression 

Z_P450 BM3 was produced from E. coli strain Lemo21 cell cultures that were grown in 1-L 

Erlenmeyer flasks at 37 °C using an agitation rate of 110 rpm. Flasks contained 200 mL terrific broth 

medium supplemented with 0.05 mg/mL kanamycin and 0.034 mg/mL chloramphenicol. At OD600 of 

1.0, the protein expression was induced upon addition of 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and 0.5 mM aminolevulinic acid (heme pre-cursor). The induced cells 

were cultivated for 40 h at 15 °C and harvested by centrifugation (4500 x g, 15 min, 4 °C). The cell 

pellet was resuspended (1:1 by volume) in potassium phosphate buffer (50 mM, pH 7.5). The 

suspension was centrifuged, and the cell pellet was stored until use at -20 °C. Z_GDH was produced 

from E. coli strain Lemo21 cells grown in 1-L baffled shaken flasks contained 200 mL Lennox broth 

medium supplemented with 0.05 mg/mL kanamycin and 0.034 mg/mL chloramphenicol under the 

same condition used for Z_P450 BM3 expression. At OD600 of 1.0, expression of the Z_GDH gene 

was induced by addition of 0.5 mM IPTG. The induced cells were cultivated overnight at 25 °C and 

harvested with the same procedure mentioned above.
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Cell lysis preparation and enzyme purification procedure are described in Supporting Information.  

Immobilization of enzymes 

Immobilization of single enzyme 

Enzyme immobilization via Zbasic2 was performed as reported elsewhere in detail (Bolivar & 

Nidetzky, 2012a). Briefly, ReliSorb SP400 (100 mg) was incubated under mild stirring in 

potassium phosphate buffer (50 mM, pH 7.5, 250 mM NaCl). E. coli cell extract containing Z_P450 

BM3 (4 M) or Z_GDH (60-90 U/mL), with total protein concentration varied between 18 to 24 

mg/mL, was supplemented with NaCl (250 mM) followed by adjusting the pH to 7.5. The carriers 

(100 mg) were then mixed with 1 mL of cell extract and incubated under gentle mixing at room 

temperature (25 °C) for 1 h. If not mentioned otherwise, an end-over-end rotator (20 rpm) was used 

for mixing. At the end of incubation time, samples were taken from the supernatant after 

sedimentation of the carriers, and the residual enzyme concentration (Z_P450 BM3; M) or enzyme 

activity (Z_GDH; U/mL) in the supernatant was measured using the assays described later. The 

immobilization step was repeated four times under the conditions described with an intermediate 

washing step with loading buffer in each round. For each step, the immobilization yield (%) was 

calculated as 100  (c0 – c) /c0, where c0 is the initial enzyme activity/concentration, and c is the 

enzyme activity/concentration in solution after the immobilization. 

Co-immobilization of P450 BM3 WT and GDH 

The immobilization conditions were the same as mentioned before. The P450 BM3-GDH co-

immobilization was performed sequentially. After the immobilization of Z_P450 BM3 (four loading 

steps), the carriers were washed with the loading buffer, and then incubated with cell extract 
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containing Z_GDH at room temperature for 1 h (one loading step). Afterwards the carriers were 

washed with loading buffer and kept until use at 4 °C.  

Z_P450 BM3 activity assay 

The procedure of Omura and Sato was used to measure the active Z_P450 BM3 concentration 

(Omura & Sato, 1964). To evaluate the catalytic activity of Z_P450 BM3, anisole was used as a 

substrate. Therefore, 0.6 nmol of free enzymes or 6 mg of carriers with the same amount of bound 

enzyme were incubated with anisole (20 mM) in 1 mL of potassium phosphate buffer (50 mM, pH 

7.5) for 5 minutes. Unless mentioned otherwise, anisole was pre-dissolved in ethanol to give a final 

ethanol concentration of 2.2 % (v/v) in the reaction mixture. The reaction was commenced by adding 

NADPH (0.2 mM final concentration) and incubated under gentle mixing at room temperature. At 

defined time points, samples were withdrawn and the concentration of produced guaiacol was 

measured by 4-AAP assay (Dennig et al., 2013) Coupling efficiency of free and immobilized enzyme 

were determined by measuring the concentration of guaiacol obtained after full depletion of NADPH 

(monitored spectrophotometrically at 340 nm under the stirred condition at 25 °C). 

To test the dependence of enzyme activity on the concentration of NADPH, the same reaction setup 

was performed using different concentration of NADPH (0.1-1.6 mM). The samples were taken at 

defined time and the concentration of guaiacol was measured accordingly.  

Z_GDH activity assay 

Z_GDH activity was obtained from the initial rate measurements that recorded the formation of 

NADPH spectrophotometrically at 340 nm. The reaction was performed in potassium phosphate 

buffer (50 mM, pH 7.5), containing NADP
+
 (5 mM), glucose (200 mM) and the enzyme solution in 

appropriate dilution at 25 °C. One unit (U) of GDH activity corresponds to the amount of enzyme 

that produces 1 μmol of NADPH per minute. Furthermore, the activity of soluble and immobilized 

preparations of Z_GDH were studied at different concentrations of NADP
+
. Reactions consisted of 
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0.03 U soluble or immobilized enzyme and NADP
+
 (0.5-10 mM) in a final volume of 1 mL of 

potassium phosphate buffer (50 mM, pH 7.5). Reaction was started by adding glucose (200 mM final 

concentration) under the stirred condition at 25 °C.  

Evaluation of enzyme co-immobilizates in hydroxylation reactions 

Time-course measurement of anisole hydroxylation reaction 

Each reaction contained anisole (20 mM), NADP
+
 (0.8 mM) and 100 mg of carriers (9 nmol Z_P450 

BM3 and 70 U of Z_GDH) in a final volume of 5 mL potassium phosphate buffer (50 mM, pH 7.5). 

Catalase (1000 U/mL) was added to one of the reaction mixture to remove H2O2 potentially formed 

during uncoupling of Z_P450 BM3. Reactions were performed in 15 mL tubes under gentle mixing 

at room temperature. Samples were taken at defined time-points and analyzed with the 4-AAP assay.  

Time-course measurement of lauric acid hydroxylation reaction 

The reaction setup contained lauric acid (2 mM), NADP
+
 (0.1 mM), free enzymes or 20 mg carriers 

(1.8 nmol Z_P450 BM3 and 14 U Z_GDH, respectively) and catalase (1000 U/mL) in a final volume 

of 5 mL potassium phosphate buffer (50 mM, pH 7.5). Lauric acid was pre-dissolved in ethanol to 

give a final ethanol concentration of 2.2 % (v/v) in the reaction mixture. The formation of 

hydroxylated products was determined by GC-MS analysis. The same reaction setup was operated 

with native carriers (no catalyst bound) and the taken sample was calculated as 100 % substrate in 

GC-MS analysis (single point calibration). For GC-MS analysis, samples were acidified with HCl (3 

M) and extracted with an equal volume of EtOAc that contained 0.1 % (V/V) 1-octanol as the 

internal standard. Following that, the organic phase dried over Na2SO4 to remove traces of water. 

Samples were centrifuged, and the taken sample (120 µL) was mixed with MeOH (60 µL) and 

CH2N2 (10 µL). 
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Scale-up and reusability study of co-immobilized enzymes  

To test the reusability of co-immobilized enzymes, lauric acid was used as the substrate. Each cycle 

of reaction contained lauric acid (2 mM), NADP
+
 (0.8 mM), catalase (1000 U/mL) and 100 mg 

carriers (9 nmol Z_P450 BM3 and 70 U of Z_GDH) in a final volume of 5 mL potassium phosphate 

buffer (50 mM, pH 7.5). Each cycle was stopped after 15 minutes, and the sample was withdrawn 

and analyzed by GC-MS. To perform another reaction cycle, the carriers were separated, washed 

with 4 mL loading buffer and added to a fresh reaction mixture. 

Results and Discussion 

Preparation and characterization of enzymes 

A chimeric Z_P450 BM3 was constructed by fusing the binding module, Zbasic2 to the N-terminal 

part of P450 BM3 WT. Z_P450 BM3 was functionally expressed in E.coli. Using anisole as the 

substrate, cell extracts containing Z_P450 BM3 showed specific activity of 0.02 U/mg, while the 

total protein content was 20 mg/mL. The Z_P450 BM3 was obtained highly purified in the expected 

mass of 127.29 kDa (Figure S1). The chimeric construct was expressed in E. coli to a level of 6.6 % 

of total intracellular protein indicating a sufficient expression of the enzyme. The purified Z_P450 

BM3 displayed a specific activity of 0.3 U/mg, which represents a moderate conservation of the 

specific activity of the native enzyme (0.65 U/mg) reported in literature (Dennig et al., 2013). 

Unexpectedly, the coupling efficiency of Z_P450 BM3 (40 %) was around 4-fold higher than the 

reported values for the untagged protein (Dennig et al., 2013). Note: the coupling efficiency was 

defined as 100  [product]/[consumed NADPH]. Results indicate that fusion to Zbasic2, to some 

extent, interfered with the P450 BM3 activity. The chimeric construct of GDH was designed by the 

fusing Zbasic2 to the N-terminus of enzyme. The E.coli cell extract containing Z_GDH displayed a 

specific activity of 3.4 U/mg and the total protein content was 21 mg/mL. The purified enzyme 

showed the calculated mass of 37.67 kDa (Figure S1) reaching expression level of 6 %, thus 
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indicating as useful expression of the GDH chimera. The specific activity of the purified Z_GDH 

was determined as 57 U/mg while the specific activity of the native form was  800 U/mg reported 

in literature (Nagao et al., 1992).  

Immobilization of single enzymes 

ReliSorb SP400 was used as a support for the immobilization of enzymes. The carriers are spherical 

particles made from polymethacrylate-based material harboring sulfonate groups on the surface. The 

internal structure of ReliSorb SP400 displays available pores (80-100 nm) that should enable 

relatively unrestricted access of Z_P450 BM3 ( 9 nm) and Z_GDH (7.8 nm) to the entire available 

surface area. Note: the characteristic diameters for the enzymes were calculated using the CalcTool 

protein mass calculator based on the numbers of amino acids. 

To design the efficient co-immobilized enzymes system, at first, it is essential to study the binding 

capacity of carriers for each enzyme. Previously, we showed that the immobilization can be 

effectively performed directly from E.coli cell extract without previous purification due to exquisite 

selectivity of the immobilization (Wiesbauer et al., 2011). Therefore, to simplify preparation of 

heterogeneous catalysts, bacterial cell extract of each enzyme was used for the immobilization. The 

amount of bound enzyme (Z_P450 BM3; nmol/gcarriers or Z_GDH; U/gcarriers) and subsequently the 

immobilization yield (%) were calculated for each step. Figure 1 shows that in the first step > 90 % 

of offered enzyme bound to the carriers after 1 h incubation at room temperature. The 

immobilization yield decreased stepwise for both enzymes indicating the practical saturation of 

carriers with the respective enzyme. It is shown that unlike Z_GDH, the maximum enzyme loading 

was not reached for Z_P450 BM3, but a trend of approaching a “saturated” value was also noticeable 

in the experiment. In total, 100 nmolP450 BM3/gcarriers and 1280 UGDH/gcarriers (equivalent to 22 

mgGDH/gcarriers) were efficiently bound to the carriers. These results suggest that the binding capacity 

of ReliSorb SP400 for Z-enzyme constructs can be generally useful for the envisioned application. 
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Figure 1. An analysis of enzyme immobilization on ReliSorb SP carriers. Panel A shows the immobilization of Z_P450 

BM3 in terms of bound enzyme on carriers and immobilization yield (%) in each step. Panel B shows the immobilization 

of Z_GDH in the terms of bound enzyme on carriers and immobilization yield (%) in each step. The immobilization mix 

contained defined amount of enzymes, NaCl (0.25 M) and potassium phosphate buffer (50 mM, pH 7.5). The incubation 

time was 1h under gentle mixing at 25 °C. Error bars show standard deviations from 4 independent experiments. 

Characterization of immobilized Z_GDH 

It is quite common for immobilized enzymes that the actual activity of solid immobilizate (Eobs) is 

not the same as, typically lower than, expected from bound enzyme obtained from immobilization 

yield (Ebound), where the ratio between them is generally referred to as the effectiveness factor 

(=Eobs/Ebound). Eobs for Z_GDH was studied and the measured activity was 4-fold lower than Ebound. 

To explore this effect more precisely, we studied the dependence of initial rates on NADP
+ 

concentrations (0.5 to 10 mM) for both free and immobilized Z_GDH. Figure 2A illustrates the 

initial-rate measurements of free enzyme where the obtained Km (3 mM) has a reasonable 

agreement with the Km value (1.9 mM) reported in literature (Nagao et al., 1992). By contrast, Figure 

2B shows that GDH immobilizates was able to retain a linear dependence of reaction velocity on the 

NADP
+
 concentrations up to 10 mM. The shape of the curve suggests a transport hindrance of the 

NADP
+
 through the ReliSorb harboring sulfonate groups, which it can be plausible given the 
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negatively charged state of the molecule. The calculated   0.250.05 showed suitability of the 

immobilization for the good preservation of enzyme functionally on solid phase. 

 

Figure 2. Kinetic profile of free and immobilized Z_GDH at different concentration of NADP
+
 .Panel A illustrates the 

effect of initial rates of free enzyme (0.03 U/mL) and Panel B shows the effect of initial rates of immobilized enzyme. 

The reactions were commenced by adding glucose (200 mM) in 50 mM potassium phosphate; 25°C, pH 7.5. 

Characterization of immobilized Z_P450 BM3 

The hydroxylation of anisole was used to assay the performance of immobilized Z_P450 BM3. 

Conditions of the experiment were designed to capture the initial linear product formation as shown 

in Figure 3A. From the graph, Eobs for the immobilized Z_P450 BM3 can be reliably calculated and 

compared with the maximum expected based on the amount of the enzyme immobilized: Ebound. As a 

result, the immobilized enzyme exhibited the   0.4 that supports the notion that oriented 

immobilization on ReliSorb carriers through Zbasic2 module succeeded in maintaining, to some extent, 

the original enzyme activity in the immobilization procedure. The coupling efficiency of the Z_P450 

BM3 immobilizates was also measured which showed roughly the same amount obtained from free 

enzyme ( 40-50 %). Considering , it seems that the reaction rate of immobilizate is slower than the 

free one, however, coupling efficiency showed that irrespective of reaction time, the amount of 
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product is the same after complete depletion of NADPH for both free and immobilized enzymes. 

Therefore, using enzyme immobilizates, it is plausible that production yield of anisole hydroxylation 

could raise within the long-term operation in the presence of sufficient NADPH.  

To investigate the sufficiency of NADPH concentration on the catalytic performance of Z_P450 

BM3, the productivity of immobilized P450 BM3 at different NADPH concentrations (0.1-1.6 mM) 

was examined. Figure 3B illustrates the increase in the range from 0.1 to 0.4 mM NADPH where it 

had a gradual decrease at 0.8 mM NADPH followed by the sharp decline at 1.6 mM NADP. It is 

possible that the enzyme might be inactivated due to uncoupling pathways which could produce 

superoxide and peroxide during the reaction. Although 0.4 mM showed the highest catalytic activity, 

we considered 0.8 mM NADPH as a value to be adequate for the long-term operation of Z_P450 

BM3, in case some amount of NADPH degrades during reactions.  

 

 

Figure 3. An analysis of immobilized Z_P450 BM3 in the terms of conversion rate and NADPH dependency. Panel A 

shows the product formation per time using 0.2 mM NADPH. Panel B shows the effect of NADPH concentration on the 

activity of enzyme. The reaction mixture contained 20 mM anisole in 50 mM potassium phosphate; 25°C, pH 7.5.
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Co-immobilization of Z_P450 BM3 and Z_GDH 

Having in mind the application of immobilized P450 BM3 for long-term operation and considering 

the continuous requirement of expensive cofactor (NADPH), we co-immobilized Z_P450 BM3 and 

Z_GDH. Previously we proved that our immobilization technique can be efficiently applied to load 

sufficient amount of each enzyme. As the main benefit, immobilization of enzymes occurred under 

the same conditions (50 mM potassium phosphate buffer, pH 7.5, 250 mM NaCl), consequently, the 

co-immobilization of enzymes can be done with no changes in situation. However, due to low 

activity of Z_P450 BM3 WT for anisole (0.3 U/mg) and the high activity of Z_GDH (57 U/mg), the 

aim was to a maximize quantity of bound Z_P450 BM3 as this might be the limiting catalyst in the 

overall reaction. Therefore Z_P450 BM3 immobilized on the carrier in four repetitive steps (100 

nmolenzyme/gcarriers) followed by adding Z_GDH (90 U/mL). Results are shown in Figure 4 where the 

high immobilization yield of Z_GDH (80 %) indicated the vacant spaces remained after P450 BM3 

immobilization. Due to ionic and therefore competitive adsorption of both enzymes to the carrier, 10 

% of initially immobilized Z_P450 BM3 leaked from the carriers during co-immobilization. 

Therefore, at the end, 90 nmolP450BM3/gcarriers and 700 UGDH/gcarriers was obtained. This system showed 

the facile and practical procedure for immobilized multienzymatic systems. 
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Figure 4. An analysis of co-immobilization of Z_P450 BM3 and Z_GDH. The immobilization mix contained defined 

amount of enzymes, NaCl (0.25 M) and potassium phosphate buffer (50 mM, pH 7.5). The incubation time was 1 h under 

gentle mixing at 25 °C. 

Evaluation of co-immobilized enzymes as the self-sufficient system 

To demonstrate that NADPH was indeed being produced and recycled by the co-immobilized 

enzyme preparations, the hydroxylation of anisole was kept as assay reaction. Goals: feasibility of 

cofactor recycling and studying the performance of the co-immobilizates on conversion profile of 

anisole. Therefore, using the co-immobilized P450 BM3-GDH (1.8 µM Z_P450 BM3 and 14 U/mL 

Z_GDH), the hydroxylation of anisole was operated under the long-term operation in the presence of 

air from headspace. Note: the concentration of oxygen available for the reaction was not measured at 

this point, since we were just interested in time-point measurements of anisole hydroxylation. The 

pH of the reaction monitored, and no significant change observed over time. Figure 5 shows the 

time-dependent conversion of anisole hydroxylation where the amount of product increased linearly 

up to 2 mM which was lower compared with the data reported (Dennig et al., 2013). As mentioned 

before, the low conversion of the reaction might be related to the uncoupling pathways where 
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increasing levels of H2O2 affects the stability of enzyme. To tackle this problem, catalase (1000 

U/mL) was added to the reaction (not bound to carriers). Figure 5 shows that the amount of product 

rose by 2-fold using catalase indicating significant amount of H2O2. The total product concentration 

reached 4 mM, corresponding to a total turnover (TTN; mol total product. mol catalyst
-1

) of 2000 

and the cofactor was recycled 10 times (40% coupling efficiency). The co-immobilizates proved the 

efficient cofactor regeneration system where the initial reaction rates can be transferred to continuous 

product formation. However, the low obtained conversion, expected for P450 BM3 WT, might be 

associated to the high uncoupling efficiency (Dennig et al., 2013).  

 

Figure 5. Time course analysis of product formation with co-immobilized enzymes system. The reaction was performed 

in the presence (●) and in the absence (○) of catalase. The reaction mixture contained 1.8 M Z_P450 BM3, 14 U/mL 

Z_GDH, 1000 U/mL catalase, 20 mM anisole, 0.8 mM NADP
+
 and 200 mM glucose in 50 mM potassium phosphate; 

25°C, pH 7.5. 
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Analyzing the efficiency performance of co-immobilized system 

To exploit the suitability of the co-immobilizates, we chose the hydroxylation of lauric acid as the 

target reaction for P450 BM3 WT where the uncoupling inactivation might not have effect on the 

overall performance of the system. First, the hydroxylation of lauric acid was performed at high 

concentration of NADP
+
 (0.8 mM) and co-immobilized enzymes (1.8 µM Z_P450 BM3 and 14 

U/mL Z_GDH) under air headspace conditions. The full conversion was obtained after 15 minutes 

reaction and the calculated TTN was 1100. Encouraged by the results, we decreased the amount of 

applied enzymes (0.36 µM Z_P450 BM3 and 2.8 U/mL Z_GDH) to capture the kinetic of the 

conversion and study specific catalyst productivity. The concentration of NADP
+
 was also decreased 

(0.1 mM) to study the potential of cofactor recycling at high level. Using the same amount of free 

and immobilized, the hydroxylation of lauric acid was studied. Figure 6 shows that activity of free 

enzyme was 3-fold higher than the immobilized one (  0.3), which can be assigned to diffusion 

limitation of substrates in the porous carrier catalyst. A TTN of 5500 was calculated as well as 20 

cycles of NADPH regeneration. Results decisively confirmed that the co-immobilized Z_P450 BM3 

and Z_GDH can fulfill the application of heterogenous P450 BM3 in biocatalytic reactions.  
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Figure 6. Time course of lauric acid hydroxylation reaction. The reaction was performed with free (○) and immobilized 

(●) enzymes. The reaction was a mixture of 0.36 µM Z_P450 BM3, 2.8 U/mL Z_GDH, 1000 U/mL catalase, 2 mM 

lauric acid, 0.1 mM NADP
+
 and 200 mM glucose in 50 mM potassium phosphate; 25°C, pH 7.5. 

Co-immobilized enzymes reuse 

A beneficial parameter for heterogenous catalyst is its reusability which can compensate the time and 

cost used for immobilization compared to whole cells. Therefore, the BM3-GDH co-immobilizates 

(1.8 µM Z_P450 BM3 and 14 U/mL Z_GDH) were tested and reused for up to 20 catalytic cycles 

under air headspace conditions. Figure 7 shows the reusability of the system in which more than 90 

% conversion was obtained for up to 10 cycles followed by a gradual decline reaching the half 

lifetime after 19 cycles of reuse. After the first 10 cycles where 2 mM lauric acid was efficiently 

converted into hydroxylauric acid, the corresponding TTN reached to 11000.  
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Figure 7. Evaluation of the reusability of co-immobilized enzyme system. The conversion (%) of the lauric acid 

hydroxylation versus number of cycles was studied for 20 cycles. Each column is defined as one cycle. The reaction 

mixture contained 1.8 M Z_P450 BM3, 14 U/mL Z_GDH, 1000 U/mL catalase, 2 mM lauric acid, 0.8 mM NADP
+
 and 

200 mM glucose in 50 mM potassium phosphate; 25°C, pH 7.5. 

Conclusion 

This study reveals, and shows a practical application of P450 BM3 as a heterogeneous biocatalyst on 

porous solid supports applied for the hydroxylation of lauric acid. Using enzymes as fusion proteins 

with the cationic binding module Zbasic2, P450 BM3 was co-immobilized with GDH on ReliSorb SP 

carriers. Tailored electrostatic complementarity between Zbasic2 and the carrier surface, each enzyme 

could be immobilized on the carriers in controllable amount, thus maximizing the relative portion of 

the limiting P450 BM3 in total enzymes co-immobilizates. Using lauric acid as the ideal substrate of 

P450 BM3 WT, we demonstrated the full conversion of substrate hydroxylation under sufficient 

coupling to the regeneration of NADPH from glucose. The system showed high reusability which 

provided the opportunity to boost the amount of hydroxylated fatty acid in total. This approach offers 
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the stable immobilized P450 BM3 combined with the efficient cofactor regeneration system which 

can be easily used by other P450s.  
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S1. Enzymes 

S1.1. DNA sequences and amino acid sequences of Z-enzyme constructs  

 

T7-Tag (gene 10 leader) 

 

Zbasic2-Tag 

 

Linker between Zbasic2 Tag and BM3/GDH 

 

GDH/P450 BM3 WT 

 

GDH IV from Bacillus megaterium: synthetic gene (WP_013055759.1) 

 

Assembled open reading frame: “Z_GDH” construct (after DNA sequencing): 

 

ATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCCGTAGACAACAAATTCA

ACAAAGAACGTCGCCGTGCTCGCCGTGAAATCCGTCACTTACCTAACTTAAACCGTGAA

CAACGCCGTGCTTTCATTCGTTCCCTGCGTGATGACCCAAGCCAAAGCGCTAACTTGCTA

GCAGAAGCTAAAAAGCTAAATGATGCTCAGGCGCCGAAACCGAATAGCGGCGGTAGCG

AGGATCTGTACTTTCAGAGCGGTAGCATGTATACAGATTTAAAAGATAAAGTAGTTGTA

ATTACAGGTGGATCAACAGGTTTAGGACGTGCAATGGCTGTTCGTTTCGGTCAAGAAGA

AGCAAAAGTTGTTATTAACTATTACAACAATGAAGAAGAAGCTTTAGATGCGAAAAAA

GAAGTAGAAGAAGCAGGCGGACAAGCAATCATCGTTCAAGGCGACGTAACAAAAGAA

GAAGACGTTGTAAACCTTGTTCAAACAGCTATTAAAGAATTCGGAACATTAGACGTTAT

GATTAATAACGCTGGTGTTGAAAACCCAGTTCCTTCTCATGAGCTATCTTTAGACAACTG

GAACAAAGTTATTGATACAAACTTAACAGGTGCATTCTTAGGAAGCCGTGAAGCAATTA

AATATTTCGTTGAAAATGACATTAAAGGAAACGTTATTAACATGTCCAGCGTTCACGAA

ATGATTCCTTGGCCATTATTTGTTCACTACGCAGCAAGTAAAGGCGGTATGAAACTAAT

GACGGAAACATTGGCTCTTGAATATGCGCCAAAAGGTATCCGAGTAAATAACATTGGAC

CAGGTGCGATGAACACACCAATTAACGCTGAAAAATTCGCTGATCCTGTACAACGTGCA

GACGTAGAAAGCATGATTCCAATGGGTTACATCGGTAAGCCAGAAGAAGTAGCAGCAG

TTGCAGCATTCTTAGCATCATCACAAGCAAGCTATGTAACAGGTATTACATTATTTGCTG

ATGGTGGTATGACGAAATACCCTTCTTTCCAAGCAGGAAGAGGCTAA 

 

Amino acid sequence [Z_GDH] 

 
MTGGQQMGRGSVDNKFNKERRRARREIRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAK 

KLNDAQAPKPNSGGSEDLYFQSGSMYTDLKDKVVVITGGSTGLGRAMAVRFGQEEAKVVI 

NYYNNEEEALDAKKEVEEAGGQAIIVQGDVTKEEDVVNLVQTAIKEFGTLDVMINNAGVE 

NPVPSHELSLDNWNKVIDTNLTGAFLGSREAIKYFVENDIKGNVINMSSVHEMIPWPLFV 

HYAASKGGMKLMTETLALEYAPKGIRVNNIGPGAMNTPINAEKFADPVQRADVESMIPMG 

YIGKPEEVAAVAAFLASSQASYVTGITLFADGGMTKYPSFQAGRG 
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Assembled open reading frame: “Z_P450 BM3WT” (after DNA sequencing): 

 

ATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCCGTAGACAACAAATTCA

ACAAAGAACGTCGCCGTGCTCGCCGTGAAATCCGTCACTTACCTAACTTAAACCGTGAA

CAACGCCGTGCTTTCATTCGTTCCCTGCGTGATGACCCAAGCCAAAGCGCTAACTTGCTA

GCAGAAGCTAAAAAGCTAAATGATGCTCAGGCGCCGAAACCGAATAGCGGCGGTAGCG

AGGATCTGTACTTTCAGAGCGGTAGCATGACAATTAAAGAAATGCCTCAGCCAAAAAC

GTTTGGAGAGCTTAAAAATTTACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGA

TGAAAATTGCGGATGAATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACG

CGCTACTTATCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAA

AAACTTAAGTCAAGCGCTTAAATTTGTACGTGATTTTGCAGGAGACGGGTTATTTACAA

GCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCAAGCTTCAGT

CAGCAGGCAATGAAAGGCTATCATGCGATGATGGTCGATATCGCCGTGCAGCTTGTTCA

AAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAGTACCGGAAGACATGACACGT

TTAACGCTTGATACAATTGGTCTTTGCGGCTTTAACTATCGCTTTAACAGCTTTTACCGA

GATCAGCCTCATCCATTTATTACAAGTATGGTCCGTGCACTGGATGAAGCAATGAACAA

GCTGCAGCGAGCAAATCCAGACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAA

GAAGATATCAAGGTGATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAA

GCGGTGAACAAAGCGATGATTTATTAACGCATATGCTAAACGGAAAAGATCCAGAAAC

GGGTGAGCCGCTTGATGACGAGAACATTCGCTATCAAATTATTACATTCTTAATTGCGG

GACACGAAACAACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGAAAAATCCAC

ATGTATTACAAAAAGCAGCAGAAGAAGCAGCACGAGTTCTAGTAGATCCTGTTCCAAG

CTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGTCTTAAACGAAGCGCTGCGCT

TATGGCCAACTGCTCCTGCGTTTTCCCTATATGCAAAAGAAGATACGGTGCTTGGAGGA

GAATATCCTTTAGAAAAAGGCGACGAACTAATGGTTCTGATTCCTCAGCTTCACCGTGA

TAAAACAATTTGGGGAGACGATGTGGAAGAGTTCCGTCCAGAGCGTTTTGAAAATCCAA

GTGCGATTCCGCAGCATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTGTATCGGT

CAGCAGTTCGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGA

CTTTGAAGATCATACAAACTACGAGCTGGATATTAAAGAAACTTTAACGTTAAAACCTG

AAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATTCCTTCACCT

AGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAAACGCTCATAATACGC

CGCTGCTTGTGCTATACGGTTCAAATATGGGAACAGCTGAAGGAACGGCGCGTGATTTA

GCAGATATTGCAATGAGCAAAGGATTTGCACCGCAGGTCGCAACGCTTGATTCACACGC

CGGAAATCTTCCGCGCGAAGGAGCTGTATTAATTGTAACGGCGTCTTATAACGGTCATC

CGCCTGATAACGCAAAGCAATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTA

AAAGGCGTTCGCTACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCA

AAAAGTGCCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTG

ACCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGGCGTGA

ACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAACAGTGAAGATA

ATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGGATATGCCGCTTGCGAAAA

TGCACGGTGCGTTTTCAACGAACGTCGTAGCAAGCAAAGAACTTCAACAGCCAGGCAGT

GCACGAAGCACGCGACATCTTGAAATTGAACTTCCAAAAGAAGCTTCTTATCAAGAAGG

AGATCATTTAGGTGTTATTCCTCGCAACTATGAAGGAATAGTAAACCGTGTAACAGCAA

GGTTCGGCCTAGATGCATCACAGCAAATCCGTCTGGAAGCAGAAGAAGAAAAATTAGC

TCATTTGCCACTCGCTAAAACAGTATCCGTAGAAGAGCTTCTGCAATACGTGGAGCTTC

AAGATCCTGTTACGCGCACGCAGCTTCGCGCAATGGCTGCTAAAACGGTCTGCCCGCCG

CATAAAGTAGAGCTTGAAGCCTTGCTTGAAAAGCAAGCCTACAAAGAACAAGTGCTGG

CAAAACGTTTAACAATGCTTGAACTGCTTGAAAAATACCCGGCGTGTGAAATGAAATTC



Tailor-made, Self-sufficient and Recyclable Monooxygenase Catalyst Based on Co-immobilized Cytochrome 

P450 BM3 and Glucose Dehydrogenase 

92 
 

AGCGAATTTATCGCCCTTCTGCCAAGCATACGCCCGCGCTATTACTCGATTTCTTCATCA

CCTCGTGTCGATGAAAAACAAGCAAGCATCACGGTCAGCGTTGTCTCAGGAGAAGCGT

GGAGCGGATATGGAGAATATAAAGGAATTGCGTCGAACTATCTTGCCGAGCTGCAAGA

AGGAGATACGATTACGTGCTTTATTTCCACACCGCAGTCAGAATTTACGCTGCCAAAAG

ACCCTGAAACGCCGCTTATCATGGTCGGACCGGGAACAGGCGTCGCGCCGTTTAGAGGC

TTTGTGCAGGCGCGCAAACAGCTAAAAGAACAAGGACAGTCACTTGGAGAAGCACATT

TATACTTCGGCTGCCGTTCACCTCATGAAGACTATCTGTATCAAGAAGAGCTTGAAAAC

GCCCAAAGCGAAGGCATCATTACGCTTCATACCGCTTTTTCTCGCATGCCAAATCAGCC

GAAAACATACGTTCAGCACGTAATGGAACAAGACGGCAAGAAATTGATTGAACTTCTT

GATCAAGGAGCGCACTTCTATATTTGCGGAGACGGAAGCCAAATGGCACCTGCCGTTGA

AGCAACGCTTATGAAAAGCTATGCTGACGTTCACCAAGTGAGTGAAGCAGACGCTCGCT

TATGGCTGCAGCAGCTAGAAGAAAAAGGCCGATACGCAAAAGACGTGTGGGCTGGGTA

A 

 

Amino acid sequence: [Z_P450 BM3] 

 
MTGGQQMGRGSVDNKFNKERRRARREIRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAK 

KLNDAQAPKPNSGGSEDLYFQSGSMTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADE 

LGEIFKFEAPGRVTRYLSSQRLIKEACDESRFDKNLSQALKFVRDFAGDGLFTSWTHEKN 

WKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKWERLNADEHIEVPEDMTRLTLDTIGL 

CGFNYRFNSFYRDQPHPFITSMVRALDEAMNKLQRANPDDPAYDENKRQFQEDIKVMNDL 

VDKIIADRKASGEQSDDLLTHMLNGKDPETGEPLDDENIRYQIITFLIAGHETTSGLLSF 

ALYFLVKNPHVLQKAAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTAPAFSLYA 

KEDTVLGGEYPLEKGDELMVLIPQLHRDKTIWGDDVEEFRPERFENPSAIPQHAFKPFGN 

GQRACIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKETLTLKPEGFVVKAKSKKIPL 

GGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVAT 

LDSHAGNLPREGAVLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWA 

TTYQKVPAFIDETLAAKGAENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENS 

EDNKSTLSLQFVDSAADMPLAKMHGAFSTNVVASKELQQPGSARSTRHLEIELPKEASYQ 

EGDHLGVIPRNYEGIVNRVTARFGLDASQQIRLEAEEEKLAHLPLAKTVSVEELLQYVEL 

QDPVTRTQLRAMAAKTVCPPHKVELEALLEKQAYKEQVLAKRLTMLELLEKYPACEMKFS 

EFIALLPSIRPRYYSISSSPRVDEKQASITVSVVSGEAWSGYGEYKGIASNYLAELQEGD 

TITCFISTPQSEFTLPKDPETPLIMVGPGTGVAPFRGFVQARKQLKEQGQSLGEAHLYFG 

CRSPHEDYLYQEELENAQSEGIITLHTAFSRMPNQPKTYVQHVMEQDGKKLIELLDQGAH 

FYICGDGSQMAPAVEATLMKSYADVHQVSEADARLWLQQLEEKGRYAKDVWAG 

 

S1.2. Enzyme purification 

The cell pellet was thawed on ice and resuspended in potassium phosphate buffer  (50 mM, pH 7.5). 

Resuspended cells were placed on ice and disrupted by sonication. Lysed cells were centrifuged 

(20000 x g, 10 min, 4°C) for entire removal of cell debris and the clear supernatant was used for 

further experiments. Protein was purified at 25 °C using pre-packed (1.6 cm × 2.5 cm; 5 mL) HiTrap 

SPFF columns (GE Healthcare Life Sciences) fitted on a ÄKTA prime plus system. The column was 
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equilibrated with buffer A (50 mM potassium phosphate buffer, pH 7.5) and 10 mL of the cell 

extract were loaded onto the column. Protein elution was performed using a continuous salt gradient 

from 0 to 100% of buffer B (50 mM potassium phosphate buffer containing 2 M NaCl, pH 7.5) in 75 

mL at a flow rate of 3 mL min
-1

. The target protein (all constructs) eluted at around 40-50% buffer B. 

Pooled fractions were collected and buffer was exchanged to buffer A. Protein purification was 

monitored by SDS-PAGE. Protein elution profile during fractionation and SDS-PAGE are shown in 

Figure S1.  

 

Figure S1. Purification of Z_P450 BM3 and Z_GDH. Panel A and Panel B show protein elution profile 

during fractionation of E. coli cell extract on HiTrap SPFF columns. Panel C shows the purification of Z-

enzyme constructs analyzed by SDS PAGE, comparing the purified enzyme (PE) and the corresponding cell 

extract (CE). Thermo Scientific PageRuler
TM

 Unstained Protein Ladder was used as the size standard. 
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Donya Valikhani, Juan M. Bolivar, Martin Pfeiffer, Bernd Nidetzky 
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