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List of Abbreviations 

7-ACA   7-aminocephalosporanic acid 
ADH   alcohol dehydrogenase 
ADH1E   alcohol dehydrogenase from Equus caballus 
ADP   adenosine diphosphate 
AE   atom efficiency / atom economy 
ALM   β-glucosidase from almonds 
AMP   adenosine monophosphate 
API   active pharmaceutical ingredient 
ATP   adenosine triphosphate 
BS2   esterase from Bacillus subtilis DSM402 
BVMO   Baeyer-Villiger monooxygenase 
CAR   carboxylic acid reductase 
CFE   cell-free extract 
deUA   deacylated ustilagic acid 
E factor   environmental factor 
EC   Enzyme Commission 
ESI/MS   electrospray ionization mass spectrometry  
FAD    flavin adenine dinucleotide 
FDH   formate dehydrogenase  
FMN    flavin mononucleotide 
GC/FID   gas chromatography with flame ionization detector 
GDH    glucose dehydrogenase 
GMO   genetically modified organism 
HT   high-throughput 
LB-ADH   alcohol dehydrogenase from Lactobacillus brevis 
LCA   life cycle assessment  
LK-ADH   alcohol dehydrogenase from Lactobacillus kefir 
LS-ADH   alcohol dehydrogenase from Leifsonia sp. 
NAD(H)    nicotinamide adenine dinucleotide 
NADP(H)   nicotinamide adenine dinucleotide phosphate 
NMR    nuclear magnetic resonance 
NOX   NAD(P)H oxidase 
OHFA   hydroxy fatty acid 
Ox   oxidase 
pNP   para-nitrophenol 
pNPC   para-nitrophenyl β-d-cellobioside  
PPi   pyrophosphate 
RC    resting cells 
RR-ADH   alcohol dehydrogenase from Rhodococcus ruber 
SmNOX   NAD(P)H oxidase from Streptococcus mutans 
sp.   species 
THA   2,15,16-trihydroxy hexadecanoic acid 
TLC   thin-layer chromatography 
TN   turnover number 
TOF    turnover frequency 
TTN    total turnover number 
UA   ustilagic acid 
XCO   experimental cut-off 

In addition to the listed abbreviations, the one- and three-letter codes for proteogenic amino acids, SI units, 
and SI-derived units were used.
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Scope and Outline 

This thesis focuses on the establishment of biocatalytic cascade reactions for the 

production (Articles I and II) and detection (Article III) of industrially relevant substances 
for food and cosmetic products. To meet the consumer’s demand for those products to 
be natural, environmentally friendly biocatalytic manufacturing processes that operate 
GMO-free must be established. Thus, this thesis suggests such pathways for the 

production of an industrially relevant long-chain hydroxy fatty acid (Article I) and the 
important flavor and aroma compound raspberry ketone (Article II). Furthermore, a 
biosensor for aldehyde detection was created to facilitate screening for suitable 
biocatalysts that produce industrially relevant aldehydes (Article III) applied in the flavor 
and fragrance industry. 

 

Article I A Biocatalytic Cascade Reaction to Access a Valuable Long-Chain ω-

Hydroxy Fatty Acid. 

A. Becker, D. Böttcher, W. Katzer, K. Siems, L. Müller-Kuhrt, U. T. Bornscheuer, 
ChemCatChem 2020, 12, 4084–4089. 

A biocatalytic cascade reaction to produce 2,15,16-trihydroxy hexadecanoic acid, 
which can be applied in the fragrance industry, was developed. The hydrolysis of a natural 
precursor secreted by the fungus Ustilago maydis was achieved by a sequentially 
performed cascade with the glucosidase from almonds (ALM) and the esterase from 
Bacillus subtilis (BS2). 

 

Article II An ADH Toolbox for Raspberry Ketone Production from Natural Resources 

via a Biocatalytic Cascade. 

A. Becker, D. Böttcher, W. Katzer, K. Siems, L. Müller-Kuhrt, U. T. Bornscheuer, 

Appl. Microbiol. Biotechnol. 2021, 105, 4189–4197. 

A natural production route for the aroma compound raspberry ketone was 
established starting from plant-derived precursors that were hydrolyzed by the 
glucosidase from almonds (ALM). For the subsequent oxidation of different rhododendrol 
enantiomers, an alcohol dehydrogenase (ADH) toolbox including a cofactor recycling 
system via an NAD(P)H oxidase from Streptococcus mutans (SmNOX) was developed. 
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Article III LuxAB-Based Microbial Cell Factories for the Sensing, Manufacturing and 

Transformation of Industrial Aldehydes. 

T. Bayer, A. Becker, H. Terholsen, I. J. Kim, I. Menyes, S. Buchwald, K. Balke, S. 

Santala, S. C. Almo, U. T. Bornscheuer, Catalysts 2021, 11, 953. 

For the high-throughput detection of aldehydes, the LuxAB biosensor was 
implemented in E. coli RARE. With this system, three oxidoreductases were successfully 
screened for their substrate scope, and industrially relevant aldehydes for the flavor and 
fragrance industry could be produced in high yield. 
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Background 

Biocatalysis in Compliance with the Principles of Green Chemistry 

Due to increasing environmental problems and raising awareness of the society for 
sustainability over the past decades, a shift towards natural production pathways is 
pursued. This trend can be observed in particular for ingredients used in the cosmetic and 
food industry.[1,2] The general desire for a substitution of hazardous chemical synthetic 
production routes by sustainable methods was already described in the early 1990s by 
Paul Anastas and John Warner, who developed the ‘12 Principles of Green Chemistry’ as 
a guideline for the implementation of this aim.[2–5] Besides the prevention of waste or the 
avoidance of harmful toxic reagents and solvents, this concept also includes measures 
such as the design for energy efficiency, the use of renewable resources, or catalytic 
instead of stoichiometric reagents to create safer and more environmentally friendly 
processes (Figure 1).[2–4,6,7]  

 

 
 Figure 1 The 12 Principles of Green Chemistry by Anastas and Warner[3,5] adapted and 

categorized into the four main categories waste, toxicity/safety, energy, and reuse/sustainability (from top left 
to bottom right). For principles that biocatalysis complies with, the respective circle with the original number 
of the principle is highlighted in dark grey. The remaining non-highlighted principles are not directly applicable 
to biocatalysis as they relate to the product or the analytics. 

 

An important indicator that quantifies the environmental impact of a production 
process is the E factor (environmental factor) developed by Roger Sheldon in 1992.[1,2,4,8–10] 
It sets the total mass of the accumulated waste in relation to the mass of the final 
product.[1,4,6,9] The E factor is widely applied in chemical and pharmaceutical industry and 
also has been shown to correlate with production costs.[4,11] Another conventional 
quantitative measure for Green Chemistry is the atom efficiency, or atom economy (AE), 
established by Barry Trost in 1991.[9,12,13] It represents the percentage of the molecular 
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weight of the product referred to the total molecular weight of all reactants.[4,6,13] As only 
reactants that are part of the stoichiometric equation are taken into account, solvents and 
substances for downstream processing, and with that, waste production, are neglected by 
the AE.[2] On top of that, several other metrics focusing on different aspects, such as the 
much more complex life cycle assessment (LCA), have been developed in the last 
decades.[2,4,14] 

A predominantly used method for the manufacturing of substances in line with the 
principles of Green Chemistry is biocatalysis.[2,9] In contrary to the majority of chemical 
synthesis processes, biocatalysis combines several benefits, matching 9 out of the 12 
Principles of Green Chemistry (Figure 1). The remaining three principles 4, 10 and 11 refer 
to the product or analytics and, thus, cannot be directly applied.[2,4] As biocatalysis is the 
term for enzyme-catalyzed reactions, it uses catalytic procedures instead of stoichiometric 
amounts of reactants (Principle 9, Figure 1).[15] The enzyme itself is natural from a renewable 
feedstock (Principle 7) while being biodegradable and non-toxic (Principle 3) whereas in 
chemical synthesis, often toxic metal catalysts or hazardous chemicals are necessary 
compromising safety (Principle 12).[1,2,6,15,16] Moreover, reactions are conducted under mild 
conditions and can be carried out in an aqueous system at low to moderate temperature 
and atmospheric pressure (Principles 3, 5, 6 and 12).[6] This not only results in lower energy 
costs (Principle 6) but also in less organic solvent waste (Principles 1 and 5).[6] Furthermore, 
a major advantage compared to chemical synthesis is the chemo-, regio-, and 
stereoselectivity[6,14,17,18] of enzymes not only resulting in less side products and higher 
product purity but also requiring less reaction steps (Principle 2) and enabling the access 
to products that are challenging to synthesize chemically.[1,19,20] In contrast, chemical 
synthesis often lacks these selectivities, hence, it requires protective groups (Principle 8) 
and multiple reaction steps to achieve the same endproduct, e.g., as shown in the direct 
comparison of chemical and biocatalytic production of pharmaceutically relevant 7-
aminocephalosporanic acid (7-ACA).[2,18,21] Overall, atom efficiency of biocatalysis tends to 
be higher compared to chemical approaches (Principle 2).[6,18]  

The reuse of the enzymes can be accomplished by immobilization thereby reducing 
costs and facilitating downstream processing.[2,6,22,23] With protein engineering and 
improved high-throughput technologies, tailor-made biocatalysts can be created 
overcoming limitations like poor enzyme stability, low substrate selectivity, or activity.[24–26] 
This expands the scope of reactions catalyzed therefore enhancing the attractiveness for 
industrial applications.[19,27–31] 
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Enzyme Classes  

In the mid 1950s a committee was formed to set up a unifying nomenclature for the 
classification of biocatalysts. This nomenclature, first published in 1961, is based on 
Enzyme Commission (EC) numbers that categorize the enzymes by the reaction they 
catalyze.[32] Consequently, enzymes are separated into seven different main classes: 
oxidoreductases (EC 1), transferases (EC 2), hydrolases (EC 3), lyases (EC 4), isomerases 
(EC 5), ligases (EC 6), and translocases (EC 7).[33] The latter class was just added recently 
in 2018.[33] In industry, the most abundantly utilized enzyme classes are hydrolases (EC 3) 
and oxidoreductases (EC 1).[34–37] 

Hydrolases  

Hydrolases (EC 3) represent an exceptional class of enzymes as they are 
independent of any cofactors.[1,35] This makes them very attractive for industrial 
applications as cost- and time-consuming cofactor regeneration is omitted.[1,34,35,38] On top 
of that, their robustness, stereoselectivity, and widespread commercial availability offer 
major benefits.[1,34,35,38] They catalyze the reversible hydrolysis of chemical bonds assisted 
by a water molecule yielding two products.[34] Representatives of this class are, e.g., 
esterases (EC 3.1), glycosidases (EC 3.2), epoxide hydrolases (EC 3.3) and peptidases 
(EC 3.4) hinting at the bond they hydrolyze.[34] In the following, the subclasses carboxylic 
ester hydrolases (EC 3.1.1) and O-glycosidases (EC 3.2.1) will be further discussed being 
objectives of this work. 

Carboxylic ester hydrolases (EC 3.1.1) catalyze the hydrolysis (or formation) of ester 
bonds (Figure 2A). The general mechanism functions via a catalytic triad and an oxyanion 
hole stabilizing the substrate’s transition state.[38] Commonly, carboxylic ester hydrolases 
are classified into esterases and lipases whereby the latter hydrolyze fatty acid esters, 
often at an oil-water interface. By contrast, esterases prefer water-soluble substrates in an 
aqueous environment.[38]  

O-glycosidases (EC 3.2.1) hydrolyze O-glycosidic bonds between two 
carbohydrate units or a carbohydrate and its aglycon moiety (Figures 2B and C).[39] 
Subgroups differ in their specific substrate preference concerning stereo- and 
regioselectivity. It is distinguished between α- and β-glycosidases by means of the 
configuration of the anomeric center involved in the glycosidic bond.[39] Furthermore, 
glycosidases can either act at the nonreducing terminus (exo) or cleave internal glycosidic 
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bonds (endo) of a carbohydrate chain.[39] This subclass of enzymes catalyzes reactions 
predominantly via two mechanisms: the retaining (e.g., β-glucosidase from almonds, EC 
3.2.1.21) and inverting mechanism. By use of the retaining mechanism, the configuration 
of the anomeric center of the substrate persists (Figure 2B) whereas the inverting 
mechanism provokes an inversion of the anomeric center (Figure 2C).[39,40]  

 

 
Figure 2 General reaction schemes of different classes of hydrolases (EC 3). (A) Hydrolysis of esters 

by carboxylic ester hydrolases (EC 3.1.1) resulting in carboxylic acids (R1 and R2 = alkyl/aryl). (B) Hydrolysis of 
an β-O-glycosidic bond by a glycosidase (EC 3.2.1) using the retaining mechanism. (C) Hydrolysis of an β-O-
glycosidic bond by a glycosidase (EC 3.2.1) using the inverting mechanism resulting in an α-anomer. 
R = carbohydrate moiety/aglycon. 

 

Oxidoreductases 

Oxidoreductases constitute the first class of enzymes (EC 1) and make up almost 
one third of all known enzyme activities.[41] Enzymes belonging to this class are 
characterized by catalyzing an electron-transfer reaction, meaning the simultaneous 
oxidation of an electron donor and reduction of an electron acceptor.[41] Thus, catalysis by 
these enzymes depends on cofactors such as nicotinamide adenine dinucleotide 
(phosphate) (NAD(P)H/NAD(P)+), adenosine triphosphate (ATP), flavin adenine dinucleotide 
(FAD), or flavin mononucleotide (FMN) amongst others resulting in a vast amount of 
different catalytic mechanisms.[41] This enzyme class can catalyze redox reactions in both 
directions depending on the thermodynamic equilibrium and the concentrations of 
reactants such as substrates, products and cofactors.[41] Oxidoreductases are widely used 
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in industrial processes, e.g., for the production of chiral enantiopure bioactive compounds, 
particularly due to their high stability and enantio- and regioselectivity.[17,35,41,42] 

Alcohol dehydrogenases (EC 1.1.1), oxidases (EC 1.1.3), and carboxylate 
reductases (EC 1.2.1.30) are just a few representatives of this class of oxidoreductases. 
Alcohol dehydrogenases (ADHs) catalyze the NAD(P)+-dependent oxidation of primary or 
secondary alcohols to aldehydes or ketones, as well as the reverse reaction (Figure 
3A).[41,43] On top of that, ADHs are also able to oxidize aldehydes to the corresponding 
acids.[44,45] Oxidases (Oxs), however, are mostly flavoproteins that use molecular oxygen 
as an electron acceptor instead of NAD(P)+ (Figure 3B).[43] As a result, water or – more 
commonly – hydrogen peroxide (Figure 3B) can be formed depending on the 
mechanism.[43,46] Carboxylate reductases (CARs) are a more recently discovered subclass 
(Figure 3C). Their mechanism relies both on ATP and NADPH as well as a 
phosphopantetheine arm as prosthetic group while catalyzing the one-step reduction of 
carboxylic acids to their corresponding aldehydes being especially interesting for the flavor 
and fragrance industry.[28,47–49] 

 

 
Figure 3 General reaction schemes of different classes of oxidoreductases (EC 1). (A) Reduction (or 

oxidation, considering the reverse reaction) of a ketone (R1 and R2 = alkyl/aryl) or aldehyde (R1 and/or R2 = H) 
by an alcohol dehydrogenase (ADH, EC 1.1.1) consuming NAD(P)H yielding a secondary (R1 and 
R2 = alkyl/aryl) or primary (R1 and/or R2 = H) alcohol. (B) Oxidation of a primary (R1 and/or R2 = H) or 
secondary (R1 and R2 = alkyl/aryl) alcohol by an oxidase (Ox, EC 1.1.3) consuming molecular oxygen yielding 
an aldehyde (R1 and/or R2 = H) or ketone (R1 and R2 = alkyl/aryl). (C) Reduction of a carboxylic acid by a 
carboxylic acid reductase (CAR, EC 1.2.1.30) consuming ATP and NADPH yielding an aldehyde (R = alkyl/aryl). 
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Cofactor Regeneration 

Multiple enzymes such as the industrially-important oxidoreductases are 
dependent on stoichiometric amounts of cofactors.[27,41] In living organisms or resting cells 
these cofactors are supplied and may be regenerated in sufficient amounts by the cell 
itself.[50] On the contrary, for in vitro biocatalytic reactions, cofactors have to be added in 
situ and a recycling system needs to be established to reduce costs.[27,42,46,51] However, 
also whole-cell systems can often require metabolic engineering or the coexpression of 
cofactor regeneration systems if the target reaction consumes a high amount of redox 
cofactors.[50,52,53] From an environmental perspective and because of its high selectivity and 
efficiency, enzymatic methods are preferably exploited in industrial processes for cofactor 
regeneration instead of chemical, electrochemical or photochemical approaches.[46,51,54,55] 

The efficiency of a cofactor regeneration system can be judged via the total 
turnover number (TTN) amongst other metrics like the turnover frequency (TOF) or turnover 
number (TN).[51] The TTN is calculated by dividing the molar amount of yielded product by 
the molar amount of used cofactor and must be in a magnitude of 102 to 106 – depending 
on the overall costs and value of the product – in order to make a process economically-
relevant.[51,54,55] 

About 80 % of known oxidoreductases are dependent on nicotinamide adenine 
dinucleotide (NADH/NAD+), a fraction of approximately 10 % requires nicotinamide 
adenine dinucleotide phosphate (NADPH/NADP+) as cofactor and the remaining use 
adenosine triphosphate (ATP), flavin adenine dinucleotide (FAD), or flavin mononucleotide 
(FMN) among others.[46,51,54] 

Several enzymatic regeneration methods have been developed for the recycling of 
the most abundant cofactors NADH/NAD+ and NADPH/NADP+. In general, it can be 
distinguished between one-enzyme, also called substrate-coupled, and two-enzyme, also 
called enzyme-coupled, systems.[51] In the one-enzyme system, the same enzyme used for 
the main reaction recycles the cofactor by converting an additionally added auxiliary 
substrate (Figure 4A).[42,51,55] Thus, this one enzyme catalyzes reduction and oxidation at 
the same time. Even though the reaction equilibrium can be slightly shifted in favor of the 
desired product by adding an access of the auxiliary substrate or by continuously removing 
the auxiliary product, this method has a few disadvantages.[51] The biocatalyst must not 
only show a broad substrate specificity to convert both substrates at a similar rate, but 
also enzyme inhibition and competition problems might occur due to the auxiliary substrate 
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or its product.[51] Moreover, product recovery is complicated and more cost-intensive 
because of the presence of excess auxiliary substrate and its product.[51] 

In two-enzyme systems, a second auxiliary enzyme is applied that regenerates the 
cofactor by conversion of an auxiliary substrate (Figure 4B). The most popular auxiliary 
enzymes for NAD(P)H recycling are the highly active glucose dehydrogenase (GDH) and 
the formate dehydrogenase (FDH). The latter converts inexpensive formate salts to 
gaseous carbon dioxide that exits the reaction, which has the benefit of automatically 
shifting the reaction equilibrium to the desired product, but at the same time it is less 
environmentally-friendly.[46,51,52,54] The downsides of these two-enzyme systems are partly 
similar to the one-enzyme systems. Equally, there is the possibility of enzyme inhibition 
and more elaborate downstream processing due to the auxiliary substrates. On top of that, 
the substrate specificities of the two enzymes must not overlap. Even though, using an 
additional enzyme is more cost-intensive, it offers more flexibility than the one-enzyme 
system and usually enables a higher thermodynamic driving force.[55] Furthermore, more 
complex reaction setups with further auxiliary enzymes, that additionally recycle the 
auxiliary substrate, or completely self-sufficient reactions without the addition of any 
auxiliary substrate or enzyme have been reported.[15,52] 

 

 
Figure 4 Schematic depiction of (A) one-enzyme and (B) two-enzyme cofactor regeneration systems 

and (C) the two-enzyme cofactor regeneration system with NOX using molecular oxygen. S: substrate; 
P: product; E: enzyme; As: auxiliary substrate; Ap: auxiliary product. 

 

A two-enzyme approach for the recycling of the oxidized nicotinamide cofactor 
(NAD(P)+) without the requirement of any additional auxiliary substrate and its 
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disadvantages is the use of FAD-dependent NAD(P)H oxidases (NOXs, EC 1.6.3; Figure 
4C).[46,56] Examples of such NOX are the engineered NAD(P)H oxidase from Streptococcus 
mutans (SmNOX)[57] or the engineered-to-be NADPH oxidase from Thermobifida fusca[58,59]. 
NOX can be categorized into two classes: Both reduce molecular oxygen, but one class 
yields hydrogen peroxide by transferring two electrons (type 1 NOX) and the other class 
catalyzes the four-electron reduction to water (type 2 NOX).[46,56,59] The release of water or 
hydrogen peroxide, that, again, can be converted to water by suing an additional catalase, 
is a major advantage of NOXs contributing to its environmental benefits.[56] However, these 
systems still need some improvements to meet the productivity requirements of 
industry.[2,56]  

For the in vitro recycling of ATP, primarily from adenosine diphosphate (ADP), a few 
methods with unsatisfactory TTNs, especially with regard to an industrial use, have been 
developed.[54,60–67] Recently, more efficient in vitro ATP-regeneration systems from 
adenosine monophosphate (AMP) based on pyrophosphate (PPi) and polyphosphate 
kinases have been published, but as well are still remaining at a proof-of-concept 
level.[46,68,69] The enzymatic regeneration of FAD(H2), which can be noncovalently or 
covalently attached to the biocatalyst[70], with two auxiliary enzymes requiring additional 
NADH/NAD+ has also been described.[54,71,72] All in all, the in vitro regeneration of cofactors 
like ATP, FAD or FMN, still remains challenging due to its complexity, thus, whole-cell 
systems are preferably used as the cofactors are usually readily recycled by the 
metabolism of the cell.[28,46,67,73–75] 

 

Biocatalytic Cascades 

Inspired by nature, biocatalytic cascade reactions were developed that take the 
environmental advances of biocatalysis even one step further.[2,76] A combination of at least 
two reaction steps catalyzed by at least one enzyme in one reaction vessel without 
isolation of the intermediates is defined as a biocatalytic cascade.[15,75,77] This absence of 
intermediate isolation results in less waste, less consumed energy and, consequently, 
reduces costs.[17,78,79] Additionally, the accumulation of toxic intermediates is prevented and 
the equilibrium of reversible reactions can be shifted in favor of the product leading to 
higher product yields.[2,15,17] 

An example for a highly stereoselective biocatalytic cascade successfully 
substituting a chemical process is the synthesis of the HIV therapeutic Islatravir by Merck 
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& Co., Inc and Codexis.[16,80] The in vitro cascade comprises only three steps catalyzed by 
a total of nine enzymes, of which four are used as auxiliary enzymes for, e.g., cofactor 
recycling.[16] It clearly outperforms previous chemical synthetic approaches for the 
production of this drug in terms of environmental compatibility due to superior atom 
economy, mild reaction conditions, no isolation of intermediates and less than half of the 
reaction steps of their chemical counterparts.[16,80–82] 

 

Classification of Cascade Reactions 

 Numerous ways exist to classify a cascade, e.g., by the number of reaction steps, 
types of catalysts, or reaction type amongst other parameters.[75,77] Formerly, it mainly used 
to be distinguished between domino and tandem reactions.[78] The latter describes 
enzyme-catalyzed two-step reactions that are conducted in one reaction vessel.[78] Domino 
reactions, on the other hand, – also formerly being the only type of reaction referred to as 
a cascade reaction – was used as a term for a biocatalytic reaction forming an unstable 
intermediate that spontaneously undergoes further chemical transformation resulting in a 
stable product.[78] Thus, tandem reactions could theoretically be performed separately, 
whereas domino reactions could not.[15,78] 

Nowadays, it is most common to categorize cascade reactions by their topology, 
meaning the spatial relationship the enzymes are employed. The four general designs 
described in literature are linear, orthogonal, parallel, and cyclic cascades, which may also 
be used in combination (Figure 5).[15,75,79] In a linear cascade, several enzymatic reactions 
are coupled to convert a single substrate via one or more intermediates to a single final 
product (Figure 5A).[15,75] The orthogonal and parallel cascades are mostly used to 
overcome cofactor recycling obstacles. An orthogonal cascade represents the direct 
conversion of a substrate to a product supported by an additional enzymatic reaction 
responsible for cofactor regeneration or by-product removal (Figure 5B).[15] In contrast to 
that, in parallel cascades two linear cascades are coupled to assist in cofactor regeneration 
leading to two valuable products (Figure 5C).[15,83] Lastly, cyclic cascades describe a more 
complex approach, typically conducted as a chemo-enzymatic cascade for 
deracemization, where one of two substrates is transformed into an intermediate which is 
then converted back into the substrate mixture in a repetitive manner resulting in an 
accumulation of the non-reacted substrate (Figure 5D).[15,84] 
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Figure 5 Schematic depiction of the four different biocatalytic cascade designs according to Ricca et 

al.[15]. (A) linear cascade, (B) orthogonal cascade, (C) parallel cascade, and (D) cyclic cascade. S: substrate; 
P: product; I: intermediate; A: byproduct or auxiliary compound like cofactor; ✱: enzyme-catalyzed step. 

 

A further important aspect to describe a biocatalytic cascade is the chronological 
order of the reactions steps: They can either be performed simultaneously or sequentially 
in the same reaction vessel without isolation of intermediates.[75] In the simultaneous 
approach, all biocatalysts are present since the start of the reaction, unlike in sequential 
mode, where different stages consisting of one or more reaction steps are separated in 
time.[17,75] This can be achieved by consecutive addition of enzymes after the respective 
preceding stage is completed. An exception is represented by flow reactions that show 
time separation as a consequence of spatial separation while all catalysts are still initially 
available.[75] The sequential cascade is particularly advantageous if involved biocatalysts 
favor different reactions conditions like pH and temperature.[75] On top of that, issues such 
as cross reactivities of catalysts or enzyme inhibition by intermediates are circumvented.[75] 
On the other hand, simultaneous cascades may be beneficial in terms of shifting the 
reaction equilibrium towards product formation and may result in higher space-time yields 
due to shorter reaction times.[75,85] 

 

Cell-Free vs. Whole-Cell Systems 

Biocatalytic cascade reactions can be conducted with isolated enzymes, or whole-
cell systems, affecting – as already mentioned earlier – the cofactor regeneration amongst 
other aspects that will be addressed subsequently. Often, the terms in vitro and in vivo are 
used equivalent to those two concepts[73] which is not entirely accurate as elucidated in 
the following section.[75] 
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Whole-Cell Systems 

Whole-cell systems comprise resting cells (RC) and lyophilized whole cells, apart 
from living whole cells.[17,73] The latter, being used in fermentation processes, are 
indisputably defined as in vivo since cell growth and metabolism for product synthesis – 
either starting from an externally added substrate or a feedstock like glucose – are 
proceeding concurrently. Fermentations provide a continuous production of the 
biocatalyst being especially crucial for enzymes that lack long-term stability or lose their 
activity upon immobilization.[14,22,52] However, fermentations have the drawback of high 
fermentation volumes and, thus, lower space-time-yields and higher E factors compared 
to the other whole-cell systems.[2,4,28,52]  

By contrast, in biotransformations – conducted with resting cells or lyophilized 
whole cells – cell growth with the production of biocatalysts and the conversion of 
substrates leading to product formation run separately. As those cells are harvested and 
washed following the cell growth phase, not only growth substrates but also nutrients are 
removed suppressing further cell growth and facilitating product recovery.[52] In 
comparison, living whole cells additionally produce several secondary metabolites. As 
growth metabolism is not occurring anymore in resting cells and lyophilized whole cells, 
they are factually not in vivo systems. However, since sufficient cofactor regeneration is 
often still performed by these whole-cell systems, they are also often considered as in vivo 
systems in literature.[50,52,75] 

In general, whole-cell systems offer the advantage of a natural environment so that 
particularly complex enzymes, e.g., membrane-bound or P450 enzymes benefit from 
whole-cell biotransformations.[75] Beyond that, whole-cell systems save costs as no 
isolation or purification of the enzymes has to be conducted and the cofactors and their 
regenerations system are often provided by the cell’s metabolism.[4,52,75,86] In addition, the 
reuse of cells is possible.[52] However, there are also a few challenges that occur by using 
whole cells (Figure 6). Firstly, the cell membrane can cause mass transfer limitations acting 
as diffusion barrier for substrates and products.[2,17,53,73] This problem may be solved by 
permeabilization of the membrane or the introduction of special transport systems.[17] 
Secondly, the toxicity of intermediates, the competition of the cascade with the host 
metabolism, or the coexpression of several enzymes place a metabolic burden upon the 
host cell and can lead to a deficiency in cell growth and product formation.[17,53] The 
prevention of these issues could be achieved by compartmentalization of the cascade or 
spatial organization by scaffold proteins.[17,53,87] Using various separate whole cells is also 
an option.[73] Other major difficulties are the control of the expression levels for a balanced 
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production of the different biocatalysts to finetune kinetic parameters[17,53], the enhanced 
byproduct formation or decomposition of substrates and products by the metabolic 
background of the host[2,53,86], or the depletion of redox cofactors due to host metabolism 
reactions[2,53]. With emerging fields like synthetic biology or the development of techniques 
such as genome engineering, metabolic engineering or gene expression control, not only 
non-natural reaction pathways can be introduced into the host, but also unwanted side 
reactions of the host metabolism that consume substrates or cofactors can be knocked-
out, new cofactor recycling pathways in the cell can be established, or the promotor 
strength can be tuned to optimize the pathway flux.[17,53,65,87,88] Despite all these possibilities, 
it still has to be taken into account that establishing mentioned techniques may be very 
laborious and time-consuming.[86]  

 
Figure 6 Schematic depiction of some disadvantages of prokaryotic whole-cell systems. S: substrate; 

I: intermediate; P: product; ✱: enzyme. 

 

Cell-Free Systems 

Isolated enzymes, on the other hand, can either be deployed as purified enzymes, 
immobilized enzymes, or cell-free extracts (CFE) – all representing in vitro methods and, 
with that, potentially being in need of the establishment of a cofactor recycling 
system.[17,73,75]  

Directly compared to whole-cell methods, isolated enzymes are beneficial in terms 
of reduced side reactions resulting in a higher product yield and purity.[65,86] Moreover, in 
vitro cell-free cascades are less complex therefore being more effortlessly to implement, 
in particular with regard to balancing the individual enzyme concentrations or increasing 
the substrate load to maximize the overall reaction flux as well as the product yield.[65,73,86] 
Furthermore, a broader range of reaction conditions can be realized with regard to 
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temperature, pH or the addition of organic solvents.[65,86] Additionally, it is the system of 
choice when toxic intermediates are produced.[65] On the downside, the isolation, potential 
purification, and immobilization of enzymes may be more elaborate and cost-intensive 
than using whole cells.[65,86] On top of that, – if the reaction requires it – expensive cofactors 
have to be supplied externally and recycled. However, reliable and cost-efficient cofactor 
recycling systems have been developed over the past decades.[2,54,65,86] The former 
disadvantage of a low stability of isolated enzymes has largely been overcome due to 
enzyme engineering and immobilization.[28] The immobilization of biocatalysts cannot only 
contribute to the enzyme’s stability but also allows for its reuse and facilitates downstream 
processing resulting in a reduction of costs.[14,22,23] CFEs, on the other hand, avoid the cost 
of purification, and other residual enzymes present in the extract might also contribute to 
the stability of the biocatalyst.[2] 

Overall, the decision towards isolated enzymes or whole-cell systems depends on 
the individual reaction pathway that must be realized. Both in vivo and in vitro cascade 
reactions have been successfully established for the synthesis of several organic 
molecules.[27,75,86]  

 

Biocatalysis in Industry and the Demand for Natural Products  

The application of biocatalytic processes in the industrial sector is continuously 
growing and replacing traditional chemical processes due to its environmental benefits, 
high flexibility, and affordability. Moreover, its attractiveness has risen due to the 
tremendous progress in protein and bioprocess engineering.[1,14,28,89–92] The global market 
for industrial enzymes more than doubled in the last twelve years from 3.1 billion in 2009[93] 
to about 6.4 billion dollars in 2021[94]. In particular in pharmaceutical industry, enzyme’s 
enantioselectivity is exploited for two-thirds of the overall production of important chiral 
molecules for active pharmaceutical ingredients (APIs) in therapeutics.[2,18,28,51,91,92] Other 
important fields of commercial application include fine and bulk chemical industries as well 
as food, cosmetic, textile, pulp, and paper industries.[1,28,52,89,91,95] A more recent trend has 
emerged with the biocatalytic production of biofuels.[14,96] 

Furthermore, growing consumer preference towards ‘greener’, more 
environmentally-friendly products plays a significant role in the boom of biocatalytic 
processes.[18,89,97,98] This especially affects the food and cosmetic industry regarding the 
production of, e.g., flavors, fragrances, food additives like natural sweeteners[28,99,100], 
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moisturizers, or anti-aging agents as consumers demand those ingredients in food, 
beverages, and personal care products to be labelled as natural.[1,52,101–106] For instance, the 
market share of natural cosmetics has grown about 50 % in Germany in the last 
decade[103,107] and also food naturalness is trending[101,102]. In food products, consumers 
perceive naturalness as the absence of chemicals, artificial ingredients, flavors, 
preservatives, as well as ingredients produced by genetically-modified organisms 
(GMOs).[102] 

According to US and European regulations in the context of flavorings, an 
ingredient is considered natural when it derives from natural sources like plants, 
microorganisms, or animals.[101,108] Additional processing of these natural ingredients may 
be performed by physical (e.g., distillation or extraction), enzymatic, and microbiological 
methods and still be claimed as natural.[98,101,108–110] On top of that, in the EU, food products 
have to be labelled accordingly if they contain GMOs or material that consists of or is 
produced from GMOs in a proportion higher than 0.9 % per ingredient[111,112], whereas in 
the US this percentage can be as high as 5 % before labelling gets mandatory.[101,113] 

Phenols and Aldehydes for Flavor and Fragrance Industry 

Substances for flavor and aroma used in food and cosmetic products are 
commonly characterized by functional groups such as aldehydes, ketones, alcohols or 
esters.[14] A widely spread group of substances in fragrance and flavor industry are 
especially aldehydic and aromatic compounds (Figure 7). Among those, vanillin (4-
hydroxy-3-methoxybenzaldehyde; Figure 7) represents one of the most important flavor 
and fragrance compounds being widely used in aliments, beverages, perfumes, cosmetics, 
and pharmaceuticals.[1,114–116] An isolation from natural resources, e.g., the orchid Vanilla 
planifolia, is very cost-intensive and production volumes cannot satisfy the market 
demand. Hence, industry is seeking for a biotechnological production of nature-identical 
vanillin to meet consumer demands and food-safety regulations that highly constrain the 
use of chemically-produced vanillin.[114,116,117] Typically, those biotechnological processes 
use naturally-derived ferulic acid as a precursor which is then converted via fermentative 
or enzymatic strategies. A recently published example for a bio-based production of 
vanillin having the potential for industrial application is a cofactor-free two-step enzymatic 
cascade starting from ferulic acid originating from lignin waste.[28,118] 

Another phenolic aroma compound particularly important for food and cosmetic 
industry is raspberry ketone (4-(4-hydroxyphenyl)-butan-2-one; Figure 7).[1,98,119] It is not 
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only widely applied as a flavoring agent in the food industry[105,119–121] and in perfumes[122,123], 
but also for anti-obese drugs[124–128] and additionally shows anti-oxidant and anti-
inflammatory effects[129–133]. In raspberries and other fruits, the raspberry ketone content is 
very low[106,119,134], thus, the demand for an economically-efficient bio-based production is 
high.[121] Different routes have been presented so far, most of them just recently, whereby 
the majority relies on whole-cell transformations with GMOs.[105,109,119,121,123,135–141] Published 
cell-free methods such as the hydroxylation of the natural precursor 4-phenyl-2-butanone 
by a P450 monooxygenase[142] or a five-step in vitro cascade dependent on the cofactors 
ATP, malonyl-CoA, and NAD(P)H starting from L-tyrosine[143] still lack sufficient 
productivity. Alternatively, natural strategies using the corresponding alcohol 
rhododendrol or rhododendrol glycosides, that are present in the bark of, e.g., birch (Betula 
spp.[144–146]), as precursors were developed.[122,147,148] However, these approaches have the 
drawback of converting only one of the two rhododendrol stereoisomers, whose 
proportions among different Betula species can vary significantly.[147]  

 

 
Figure 7 Industrially important flavor and aroma compounds with different functional groups. 
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Other valuable aromatic aldehydes include substances like the flavorings 
anisaldehyde, cuminaldehyde, cinnamaldehyde, and benzaldehyde (Figure 7), the latter 
being responsible for the aroma of almonds.[149] Additionally, the aromatic alcohol  
2-phenylethanol (Figure 7) creates a rose-like scent.[98] Furthermore, the fruity-lemony odor 
of terpene-based aldehydes like citronellal or citral (Figure 7) is exploited in perfume and 
cosmetic industry.[149,150] Possible biocatalytic routes for aldehyde production are either the 
oxidation of primary alcohols by alcohol dehydrogenases (ADHs) or oxidases (Oxs)[151,152], 
the reduction of carboxylic acids via carboxylic acid reductases (CARs)[49], or the 
decarboxylation of carboxylates.[149,153] To identify new efficient biocatalysts for such 
production of aldehydes, efficient universal high-throughput (HT) detection systems are 
needed. 

ω-Hydroxy Fatty Acids  

Another industrially relevant substance class are ω-hydroxy fatty acids (ω-OHFAs). 
Compared to non-hydroxylated fatty acid those are beneficial in terms of a higher 
reactivity, stability and viscosity making them an attractive precursor for industrial 
production processes.[154,155] On top of that, they show anti-bacterial, anti-mycotic, and 
anti-carcinogenic properties.[155,156] Application areas like the flavor[157], cosmetic[104], and 
pharmaceutical[158] industry are covered as well as the production of emulsifiers[159,160], 
lubricants[161,162], adhesives[163,164], or polymers such as polyethylene-like bio-based 
plastics[155,165,166] (Figure 8). 

In nature, ω-hydroxy fatty acids occur in animals, plants and microorganisms as 
part of cerebrosides, triacylglycerides, waxes, or glycolipids.[155,167,168] As those are 
challenging to synthesize chemically and chemical methods do not comply with 
environmental requirements, biocatalytic approaches are the method of choice.[155,169] 
Commonly, OHFAs are synthesized by hydroxylation of saturated or unsaturated fatty 
acids by the action of monooxygenases, hydroxylases, lipoxygenases or 
hydratases.[155,166,169] An alternative route is the oxidative cleavage of long-chain 
unsaturated fatty acids.[166] Thus, for instance, the production of C9 to C13 ω-OHFAs was 
accomplished via combining a hydratase, alcohol dehydrogenase (ADH), Baeyer-Villiger 
monooxygenase (BVMO), and an esterase in a complex biocatalytic route that was partly 
conducted in vivo and in vitro.[73,170] Moreover, with these methods, other positions of 
saturated fatty acids of different chain lengths – besides the ω-position – can be 
hydroxylated. However, drawbacks such as low substrate solubility, low productivities, 
and byproduct formation due to imperfect regioselectivity or overoxidation still remain, 
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especially in the class of P450 monooxygenases.[169] Hence, the isolation of readily-
available precursors of complex OHFAs from their natural resources, represents an 
appealing alternative. 

 

 
Figure 8 Fields of application for ω-hydroxy fatty acids. Figure modified from Becker.[171] 
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Results 

Biocatalytic Cascade for the Production of a Valuable Trihydroxy Fatty 

Acid (Article I) 

In Article I, the first biocatalytic route for the access of the ω-OHFA 2,15,16-
trihydroxy hexadecanoic acid (THA) is described (Figure 9). This OHFA can, for instance, 
serve as a precursor for the production of macrocyclic musks in the fragrance 
industry.[172,173]  

 
Figure 9 Schematic depiction of the two-step biocatalytic cascade to produce THA starting from 

ustilagic acid. Acyl substitutions of the cellobiose are highlighted in red. Figure originates from Becker et al.[174] 

 

A typical strategy applied to produce OHFAs is the enzymatic hydroxylation of a 
saturated fatty acid. However, this method would be too elaborate for the THA as not only 
regioselective cofactor-dependent hydroxylases for three different positions have to be 
identified but also the insolubility of palmitic acid as starting material in water would be 
problematic. Hence, in Article I, a straightforward approach via direct biocatalytic 
production of the THA from the naturally occurring precursor ustilagic acid (UA) is 
presented. With the UA being secreted by the corn smut fungus Ustilago maydis[175], whose 
effortless fermentation is described elsewhere[176], an inexpensive starting material from a 
renewable resource is given. UA is mainly a mixture of C6-acetylated cellobiose lipids 
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esterified with a medium-chain OHFA (C6 or C8) at position 8 and O-glycosidically linked to 
the THA at C1 (Figure 9).[177–179]  

Straightforward hydrolysis of the O-glycosidic bond to release the THA was not 
feasible due the acyl residues of the cellobiose moiety that impede glycosidase activity.[180] 
To overcome this issue, the recombinantly expressed esterase BS2 from Bacillus subtilis 
DSM402[181] was identified to achieve deacylation at both positions (C6 and C8 of the 
cellobiose moiety) yielding the deacylated UA (deUA) (Figure 9). Subsequently, the deUA 
was converted by the commercial β-glucosidase from almonds (ALM)[182,183] to release the 
THA (Figure 9).  

Having determined the two suitable biocatalysts to produce THA from UA, the 
optimal reaction conditions for ALM regarding pH and temperature were investigated. For 
this purpose, a para-nitrophenyl β-D-cellobioside (pNPC) assay was applied, at which the 
release of para-nitrophenol (pNP) upon hydrolysis by ALM is spectrophotometrically 
quantified under different reaction conditions via measuring at the pH-independent 
isosbestic point of pNP at 348 nm.[184] The results showed a broad pH acceptance for ALM 
with optimal conditions at pH 5.5 and 40 °C (Figures 10A and B). The optima for BS2 were 
described before elsewhere with the highest activity around pH 8 and 9 and a stability up 
to 40 °C.[181] At pH 8, which is preferred by BS2, ALM only shows about 25 % residual 
activity (Figure 10A). 

 
Figure 10 Relative activity of ALM (0.2 mg ml-1) towards pNPC (1 mM) at (A) different pH and buffer 

systems and (B) different temperatures. All measurements were performed in triplicates. (C) TLC analysis of 
72 h samples of small-scale simultaneous cascade reactions at different pH values where UA (5 mg ml-1) is 
converted to THA by ALM (5 mg ml-1) and BS2 (5 mg ml-1) in 25 mM sodium phosphate buffer at 40 °C. In the 
right lane is an impure THA standard for reference. Mobile phase: TCM:MeOH:H2O (65:25:4 v/v). Visualization 
via Cerium phosphomolybdic acid. Spots were verified via TLC-MS. Figure modified from Becker et al.[174] 
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Despite this high divergence in pH optima, a classical linear cascade reaction with 
simultaneous application of both biocatalysts at pH 8 and 40 °C in small scale of 1 ml 
volume with 5 mg UA resulted in nearly full conversion to THA after 72 h according to TLC 
analysis (Figure 10C). At lower pH values, the conversion was restricted because of three 
reasons: (1) the buffer capacity could not compensate for the released fatty acids by BS2 
leading to a pH drop, (2) decreased activity of BS2 due to reduced pH, and (3) further 
diminished solubility of UA at lower pH values[173,185]. 

To overcome these limitations and enhance the activity of the enzymes, the reaction 
in preparative scale was conducted sequentially at each enzyme’s optimal pH value. 
Additionally, the first reaction step with BS2 as a catalyst was performed under pH control 
via automatic titration with sodium hydroxide while, at the same time, possessing a higher 
buffer capacity to reduce volume increase by sodium hydroxide. The completed 
conversion of 2.5 g UA (10 g l-1) by BS2 (400 mg l-1) to deUA at pH 8 was stopped after 
96 hours. Only for the purpose of a facilitated endproduct purification, the intermediates 
were isolated, and the released middle-chain OHFAs were extracted. These by-products 
can even be utilized for polyester manufacturing[186,187], which further minimizes waste 
formation. For the second reaction step, the remaining intermediate, consisting of deUA, 
was resuspended in pH 5.5 acetate buffer and ALM (400 mg l-1) was added yielding 86 % 
conversion to THA after only 2.5 hours. Via acid precipitation, the THA endproduct, that 
was confirmed through NMR spectroscopy and ESI/MS, was isolated in 66 % yield in more 
than 80 % purity.  

The results show a proof-of-concept for the environmentally friendly production of 
THA under mild reaction conditions potentially being applied as biocatalytic cascade in a 
one-pot approach. The use of two enzymes both belonging to the class of cofactor-
independent hydrolases contributes to the reaction’s energy- and cost-effectiveness. One 
of these enzyme was effortlessly overexpressed in a short period of time[181] and used as 
CFE, the other is commercially available. Moreover, the natural starting material and 
biotransformation via isolated enzymes without the use of GMOs meets EU regulations 
and consumer demands for an application in natural products. By means of process 
engineering including immobilization of enzymes or downstream process design[90,188], the 
reaction’s potential may be further optimized. 
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Biocatalytic Cascade for the Production of Raspberry Ketone (Article II) 

Article II focuses on the establishment of a sequentially performed biocatalytic 
cascade towards the important flavor and aroma compound raspberry ketone. It was 
aimed for a natural route starting from rhododendrol glycosides (Figure 11) that overcomes 
the limitations of existing strategies published so far (see Background pp. 14-15). Namely, 
an ADH ‘toolbox’ was developed achieving higher conversions through oxidation of both, 
instead of only one of the naturally occurring enantiomers of rhododendrol. Furthermore, 
the deployed cascade operating GMO-free allows for an application in food products. 

 
Figure 11 Reaction scheme of the two-step biocatalytic cascade to access raspberry ketone starting 

from rhododendrol glycosides by applying a glucosidase and an ADH toolbox with cofactor recycling by 
NAD(P)H oxidase SmNOX. Figure originates from Becker et al.[189]  

 

First, an ADH toolbox for the oxidation of these different rhododendrol enantiomers 
was compiled. For this purpose, five different recombinantly expressed alcohol 
dehydrogenases (ADHs) were examined for their enantio-preference towards a racemic 
mixture of rhododendrol. Taking time samples from biocatalytic reactions followed by 
HPLC analysis revealed that three of these ADHs preferably oxidize (R)-rhododendrol, 
whereas two ADHs show selectivity towards (S)-rhododendrol (Table 1 and Figure 12).  

With the same volume of CFE, reactions with each enzyme proceeded at different 
velocities: The ADHs from Lactobacillus brevis (LB-ADH, Figure 12c), Lactobacillus kefir 
(LK-ADH, Figure 12d), and Equus caballus (ADH1E, Figure 12b) converted the respective 
rhododendrol enantiomer most efficiently within only two hours (Table 1), while reactions 
with the ADHs from Rhodococcus ruber (RR-ADH, Figure 12a) and Leifsonia sp. (LS-ADH, 
Figure 12e) were less efficient (Table 1). 
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Table 1 Cofactor dependency, enantioselectivity towards rhododendrol and conversion to raspberry 
ketone in % by the investigated ADHs in a certain reaction time (a maximum of 50 % conversion is theoretically 
possible). The table originates from Becker et al.[189] 

ADH  Cofactor Enantioselectivity Conversion [%] Reaction time [h] 
RR-ADH (Rhodococcus ruber) NAD+ (S) 38.4±1.4 8 
ADH1E (Equus caballus) NAD+ (S) 43.8±1.0 2 
LB-ADH (Lactobacillus brevis) NADP+ (R) 51.4±1.3 2 
LK-ADH (Lactobacillus kefir) NADP+ (R) 43.7±0.9 2 
LS-ADH (Leifsonia sp.) NAD+ (R) 39.0±0.4 24 

 

 
Figure 12 Time course of the oxidation of rac-rhododendrol (1 mM) to raspberry ketone (circles) 

catalyzed by (a) RR-ADH (8.0 U ml-1), (b) ADH1E (57 U l-1), (c) LB-ADH (6.9 U ml-1), (d) LK-ADH (3.0 U ml-1), (e) 
LS-ADH (36.1 U ml-1), and (f) a combination of ADH1E (28.5 U ml-1) and LK-ADH (6 U ml-1). Figure originates 
from Becker et al.[189] 

 

Through a combination of the (R)-selective LK-ADH and the (S)-selective ADH1E, 
the simultaneous conversion of both enantiomers of rac-rhododendrol was achieved 
yielding 71.8±2.1 % raspberry ketone (Figure 12f). As the ADHs are dependent on different 
nicotinamide cofactors (Table 1), environmentally friendly cofactor recycling was 
accomplished by using the water-forming oxidase from Streptococcus mutans (SmNOX) 
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that was engineered by Petschacher et al. to oxidize both NADH and NADPH with a similar 
efficiency[57]. Thus, via a combinatorial use of ADHs from this toolbox, not only higher 
conversions than described in literature, where only one enantiomer of rac-rhododendrol 
was converted[148], can be achieved but this toolbox also delivers a suitable environmentally 
friendly cofactor recycling system. 

The application of this ADH toolbox was demonstrated in a preparative two-step 
biocatalytic cascade using 150 mg of a rhododendrol glycoside mixture from Betula 
pendula as starting material. The first reaction step, the release of rhododendrol via 
hydrolysis of the O-glycosidic bond, was performed with a substrate load of 10 g l-1 at 
pH 5.5 and 40 °C with the commercial glycosidase ALM (1 g l-1), which has already been 
described in Article I. Within 24 hours, a conversion of 82±4 % was achieved.  

As HPLC analysis revealed that 99.1 % of released rhododendrol shows (R)-
configuration, the (R)-selective LB-ADH was chosen from the ADH toolbox for the second 
reaction step. The buffer was changed to pH 9 and the reaction was diluted by a factor of 
10 and cooled down to 25 °C before the addition of LB-ADH (5.7 U ml-1), NADP+ and the 
cofactor-recycling enzyme SmNOX. This reaction step resulted in the oxidation of 94±1 % 
rhododendrol to raspberry ketone after 24 hours. At the same time, the hydrolysis of 
rhododendrol glycosides still proceeded during this reaction step. The final product was 
isolated via liquid-liquid extraction with ethyl acetate yielding 55 mg raspberry ketone in 
about 90 % purity as determined via NMR analysis, which corresponds to an isolated yield 
of approximately 93 %. 

All in all, this ADH toolbox implemented in a biocatalytic cascade offers the freedom 
to efficiently convert a variety and even mixtures of rhododendrol glycoside starting 
material from different Betula species. Raspberry ketone obtained through this procedure 
is considered as natural, thus, being attractive for the use in food and cosmetic products. 
By means of further reaction engineering and process optimization, an economically 
efficient scale-up procedure may be attained complying with industrial requirements. The 
engineering towards non-stereoselective ADHs might also be an option. Finally, this 
toolbox together with its cofactor regeneration system might not only be limited to the 
production of raspberry ketone but may also be applied for the conversion of similar 
enantiomeric substrates. 
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Biocatalytic Cascade for the Detection of Industrially Relevant 

Aldehydes (Article III) 

Article III presents an artificial E. coli biosensor system for the high-throughput (HT) 
detection of aldehydes that represent an important class of flavor and aroma compounds. 
Its practicality was demonstrated by screening three oxidoreductases for their substrate 
scope regarding natural aldehyde production. On top of that, this cascade-based system 
may be applicable for the conversion of primary alcohols to industrially relevant carboxylic 
acids. 

 
Figure 13 Reaction scheme of the cascade-based LuxAB biosensor for aldehyde detection in E. coli 

RARE. Produced aldehydes (b) through oxidation of an alcohol (a) or reduction of a carboxylic acid (c) by 
heterologous enzymes are converted to the corresponding carboxylic acid (c) by the luciferase LuxAB yielding 
detectable bioluminescence. Host pathways for the reduction of aromatic aldehydes are knocked-out in the E. 
coli RARE strain. Figure modified from Bayer et al.[190] 

 

First, the biosensor was constructed by integrating the LuxAB biosensor system 
from Photorhabdus luminescens[191] into E. coli RARE, which is a gene-knockout strain 
exhibiting lower aromatic aldehyde-reducing activity to prevent the rapid metabolization of 
the cytotoxic aldehydes (Figure 13)[192]. LuxAB itself is a monooxygenase – also called 
luciferase – that converts aldehydes to their corresponding carboxylic acids while emitting 
bioluminescence (Figure 13). The microtiter plate-based system was successfully tested 
for functionality by supplying LuxAB-harboring resting cells (RCs) with aldehydes resulting 
in a significant increase in bioluminescence. With that, new substrates accepted by LuxAB 
could be identified, amongst them monoterpene (15-16b) and aromatic aldehydes (19b 
and 22b), besides already reported aliphatic aldehydes[191] that gave the highest 
bioluminescence signal (data not shown). 
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Following, the LuxAB biosensor was applied to screen three different 
oxidoreductases for their substrate scope by in situ detection of the aldehydes produced 
by these. For that, the ADH AlkJ from Pseudomonas putida[193], a CAR from Mycobacterium 
marinum (CARMm)[194], and a choline oxidase variant from Arthrobacter chlorophenolicus 
(CO-6Ac)[195] were each coexpressed with LuxAB in E. coli RARE resting cells (Figure 14A). 
As varying background luminescence amongst the different oxidoreductases due to 
endogenous E. coli metabolites or enzymes was observed, an experimental cut-off value 
(XCO) was introduced correcting the measured bioluminescence to identify actual 
aldehyde production catalyzed by the heterologous oxidoreductases.  

 

  
Figure 14 LuxAB biosensor applied for the HT screening of (A) the oxidoreductases AlkJ and CARMm 

towards (B) monoterpenes (15-16), and (C) aromatic substrates (18-21). Shades of blue indicate the mean-fold 
increase in bioluminescence based on biological replicates (n ≥ 3) above the XCO. Figure modified from Bayer 
et al.[190] 
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Figures 14B and C show that among the 25 tested substrates like aliphatic 
substances (data not shown), monoterpenes (15-16, Figure 14B), and aromatic 

compounds (18-25, Figure 14C) AlkJ and CARMm seem to exhibit a broad substrate 
spectrum. Bioluminescence signals were in particular high for aliphatic substrates (data 
not shown), not least because of LuxAB’s preference for the corresponding aliphatic 
aldehydes. Surprisingly, an increase in bioluminescence for aromatic substances (18-21, 
Figure 14C) was also observed, whose corresponding aldehydes seemed to be not 
accepted by the LuxAB biosensor in the prior experiment. This indicates that the in situ 
production by the oxidoreductases and subsequent conversion by LuxAB might 
circumvent the cytotoxity of these aromatic aldehydes occurring at elevated 
concentrations[149]. By means of this LuxAB HT assay, new substrates for AlkJ (four diols, 
monoterpenes 15-16a, and three aromatic alcohols, amongst them 20a and 21a) and 

CARMm (monoterpenes 15-16b) were identified and the substrate scope of CO-6Ac 
determined in vitro elsewhere[195] was confirmed in vivo (data not shown). 

These findings suggested by the LuxAB assay were verified by GC/FID analysis of 
biotransformations of oxidoreductase expressing RCs with the unreported monoterpene 
and aromatic substrates for AlkJ and CARMm. For instance, AlkJ yielded 83.8±1.0 % of 
citral (15b) and 56.5±6.8 % of cinnamaldehyde (21b) after 24 hours (Figure 15A). CARMm, 
on the other hand, converted the corresponding carboxylic acids to 76.1±2.2 % (R)-

citronellal ((R)-16b), 63.9±10.3 % (S)-citronellal ((S)-16b), and 49.0±2.7 % citral (15b) in 
24 hours (Figure 15B). All of these aldehydes represent industrially important flavor and 
aroma compounds. Additionally, over-reduced or over-oxidized byproducts due to host 
enzyme activities were observed in these biotransformations, except in the efficient 
conversion of geraniol (15a) to citral (15c) by AlkJ (Figure 15A) offering a biocatalytic 
alternative to chemical oxidation routes[196]. 

Lastly, the monooxygenase activity of LuxAB was confirmed in a simultaneously 
performed cascade reaction with RCs coexpressing AlkJ and LuxAB. These 
biotransformations showed a subtle increase in carboxylic acid production starting from 
monoterpene alcohols 15a and 16a (data not shown). 

To conclude, with this biosensor a broad spectrum of structurally diverse aldehydes 
can be detected enabling the rapid identification of novel biocatalysts for the production 
of industrially important aldehydes in a high-throughput manner. Despite the limitations of 
the detection scope of the LuxAB biosensor potentially resulting in false negative results, 
this aldehyde detection system is still advantageous compared to other methods involving 
hazardous chemicals like 2-amino-benzamidoximes (ABAOs)[197,198] or published 
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biosensors based on transcription factors that have the drawback of a narrow ligand 
specificity[199–201]. 

 
Figure 15 (A) Biotransformations of geraniol (15a) and cinnamyl alcohol (21a) to citral (15b) and 

cinnamyl aldehyde (21b) by AlkJ and overoxidation to carboxylic acids by endogenous enzymes of E. coli 
RARE. (B) Biotransformations of monoterpene carboxylic acids (15-16c) to the corresponding aldehydes (15-
16b) by CARMm and reduction to alcohols by endogenous enzymes of E. coli RARE. Figure modified from Bayer 
et al.[190] 
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Summary 

The three articles presented in this thesis contribute to the production of natural 
substances for the food and cosmetic industry where consumer’s preference is demanding 
for a bio-based manufacturing of ingredients.  

In this context, the biocatalytic isolation of the valuable 2,15,16-trihydroxy 
hexadecanoic acid (THA) that can be applied in the fragrance industry, starting from 
ustilagic acid, that derives from a renewable fungal resource, was described (Article I). It 
was shown in small scale that the two-step linear biocatalytic cascade with isolated 
enzymes performed in a simultaneous manner could lead to nearly full conversion. With 
the sequentially performed reaction in preparative scale, the THA was obtained in 86 % 
conversion and, additionally, industrially relevant middle-chain OHFA byproducts could be 
isolated. 

The industrially important flavor and aroma compound raspberry ketone was as 
well produced in a linear biocatalytic cascade with isolated enzymes (Article II). By 
sequentially applying two enzymes and a cofactor-recycling oxidase, raspberry ketone 
was generated in an isolated yield of 93 % starting from rhododendrol glycosides from the 
birch Betula pendula. Moreover, the presented ADH toolbox enables high conversion of 
diverse starting materials with various optical purity of the rhododendrol precursors.  

Lastly, for the discovery of novel aldehyde-producing biocatalysts, a LuxAB 
biosensor was established in E. coli RARE resting cells (Article III). Based on a two-step 
simultaneous cascade reaction, a bioluminescence signal could be detected upon 
aldehyde formation. With that, the substrate scope of three oxidoreductases was 
investigated and, in consequence, the production of industrially relevant flavor compounds 
such as cinnamaldehyde, citral, or citronellal was demonstrated in vivo in yields up to 
84 %. 

In conclusion, environmentally friendly and GMO-free alternatives for the 
manufacturing of two aroma compounds were presented (Articles I and II), that lay the 
foundation for future industrial processes. Additionally, the established biosensor 
(Article III) advances the identification of novel biocatalysts for industrial aldehyde 
production. 
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A Biocatalytic Cascade Reaction to Access a Valuable Long-
Chain ω-Hydroxy Fatty Acid
Aileen Becker,[a] Dominique Böttcher,[a] Werner Katzer,[b] Karsten Siems,[b] Lutz Müller-Kuhrt,[b]

and Uwe T. Bornscheuer*[a]

Environmentally-friendly processes for the manufacturing of
valuable industrial compounds like ω-hydroxy fatty acids (ω-
OHFAs) are highly desirable. Herein, we present such an
approach by establishing a two-step enzymatic cascade reac-
tion for the production of 2,15,16-trihydroxy hexadecanoic acid
(THA). Starting with the easily accessible natural compound
ustilagic acid (UA) that is secreted by the corn smut fungus

Ustilago maydis, the recombinantly expressed esterase BS2 from
Bacillus subtilis and the commercial β-glucosidase from almonds
were applied yielding 86% product. Both hydrolases do not
require expensive cofactors, making the process economically
attractive. Additionally, no harmful solvents are required, so
that the product THA can be labelled natural to be used in food
and cosmetic products.

Introduction

As a result of increasing global environmental awareness, the
demand for sustainable resources in the food, cosmetic,
pharmaceutical and chemical industry is rising. This makes it
inevitable to exploit new sources for natural active compounds
and make them accessible through environmentally-friendly
processes. With fats and oils being the most important
feedstock,[1,2] especially hydroxy fatty acids (OHFAs), which are
challenging and expensive to synthesize chemically, are in the
center of attention as they offer a wide field of application.[3]

Compared to non-hydroxylated fatty acids, they are charac-
terized by a higher stability, viscosity and a higher miscibility
with solvents.[4,5] Because of these positive features, they are
attractive precursors in industrial processes being utilized in the
production of flavorings,[6] emulsifiers,[7,8] lubricants,[9,10]

adhesives,[11,12] cosmetics,[13] and pharmaceuticals.[14] For exam-
ple, OHFAs can be found in the medical area, making use of
their antibacterial,[15,16] antimycotic[17–19] and anticancerogenic[20]

properties.
The common approach for the enzymatic production of ω-

OHFAs relies on the hydroxylation of simple saturated and

unsaturated fatty acids. By utilizing a combination of different
fatty acid-hydroxylation enzymes, like P450s or hydratases, not
only mono- but also di- and trihydroxy fatty acids could be
produced, provided that enzymes with the desired selectivity
are available.[3] For instance, starting from long-chain unsatu-
rated fatty acids, hydrating and oxidative enzymes were applied
in a complex biocatalytic cascade in combination with an
esterase to yield C9�C13 ω-OHFAs.[21] Moreover, the production
of C12-C18 ω-OHFAs by engineered C. tropicalis – being classified
as a risk group 2 organism, restricting the usability in the
industry – starting from vegetable oil fatty acids was
described,[22] as well as the microbial conversion of glucose to
C12 and C14 ω-OHFAs.[23]

All these approaches have in common that not only the
availability of the required starting material from renewable
sources is crucial but also that a variety of perfectly coordinated
enzymes with high activities and regioselectivities is necessary
to yield ω-OHFAs that, e.g., are hydroxylated at various
positions. Other constraints are the need of expensive cofactors
and cofactor regeneration systems, as well as elaborate
purification procedures due to by-product formation, especially
in the microbial approaches that, additionally, are limited in the
acceptance of substrates and intermediates. However, the
isolation of complex ω-OHFAs from natural sources like animals,
plants or microorganisms – offering a great diversity of
glycolipids, triacylglycerols, or waxes with OHFAs as major
components[24] – represents an easy alternative with reduced
effort.

Such a naturally occurring source for an interesting ω-OHFA
is ustilagic acid (UA). This natural substance is a mixture of
acetylated cellobiose lipids that is not only esterified with a
medium-chain hydroxy fatty acid (C6 or C8)[25] but is also O-
glycosidically linked to a long-chain ω-hydroxy fatty acid,[26]

predominantly 2,15,16-trihydroxy hexadecanoic acid (THA)[27]

(Scheme 1).
This mixture of cellobiose lipids is secreted by the

Basidiomycota Pseudozyma fusiformata,[28] Pseudozyma
gramnicola[29] and Ustilago maydis.[30] The latter is a corn smut
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fungus that produces the UA under nitrogen deficiency and
offers the advantage of being effortlessly cultivatable yielding
up to 15 g l�1 UA in 2–3 days.[31]

Thus, this easily accessible compound serves as natural
precursor for the 2,15,16-trihydroxy hexadecanoic acid (THA)
which itself has industrial relevance, e.g. in the production of
macrocyclic musks as fragrance component.[32,33] Due to the
limited availability and lack of a natural production route of the
THA, its full potential for several applications could not be
exploited yet.

Hence, we present here the first approach for the environ-
mentally-friendly synthesis of the industrially attractive THA
applying a two-step enzymatic cascade reaction with independ-
ency from expensive cofactors. The use of isolated (commercial)
enzymes can be slightly more costly, but unlike whole cell
systems it results in a reduced by-product formation and
ensures the harmlessness for food and cosmetic products.

Results and Discussion

Searching for suitable biocatalysts

As the THA is linked to the cellobiose unit of the substrate
ustilagic acid via its terminal hydroxy group, a glycosidase is
necessary to obtain free THA. However, the acyl substitutions at
positions 6 and 8 of the cellobiose moiety (Scheme 1) were
shown to inhibit the activity of β-glucosidases and hence no
THA was released.[34] Thus, it had to be screened for an esterase
that would hydrolyze the ester bonds of the sterically

demanding ustilagic acid first to yield deacylated ustilagic acid
(deUA).

Among 31 tested recombinant and commercial esterases,
only a few (e.g. Bacillus stearothermophilus Esterase, BsteE[35,36])
showed activity regarding the deacylation of the medium-chain
OHFAs 3-hydroxyoctanoic and 3-hydroxyhexanoic acid at
position 8, resulting in UA that is still acetylated in position 6
(acUA). The mass of the acUA was verified via TLC-MS (m/z
669,0 [M�H]�). As 3-hydroxy fatty acids were shown to be
building blocks for industrially valuable polyesters with several
applications,[37,38] a possible utilization for these formed by-
products is indicated. Only the esterase BS2 from Bacillus subtilis
DSM402 – which was recombinantly expressed in E. coli BL21
(DE3) as described previously[39] – catalyzed both deacylation at
position 8 and deacetylation at position 6 of UA, producing
deUA (m/z 626,7 [M-2H]2�).

The deacylated deUA was now readily accepted by six
commercial glycosidases (β-glucosidase from almonds, cellulase
from Aspergillus niger, clara-diastase, β-glucuronidase from Helix
pomatia type HP-2, naringinase from Penicillium decumbens and
glucosidase from Aspergillus niger) that showed full conversion
to THA (Figures S5b and S7). As the glucosidase ALM also
converted acUA to THA, it can be concluded that either the
acylation of the cellobiose moiety by its own or the combina-
tion of both acylation at position 8 and acetylation in position 6
hinder the glycosidases sterically.

As the esterase BS2 was the only enzyme showing complete
deacylation under equal conditions (Figures S5a and S6), it was
selected to conduct further experiments. Regarding the glyco-
sidases, the β-glucosidase from almonds (ALM) was chosen
because of its good stability under various reaction
conditions[40,41] and its commercial availability.

Determination of pH and temperature optima of the
biocatalysts

The esterase BS2 had been investigated before concerning its
temperature and pH optimum, showing the highest stability at
40 °C and the highest activity between pH 8 and 9.[39]

The commercially available β-glucosidase from almonds
(ALM) was characterized regarding its pH and temperature
optimum utilizing the chromogenic surrogate p-nitrophenyl β-
d-cellobioside (pNPC). By monitoring the release of p-nitro-
phenol spectrophotometrically, the activity under different
conditions was determined. To ensure measurement over a
wide pH range, the pH-independent isosbestic point of pNP at
348 nm[42] was used for detection, instead of the characteristic
absorption maximum only present in alkaline solution. ALM
generally showed high activity over a broad pH range, as
depicted in the literature,[40,41] retaining at least 80% of its
activity between pH 4 and 6 (Figure 1). The optimal conditions
were investigated to be 40 °C in a sodium acetate buffer at
pH 5.5.

Scheme 1. Schematic depiction of the two-step biocatalytic cascade reaction
to yield 2,15,16-trihydroxy hexadecanoic acid (THA). After BS2-catalyzed
deacylation of the ustilagic acid (UA) at positions 6 and 8 (highlighted in red)
to obtain the deacylated ustilagic acid (deUA), the THA is released by use of
the glucosidase ALM.
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Small-scale cascade reactions

Hereinafter, small-scale biocatalytic cascade reactions were
conducted in 1.8 ml reaction vessels in order to optimize
reaction conditions for obtaining the THA. BS2 (230 U ml�1

towards pNPA at pH 8 and 40 °C) and ALM (625 mUml�1

towards pNPC at pH 5.5 and 40 °C) were combined simulta-
neously under different pH conditions (pH 6 to 8) at 40 °C with
the substrate UA (5 mgml�1). Full conversion was observed at
pH 8 after 72 h (Figures 2 and S8). At pH 6 and 7, however, the
conversion of the substrate UA to the intermediate deUA was
not as effective: At pH 7 only 86% and at pH 6 even only a fifth
of the conversion of the biocatalysis at pH 8 was achieved
according to HPLC analysis. This can be explained by the
insufficient buffer capacity (25 mM) that was not able to
compensate for the released fatty acids by BS2. Thus, the pH in
the reactions with buffers of pH 6 and 7 may have dropped
faster to a level where BS2 lost activity. Another reason for the
ineffective reaction at lower pH is that the temperature-
dependent solubility of UA – generally being low in water – is
superior in alkaline milieu.[33,43] Moreover, it shows that BS2 has
a narrower acceptance of pH conditions compared to ALM and
thus is limiting concerning the selection of reaction conditions.

Furthermore, reduction of the concentration of biocatalysts
was investigated under optimal conditions of 40 °C and pH 8 to
minimize costs. If the substrate load was doubled to
10 mgml�1, BS2 and ALM concentrations of 500 μg ml�1

(corresponding to 23 U ml�1 BS2 towards pNPA at pH 8 and
63 mU ml�1 ALM towards pNPC at pH 5.5, both at 40 °C) were
sufficient to achieve high conversion within 72 h.

Figure 1. Determination of optimal pH and temperature for the β-glucosidase from almonds (ALM). The relative activity of ALM (0.2 mgml�1) normalized to
maximum activity towards the model substrate pNPC (1 mM) is shown (A) in different buffer systems (40 mM, pH 3–8) at 30 °C and (B) under different
temperatures (25–40 °C) in 40 mM sodium acetate buffer pH 5.5. All measurements were performed in triplicate.

Figure 2. TLC analysis of the small-scale hydrolysis of UA (5 mgml�1) to THA
catalyzed by adding esterase BS2 (5 mgml�1) and β-glucosidase ALM
(5 mgml�1) simultaneously. The reaction product after 72 h under different
conditions (pH 6 to 8) in 25 mM sodium phosphate buffer at 40 °C is shown.
Mobile phase: chloroform:MeOH:H2O (65 :25 :4, v/v). Spots were verified via
TLC-MS.
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Establishment of a preparative-scale two-step
biotransformation

In small scale it could be shown that full conversion of UA to
THA can be achieved by utilizing the enzymes BS2 and ALM
simultaneously at pH 8. In contrast, the biotransformation in a
larger scale of 2.5 g UA was conducted sequentially, not only to
allow for an enhanced end product purity by implementing a
purification step between the two reactions, but also to exploit
the enzymes’ full activity under their individual pH optimum
and thus to perform the reactions even more efficient. Indeed,
ALM is still active at pH 8 – the optimum of BS2 – but the
activity is lower by the factor 4 compared to its optimum at
pH 5.5 (Figure 1). To assure a constant pH value with respect to
the release of middle-chain hydroxy fatty acids and acetate by
the esterase activity, the reaction was coupled to a pH meter
and an automatic burette that was equipped with 200 mM
NaOH. The reaction of UA (10 g l�1) with BS2 (400 mgl�1,
46 Umg�1 towards pNPA at 40 °C and pH 8) at 40 °C in 200 mM
sodium phosphate buffer pH 8 under pH control was monitored
via TLC and stopped after 96 h. A high conversion could be
achieved despite UAs relatively low solubility in water, as more
UA was dissolved in the course of reaction – also as an effect of
the increase in volume by the addition of overall 55 ml NaOH.
Any cosolvent was omitted to perform the reaction more
sustainable and to prevent limiting the enzymes activity.

The intermediate deUA was then precipitated by acidifying
and cooling down the reaction to 4 °C resulting in a decreased
solubility. The precipitate was extracted with EtOAc to remove
the released middle-chain fatty acids in order to facilitate end
product purification. After resuspending the precipitate in
50 mM sodium acetate buffer with pH 5.5, the glycosidase ALM
(400 mgl�1) was added to release the O-glycosidically linked
THA. This reaction could be conducted without pH control as
no acidic functionalities were released. The deglycosylation
proceeded much faster than the ester hydrolysis: 86% con-
version was already reached after 2.5 h (Figure S12). Down-
stream processing was performed by acidic precipitation of the
THA at 4 °C – the remaining cellobiose exhibits a high solubility
in water –, followed by filtration. This resulted in an overall
isolated yield of 66% in >80% purity. Finally, the structure of
THA was verified via NMR spectroscopy (Figure S1).

Conclusion

This work demonstrated a novel method to obtain a valuable
ω-OHFA for industrial applications, the 2,15,16-trihydroxy
hexadecanoic acid, in 86% conversion with an isolated yield of
66% and good purity using the naturally occurring compound
ustilagic acid as starting material. The biocatalysts BS2 and ALM
applied in this two-step cascade reaction are advantageous in
terms of their stability and in particular their cofactor-
independency, resulting in a low-cost process that, on top of
that, omits the use of harmful solvents and harsh reaction
conditions. This natural process paves the way for an
application in food and cosmetic industry. Furthermore, the

formed by-products (3-OHFAs) may be applied in the produc-
tion of polyesters and the cellobiose could function as an
energy source for microbial growth resulting in a minimal waste
approach.

To further enhance the effectiveness of the demonstrated
system an immobilization of the participating enzymes could
be considered. This could not only enhance the enzymes’ pH
tolerance but would also facilitate downstream processing and
implementation for the reuse of the enzymes.

Experimental Section

General

The substrate, UA, was received from AnalytiCon Discovery GmbH
(Potsdam, DE). β-glucosidase from almonds (ALM, G0395) was
obtained from Sigma-Aldrich (St. Louis, US). For all tested
biocatalysts, see Supporting Information. All other reagents were
purchased from Sigma–Aldrich (St. Louis, US) and Carl-Roth
(Karlsruhe, DE), if not stated otherwise. A mixture of chloroform,
methanol and water (65 :25 :4, v/v) was used as mobile phase in
TLC analysis with 0.2 mm ALUGRAM® SIL G/UV254, 4×8 cm (Macher-
ey-Nagel GmbH & Co. KG, DE) as stationary phase. Staining of TLC
plates was achieved by using Cerium phosphomolybdic acid. TLC-
MS measurements were performed using an expressionL Compact
Mass Spectrometer with ESI ionization source (Advion, US) coupled
to Plate Express (Advion, US). The 1H NMR spectrum was recorded
using a 500 MHz Bruker instrument at 500 MHz with TMS as internal
standard. HPLC analysis was performed with a Merck Hitachi system
equipped with a reversed phase column (Superspher® RP-select B
4 μm, 125×4 mm) and a Sedere Sedex 75 ELSD (3.5 bar, nebulizer
temperature 35 °C). At a flow rate of 1 mlmin�1 and 23 °C column
temperature the following gradient was applied using mobile
phase A (water with 5 mM ammonium formate and 0.1% formic
acid), B (methanol/acetonitrile 1 :1 v/v with 5 mM ammonium
formate and 0.1% formic acid) and C (isopropanol): linear gradient
from 15% A and 85% B to 100% B in 15 min, hold at 100% B for
2.5 min, linear gradient to 50% B and 50% C in 0.5 min, hold for
2 min, linear gradient to 85% A and 15% B in 0.1 min, hold for
3.9 min.

Identification of suitable biocatalysts

Screening for a suitable biocatalyst was conducted in 1.8 ml glass
vials with 5 mgml�1 esterase or glucosidase and 5 mgml�1 UA or
deUA in a suitable buffer system (25 mM sodium phosphate buffer
pH 7–8 or acetate buffer pH 4–5.5) at 40 °C. After 72 h a 100 μl
sample was acidified with 20 μl 2 M HCl and extracted twice with
200 μl EtOAc. Reaction success was monitored via TLC analysis.

Esterase production and activity assay

The esterase BS2 from Bacillus subtilis DSM402 (GenBank:
AQZ92317.1) was expressed using the l-rhamnose inducible vector
pGaston in E. coli BL21 (DE3) as described previously.[39] In brief, the
culture was grown in LB media supplemented with 100 μg ml�1

ampicillin until an OD600 of 0.5 was reached. Esterase production
was induced with 0.2% w/v rhamnose. After incubation at 37 °C
and 200 rpm for 4 h, cells were harvested by centrifugation at
4500×g and 4 °C for 15 min. Subsequently, the cells were washed
twice with 50 mM sodium phosphate buffer pH 7.5 and disrupted
via sonification (10 min, 50% power, 50% pulse) with SONOPULS
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HD 2070 (BANDELIN electronic GmbH & Co. KG, DE). The crude
extract, received after centrifugation at 10,000×g and 4 °C for
20 min, was lyophilized and used for further experiments. The
activity of lyophilisate (50 μgml�1) was determined spectrophoto-
metrically via hydrolysis of p-nitrophenyl acetate (pNPA, 1 mM in
DMSO) at 40 °C in 45 mM sodium phosphate buffer pH 8. The p-
nitrophenol released by BS2 was quantified at 410 nm using the
Infinite M200 PRO microplate reader (Tecan Group, CH). One unit of
activity was defined as the amount of enzyme releasing 1 μmol p-
nitrophenol per minute under assay conditions.

Glucosidase activity assay and determination of pH and
temperature optima

Glucosidase activity of ALM (0,2 mgml�1) at different temperatures
(25–40 °C) and in various buffer systems (40 mM, pH 3–8) was
determined spectrophotometrically in triplicates by hydrolysis of
pNPC (1 mM). The released p-nitrophenol was quantified at 348 nm
using the Infinite M200 PRO microplate reader (Tecan Group, CH).
One unit of activity was defined as the amount of enzyme releasing
1 μmol p-nitrophenol per minute under assay conditions.

Small-scale cascade reactions

Small-scale cascade reactions to hydrolyze UA (5–10 mgml�1) were
performed at 40 °C and 650 rpm in 1.8 ml glass vials containing
both BS2 and ALM in concentrations of 500 μg ml�1 to 5 mgml�1.
The reaction media consisted of 25 mM sodium phosphate buffer
pH 6 to 8. After 72 h a 100 μl sample of the reaction was extracted
twice with 200 μl EtOAc after acidification with 20 μl 2 M HCl and
analyzed via TLC as described above.

Preparative scale two-step biotransformation

2.5 g UA were dissolved in 250 ml 200 mM sodium phosphate
buffer pH 8 at 40 °C. Thereupon, 400 mg l�1 BS2 (46 U mg�1 at 40 °C
referred to p-nitrophenyl acetate) were added and pH was
maintained constant by titration of NaOH (200 mM stock solution)
via an automatic burette controlled by a pH meter (pH 211, Hanna
Instruments Deutschland GmbH, DE). The reaction was stopped
after 96 h by precipitation of the reactants with 6 ml concentrated
HCl at 4 °C. The dry precipitate was extracted three times with
30 ml EtOAc to remove the short- and middle-chain fatty acids. The
residual substance was extracted three times with 30 ml methanol
to remove the enzyme residue. The dried extract was then
resuspended in 50 mM sodium acetate buffer pH 5.5 and heated to
40 °C, followed by addition of 400 mg l�1 ALM. After one-week
reaction time 1 ml concentrated HCl was added and the reaction
was cooled down to 4 °C. To separate the precipitated end product
from the enzyme, it was extracted six times with 15 ml MeOH and
lyophilized. The reaction progress was monitored by HPLC analysis
and the final product 2,15,16-trihydroxy-hexadecanoic acid
(636 mg, 2.1 mmol) was obtained in 66% isolated yield and verified
via NMR spectroscopy. 1H NMR (500 MHz, CD3OD): δ=4.11 (dd, J=
8.4 Hz, J=4.0 Hz, 1H; CH), 3.59 (m, 1H, CH), 3.49 (dd, J=11.5 Hz, J=
4.6 Hz, 2H; CH2), 3.43 (dd, J=11.5 Hz, J=6.9 Hz, 2H; CH2), 1.75 (m,
2H; CH2), 1.65 (m, 2H; CH2), 1.29–1.53 ppm (m, 22H; CH2); MS (ESI):
m/z (%): 303,2 (100) [M�H]�.

Abbreviations
acUA, acetylated ustilagic acid; ALM, β-glucosidase from almonds;
BS2, esterase from Bacillus subtilis DSM402; BsteE, esterase from
Bacillus stearothermophilus; deUA, deacylated ustilagic acid; OHFA,

hydroxy fatty acid; pNPC, p-nitrophenyl acetate; pNPC, p-nitro-
phenyl β-d-cellobioside; THA, 2-15-16-trihydroxy hexadecanoic
acid; UA, ustilagic acid.
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1. Additional experimental information 
1.1. Biocatalysts 

Additional biocatalysts tested for deacylation and deglycosylation of UA and deUA were obtained as 
follows:  
Sigma-Aldrich (St. Louis, US):  

 !-glucosidase from almonds (ALM, G0395) 

 lipase from porcine pancreas type II (PPL, L3126) 
 Amano Lipase A from Aspergillus niger (534781) 
 Amano Lipase AP6 from Aspergillus niger (62301) 
 Amano Lipase G from Penicillium camemberti (534838) 
 Amano Lipase M from Mucor javanicus (534803) 
 Amano Lipase PS from Burkholderia cepacia (534641) 
 Amano Lipase TL from Pseudomonas stutzeri (66727) 
 Amano Pseudomonas cepacia lipase (PCL, 62309) 
 Amano Lipoprotein Lipase 6 (L9656) 
Boehringer Mannheim GmbH (Mannheim, DE): 
 lipase from Rhizomucor miehei (RML, Chirazyme® L-9) 
 C-Lecta: Candida antarctica lipase B (CALB) 
Roche Diagnostics GmbH (Mannheim, DE): 
 lipase from Candida rugosa (CRL, Chirazyme® L-3) 
Enzymicals AG (Greifswald, DE):  
 ECS-Esterase 
 ECS-Esterase 03 
Previously recombinantly expressed in working group and available as lyophilisate:  
 esterase BsteE from Bacillus stearothermophilus 

 esterase BsubE from Bacillus subtilis 

 esterase Est8 
 esterase EstCE 
 esterase EstCL1 
 three esterases from Pseudomonas fluorescens (PFEI, PFE3, PFEQ) 
 pig-liver esterase isoenzymes PLE 1-6 and APLE 
 esterase SDE from Streptomyces diastatochromogenes  
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1.2. Physical data: NMR and ESI-MS 

 
Figure S1. 1H-NMR at 500 MHz in methanol-d4 of the isolated product, 2,15,16-trihydroxy-hexadecanoic acid, from the 
preparative-scale two-step biotransformation. 

 
Figure S2. Structure of the product, 2,15,16-trihydroxy-hexadecanoic acid, with labeled protons. 

Table S1. Protons (Figure 2) assigned to the 1H-NMR signals (Figure 1) with multiplicity. 
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1H-NMR of 2,15,16-trihydroxy-hexadecanoic acid (500 MHz, methanol-d4) 
 
Proton Shift [ppm] Multiplicity, J [Hz] 
2 4.11 dd (8.4, 4.0) 
3 1.65 

1.75 
m 
m 

4-14 1.29 – 1.53 m  
15 3.59 m 
16 3.49 

3.43 
dd (11.5, 4.6) 
dd (11.5, 6.9) 

 
 

 
 
 
1H NMR (500 MHz, CD3OD):  
δ=4.11 (dd, 3JH,H=8.4 Hz, 3JH,H=4.0 Hz, 1H; CH-O),  
3.59 (m, 1H, CH-O),  
3.49 (dd, 3JH,H=11.5 Hz, 3JH,H=4.6 Hz, 2H; CH2-O), 3.43 (dd, 3JH,H=11.5 Hz, 3JH,H=6.9 Hz, 
2H; CH2-O),  
1.75 (m, 2H; CH2), 1.65 (m, 2H; CH2),  
1.29-1.53 ppm (m, 22H; CH2) 
 
 
Vorlage Journal: 
Physical data should be given in the following order:  1H NMR (200 MHz, [D8]THF): δ=7.64–7.48 
(m, 6H; Ar-H), 1.33 (q, 3JH,H=8 Hz, 2H; CH2), 0.79 ppm (s, 3H; CH3); 
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Figure S3. ESI-MS measurement of the the product, 2,15,16-trihydroxy-hexadecanoic acid, with the molecular ion 
peak at m/z 303.3 [M-H]-. 

 
Figure S4. ESI-MS measurement of the intermediate, deUA, with the molecular ion peak at m/z 626.6 [M-H]-. 
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2. Supplementary figures 
2.1. Searching for suitable biocatalysts 

 
Figure S5. TLC analysis of (A) the biocatalytic deacylation of UA to deUA by esterase BS2 and (B) the enzymatic 

hydrolysis of deUA by !-glucosidase ALM to yield THA. Substrates were applied on the left lane in (A) and (B), product 

standards are in the right lane (A) or middle lane (B). The spot of the reaction product is framed, no substrate spots are 
left after reaction. The deUA standard was received from AnalytiCon Discovery GmbH (Potsdam, DE); the THA standard  
(AnalytiCon Discovery GmbH, DE) was of 45 % purity. Reaction conditions: (A) 5 mg ml-1 UA (substrate), 5 mg ml-1 BS2, 
25 mM sodium phosphate buffer pH 8, 40 °C, 72 h, 650 rpm; (B) 0.5 mM deUA (substrate), 5 mg ml-1 ALM, 20 mM 
sodium acetate buffer pH 5.5, 40 °C, 48 h, 650 rpm. Mobile Phase: (A) TCM-MeOH-H2O-HAc (70:22:1:5, v/v); (B) TCM-
MeOH-H2O (65:25:4, v/v). Visualized by Cerium phosphomolybdic acid. 

 
Figure S6. HPLC analysis of the biocatalytic deacylation of UA to deUA by esterase BS2 after 72 h. The substrate UA 
(12.7 min and 13.7 min) was converted completely. Reaction conditions: 5 mg ml-1 UA (substrate), 5 mg ml-1 BS2, 25 mM 
sodium phosphate buffer pH 8, 40 °C, 72 h, 650 rpm. 5 µl were injected into the HPLC system in a concentration of 
2.25 mg ml-1 with regard to the used substrate. 
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Figure S7. HPLC analysis of the biocatalytic hydrolysis of deUA by !-glucosidase ALM to yield THA. The substrate deUA  

(10.4 min) was converted nearly completely. Reaction conditions: 2.5 mM deUA (substrate), 5 mg ml-1 ALM, 20 mM 
sodium acetate buffer pH 5.5, 40 °C, 48 h, 650 rpm. 30 µl were injected into the HPLC system in a concentration of 
1.4 mg ml-1 with regard to the used substrate. 

2.2. Small-scale cascade reactions 

  
Figure S8. TLC chromatogram of the hydrolysis of UA to THA by esterase BS2 and !-glucosidase ALM in combination 

over time. Enzymes were added at the same time, the total reaction volume was 1 ml. After 72 h the substrate spots (UA) 
vanished completely. Reaction conditions: 5 mg ml-1 UA, 5 mg ml-1 BS2, 5 mg ml-1 ALM, 25 mM sodium phosphate buffer 
pH 8, 40 °C, 650 rpm, 6-72 h. Mobile phase: TCM-MeOH-H2O (65:25:4, v/v). Visualized with Cerium phosphomolybdic 
acid. 

S1 ALM, 1,4 mg/ml, Injektionsvolumen 30 µl
2,5 mM S1, 5 mg/ml Enzym, 20 mM Puffer, 650 rpm, 40 °C, 48 h

IP

de
UA

THA

Aileen Becker

mg/ml bei je 500 µg/ml BS2 und ALM nicht negativ auf den Umsatz auszuüben. Das Gleiche gilt für eine 
alleinige Verringerung der BS2 Konzentration auf 250 µg/ml bei 500 µg/ml ALM und 5 mg/ml UA. Sobald 
jedoch auch von ALM nur noch 250 µg/ml eingesetzt werden, scheint der Umsatz geringer auszufallen, da 
der Spot der glyTHA deutlich ausgeprägter ist, darüber zeichnen sich zudem schwache Substratspots ab.


� 

Abbildung 2 Chromatogramme der DC-Analysen der biokatalytischen Hydrolyse der UA durch BS2 und ALM (a) im 
zeitlichen Verlauf und (b) mit variierten Enzym- und Substratkonzentrationen. (a) Reaktionsbedingungen: 5 mg/ml UA, 
5 mg/ml BS2 und ALM, 25 mM Na-Phosphatpuffer pH 8, 40 °C, 650 rpm, 6-72 h. Mobile Phase: TCM-MeOH-H2O 
(65:25:4 v/v). (b) 5 bzw. 10 mg/ml UA, 250 µg/ml bis 5 mg/ml BS2 und ALM (250/500 µg/ml entspricht 250 µg/ml BS2 
und 500 µg/ml ALM), 25 mM Na-Phosphatpuffer pH 8, 40  °C, 1200 rpm, 112 h. Mobile Phase: TCM-MeOH-H2O-
Essigsäure (70:22:1:5 v/v). (a)-(b) Stationäre Phase: 0,2 mm Kieselgel ALUGRAM® SIL G/UV254, 40  x 80 mm. 
Visualisierung durch Cer-Molybdatophosphorsäure.


Die präparative Biokatalyse wurde schließlich im 500 ml Maßstab in einem 2 l Schüttelkolben mit Schikane 
bei 180 rpm ausgeführt. Die Substratkonzentration betrug dabei 10 mg/ml UA, von den Enzymen ALM 
(7,3  U/mg laut Hersteller) und BS2 (5,4 U/mg – bestimmt mittels pNPA-Assay) wurden je 500 µg/ml 
eingesetzt.

Der Umsatz fiel nach 96 h jedoch deutlich geringer als zuvor in kleinem Maßstab aus (DC), was jedoch auf 
einen technischen Fehler zurückzuführen ist, bei dem die Biokatalyse statt bei 40 °C bei Raumtemperatur 
(RT) lief, wo ALM – wie zuvor in der Masterarbeit getestet – nur noch 70 % der Aktivität bei 40 °C aufweist. 
Ebenso wird vermutet, dass BS2 bei RT deutlich vermindert aktiv ist. Auch eine anschließende Fortführung 
der Biokatalyse bei 40 °C für weitere 72 h brachte keine auf der DC sichtbare Verbesserung. Da dennoch 
signifikante Mengen THA entstanden sind (evaluiert via DC, Daten nicht gezeigt), wurde entschlossen, die 
präparative Biokatalyse zu reinigen. Da die Spots zum einen sehr nah zusammenliegen und für eine 
optimale Trennung mittels Säulenchromatografie und präparativer Dünnschichtchromatografie ein hoher 
Methanolanteil im Laufmittel, der sich mit dem Kieselgel nicht verträgt, nötig wären, wurde ein 
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2.3. Establishment of a preparative-scale two-step biotransformation 

 
Figure S9. Experimental setup for the preparative-scale two-step biotransformation of 2.5 g UA to THA (250 ml). 

 
Figure S10. HPLC analysis of the starting material of the preparative-scale two-step biotransformation. The substrate UA 
is mostly a mixture of cellobiose lipids with THA and two different middle-chain hydroxy fatty acids, 3-hydroxy hexanoic 
acid (Utri2, 12.8 min) and 3-hydroxyoctanoic acid (Utri4, 13.8 min). 5 µl were injected into the HPLC system in a 
concentration of 0.5 mg ml-1 with regard to the used substrate (UA).   

Aileen Becker

�                �               � 


Abbildung 1 a Versuchsaufbau der biokatalytischen Freisetzung der THA aus UA im präparativen Maßstab (250 ml) 
unter konstantem pH-Wert mithilfe des 877 Tritrino plus (Metrohm, CH). b Chromatogramm der DC-Analyse der 
Hydrolyse der Fettsäuren der UA (2,5 g) durch die Esterase BS2 (400 mg/ml) unter Entstehung der deacylierten UA 
(deUA) bei pH 8 im zeitlichen Verlauf. c Chromatogramm der DC-Analyse der Hydrolyse der deUA durch die 
Glykosidase ALM (250 mg/ml) unter Entstehung der THA bei pH 5,5 im zeitlichen Verlauf. Mobile Phase (b und c): TCM-
MeOH-H2O-HAc (70:22:1:5 v/v). Stationäre Phase: 0,2 mm Kieselgel ALUGRAM® SIL G/UV254, 40 x 80 mm. 
Visualisierung durch Vanillin-Schwefelsäure.




Target II: Hydroxytyrosol 

�  

Abbildung 2 HPLC-Chromatogramm der biokatalytischen Hydrolyse des Acteosids (A86, 1 mg/ml) durch den 
Aspergillus niger Kulturüberstand AnBH (28 mg/ml). Die Intensität der Peaks [mAU] ist in Abhängigkeit von der 
Retentionszeit [min] dargestellt. Zur Trennung wurde eine C18-Säule mit einem Laufmittelgemisch aus Acetonitril und 
Wasser mit 0,1 % Ameisensäure (15:85 v/v) verwendet, die Detektion erfolgte mittels UV-Detektor bei 220 nm. 	

Nachdem die bei Creative Enzymes (US) bestellte Naringinase aus Thermomicrobia sp. aufgrund fehlenden 
Enzyms in der Probe keine Erfolge brachte (s. Bericht 12/2018-01/2019), wurden während des 
Forschungsaufenthaltes bei AnalytiCon Discovery die zwei Stämme Aspergillus niger DSM 2466 und 
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Figure S11. HPLC analysis of the first step of the preparative-scale two-step biotransformation, the deacylation of UA to 
deUA by BS2, after 96 h reaction time. The substrate peaks for UA (12.8 min and 13.8 min) are not present anymore. 5 
µl were injected into the HPLC system in a concentration of 1.7 mg ml-1 with regard to the used substrate.  

 
Figure S12. HPLC analysis of the second step of the preparative-scale two-step biotransformation, the hydrolysis of 
deUA by ALM to yield THA, after 2.5 h reaction time. The substrate peak for deUA (10.4 min) was converted completely. 
5 µl were injected into the HPLC system in a concentration of 2.25 mg ml-1 with regard to the used substrate. 
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Figure S13. HPLC analysis of the isolated product of the preparative-scale two-step biotransformation, the THA 
(11.9 min). 5 µl were injected into the HPLC system in a concentration of 0.4 mg ml-1.THA 0,4 mg/ml Injektionsvolumen 5 µl

TH
A
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Abstract
Raspberry ketone is a widely used flavor compound in food and cosmetic industry. Several processes for its biocatalytic
production have already been described, but either with the use of genetically modified organisms (GMOs) or incomplete
conversion of the variety of precursors that are available in nature. Such natural precursors are rhododendrol glycosides with
different proportions of (R)- and (S)-rhododendrol depending on the origin. After hydrolysis of these rhododendrol glycosides,
the formed rhododendrol enantiomers have to be oxidized to obtain the final product raspberry ketone. To be able to achieve a
high conversion with different starting material, we assembled an alcohol dehydrogenase toolbox that can be accessed depending
on the optical purity of the intermediate rhododendrol. This is demonstrated by converting racemic rhododendrol using a
combination of (R)- and (S)-selective alcohol dehydrogenases together with a universal cofactor recycling system.
Furthermore, we conducted a biocatalytic cascade reaction starting from naturally derived rhododendrol glycosides by the use
of a glucosidase and an alcohol dehydrogenase to produce raspberry ketone in high yield.

Key points
• LB-ADH, LK-ADH and LS-ADH oxidize (R)-rhododendrol
• RR-ADH and ADH1E oxidize (S)-rhododendrol
• Raspberry ketone production via glucosidase and alcohol dehydrogenases from a toolbox

Keywords Raspberry ketone . Biocatalysis . Enzymatic cascade . Natural products . Alcohol dehydrogenase toolbox

Introduction

Raspberry ketone (4-(4-hydroxyphenyl)-butan-2-one) is of
high economical relevance (Wang et al. 2019) due to its char-
acteristic scent and low odor threshold (Larsen and Poll 1990).
The aroma compound is widely applied as flavoring agent in
food industry for products like sweets, yoghurts, or soft drinks
(Deifel 1989; Beekwilder et al. 2007; Wang et al. 2019; Milke
et al. 2020). In addition, raspberry ketone is utilized as an
attractant in insect baits (Perez 1983; Metcalf et al. 1983;

Deifel 1989) and as a component in perfumes (Dumont et al.
1996; Farwick et al. 2019), whereas further applications in
cosmetic industry, e.g., as skin whitening or hair growth in-
ducing agent, remain controversial (Harada et al. 2008; Kim
et al. 2016). Other publications promote dose-dependent
health benefits with regard to an anti-obese effect (Morimoto
et al. 2005; Park 2015; Tsai et al. 2017; Zhao et al. 2019; Mir
et al. 2019) or suggest medical applications due to its anti-
oxidant and anti-inflammatory potential (Parmar and
Tripathi 1991; Khan et al. 2018; Fouad et al. 2019;
Mohamed et al. 2020; Hamdy et al. 2020).

So far, the chemical-synthetic production of raspberry ke-
tone is dominating the market. However, increasing consumer
awareness is demanding for a naturally derived product, espe-
cially in food and cosmetic industry (Milke et al. 2020; Malik
and Rawat 2021). Natural production methods do not only
include the direct isolation from natural sources, but also the
enzymatic or microbial bioconversion of natural precursors,
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according to EU regulations (Kosjek et al. 2003; European
Parliament 2008; Schloesser and Lambert 2018; Milke et al.
2020).

As its natural occurrence in raspberries and other fruits like
peaches or grapes is very low— only 1–4 mg/kg raspberries
(Larsen et al. 1991; Wang et al. 2019; Malik and Rawat
2021)— a direct isolation proves to be economically ineffi-
cient (Beekwilder et al. 2007; Wang et al. 2019). However,
raspberry ketone precursors can be found in vegetables like
rhubarb (Deifel 1989) or in the bark of plants like birch
(Betula spp. (Santamour and Vettel 1978; Santamour and
Lundgren 1997; Liimatainen et al. 2012)), rhododendron
(Rhododendron spp. (Thieme et al. 1969; Parmar and
Tripathi 1991)), or yews (Taxus spp. (Parmar and Tripathi
1991; Fronza et al. 1999)) in significantly larger quantities,
e.g., 24.5 g/kg in dried inner bark of Betula pendula
(Liimatainen et al. 2012). The most abundant natural raspber-
ry ketone precursor is the corresponding alcohol rhododendrol
(4-(4-hydroxyphenyl)-butan-2-ol). Rhododendrol occurs as
aglycone moiety of different glycosides with varying
rhododendrol stereoisomers such as (epi)rhododendrin,
apiosyl(epi)rhododendrin, or arabinosyl(epi)rhododendrin
(Šmite et al. 1993; Santamour and Lundgren 1997). Even
among the same genus, the contents of (R)- and (S)-
rhododendrol can vary significantly: for example, in Betula
nana, the (R)-enantiomer dominates with 97 %, whereas in
Betula fruticosa, both enantiomers occur in nearly equal
amounts, and in Betula saposhnikovii, glycosides with the
(S)-enantiomer can be found predominantly (Falconnier
et al. 1999).

In literature, different routes for the natural production of
raspberry ketone are stated: on the one hand, this can be
achieved by heterologous pathways in microorganisms incor-
porated via metabolic engineering. Approaches with
engineered microorganisms like E. coli, S. cerevisiae, or
C. glutamicum yielded product titers between 5 and 9.89 g/l
raspberry ketone either starting from expensive p-coumaric
acid (Beekwilder et al. 2007; Lee et al. 2016; Wang et al.
2019; Milke et al. 2020; Paulino 2021), lower-priced tyrosine
(Farwick et al. 2019), 4-hydroxybenzylidene acetone (Yang
et al. 2021), or fatty acids as alternative low-cost feedstock
(Chang and Liu 2021). Furthermore, the de novo production
of raspberry ketone was achieved by genetically modified
E. coli or C. glutamicum strains that produce tyrosine by
themselves yielding 19 mg/l (Cankar et al. 2019) or even up
to 780 mg/l raspberry ketone (Schloesser and Lambert 2018).
A drawback of these previously described methods is that
“foods that [… ] contain ingredients produced from GMOs”
have to be labeled as, e.g., “genetically modified” according to
EU law (European Parliament 2003; Deckers et al. 2020),
which might be deterrent to consumers.

On the other hand, strategies utilizing precursors like
rhododendrol glycosides isolated from Betulaceae or other

plants as starting material are described. The conversion of
rhododendrol glycosides isolated from B. alba was attained
by a commercial β-glucosidase and Candida boidinii cells
providing alcohol dehydrogenase (ADH) activity with a max-
imum yield of 44.5 % (Dumont et al. 1996). A similar ap-
proach with yeast cells comprising both β-glucosidase and
ADH activity resulted in 82.1 % raspberry ketone
(Falconnier et al. 1999). Additionally, the kinetic resolution
of racemic rhododendrol was demonstrated by using lyophi-
lized cells of Rhodococcus spp. resulting in a conversion of 52
% (Kosjek et al. 2003). These procedures have in common
that only one of the rhododendrol enantiomers is converted
leaving space for improvement depending on the composition
of the starting material.

With this work, we overcame the limitations of existing
strategies starting from rhododendrol glycosides by providing
an ADH toolbox implemented in a biocatalytic cascade (Fig.
1). This toolbox contains ADHs with different selectivities for
(R)- or (S)-rhododendrol and, additionally, a universal cofac-
tor regeneration system, thus, enabling the conversion of both
rhododendrol enantiomers from various starting materials iso-
lated from natural resources to achieve a higher conversion.

Materials and methods

Material

The substrate (1:1 rhododendrol glycoside mixture of
arabinosyl- and apiosylrhododendrin derived from Betula
pendula) and intermediate (racemic rhododendrol, NP-
000438) were provided by AnalytiCon Discovery GmbH
(Potsdam, DE). Raspberry ketone standard (68524) and com-
mercial β-glucosidase from almonds (49290, 7.3 U/mg) were
purchased from Sigma-Aldrich (St. Louis, USA). Chemically
competent E. coli BL21(DE3) were obtained from New
England Biolabs GmbH (Frankfurt am Main, DE) and
E. coli C43(DE3) from Sigma-Aldrich (St. Louis, USA).
ADH from Equus caballus (ADH1E, 142±27 U/l) codon-
optimized and subcloned in pET-28a (GenBank:
MW808988) and Streptococcus mutans NAD(P)H oxidase
variant 193R194H (SmNOX, 28.8 U/ml) by Petschacher
et al. 2014 codon-optimized and subcloned in pET-28a
(GenBank: MW808989) were ordered at BioCat GmbH
(Heidelberg, DE). Moreover, the following ADHs were used
in this study: ADH from Lactobacillus brevis (LB-ADH, 17.2
±0.1 U/ml, GenBank: MW808993) subcloned in pEG180
(originally provided by Prof. W. Kroutil, University of Graz,
Austria), Lactobacillus kefir (LK-ADH, 30.1±2.8 U/ml,
GenBank: MW808990) subcloned in pET-22b (originally
provided by Prof. W. Hummel, University of Düsseldorf,
Germany), Leifsonia sp. (LS-ADH, 90.3±5.7 U/l, GenBank:
MW808992) subcloned in pEG50 (originally provided by
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Prof. W. Kroutil, University of Graz, Austria), and
Rhodococcus ruber (RR-ADH, 20.1±1.5 U/ml, GenBank:
MW808991) subcloned in pKA1.

Expression and determination of activity of the
alcohol dehydrogenases

All ADHs were expressed in E. coli C43(DE3) (LB-ADH
(Sattler et al. 2014)) or E. coli BL21(DE3) (all other ADHs).
In brief, 50 ml (or 300 ml) terrific broth (TB) medium supple-
mented with 100 μg/ml ampicillin (LB-, LK-, LS-ADH) or
100μg/ml chloramphenicol (RR-ADH) was inoculated with 1
% (v/v) of the overnight culture, grown at 37 °C and 180 rpm
until an OD600 of 0.8 (LB-ADH), 0.5 (LK-ADH), 0.6 (LS-
ADH), or 0.3 (RR-ADH). Additionally, the media was sup-
plemented with 1 mM MgCl2 (LB-ADH and LK-ADH) or
1 mM ZnCl2 (RR-ADH). Protein expression was induced by
addition of 0.4 μM anhydrotetracycline (LB-ADH), 1 mM
IPTG (LK-ADH), 0.4 mM IPTG (LS-ADH), or 40 μM
IPTG (RR-ADH). The cells were grown for 22 h at 20 °C
(LB-, LK-, and RR-ADH) or 37 °C (LS-ADH). ADH1E
was expressed in 50 ml TB auto-induction medium supple-
mented with 50 μg/ml kanamycin, 2 mMMgSO4, 0.2 x trace
elements, and inoculated with 1 % overnight culture. Cells
were grown at 37 °C and 180 rpm for 17 h.

The cells were harvested by centrifugation (10,000×g, 3
min, 4 °C), washed with 10 ml of 25 mM sodium phosphate
buffer pH 8, and disrupted via sonication (50% power, 6x 30 s
with 30 s breaks) with the SONOPULS HD 2070
(BANDELIN electronic GmbH & Co. KG, Berlin, DE). The
crude lysate, received after centrifugation at 10,000×g and 4
°C for 30 min, was used for further experiments.

Activity of the crude enzyme lysate was determined spec-
trophotometrically via a NAD(P)H assay at 25 °C. For this
purpose, 20 μl enzyme lysate was mixed with 0.5 mM
NAD(P)+, 39 mM buffer, and 1 mM racemic rhododendrol
in acetonitrile (MeCN, 2.5 % v/v) in a total volume of 200 μl.
NADH formation was quantified at 340 nm using the Infinite

M200 PRO microplate reader (Tecan Group, Männedorf,
CH). One unit of activity was defined as the amount of en-
zyme forming 1 μmol NAD(P)H per minute under assay
conditions.

Expression and determination of activity of the
cofactor-recycling enzyme SmNOX

SmNOXwas expressed in E. coli BL21 (DE3). Fifty milliliter
TB auto-induction medium supplemented with 50 μg/ml
kanamycin was inoculated with 1 % overnight culture, grown
for 6 h at 37 °C and 180 rpm, and, finally, cooled down to 20
°C for further growth overnight. Cells were harvested by cen-
trifugation (10,000×g, 3 min, 4 °C), washed with 10 ml
50 mM CHES buffer pH 9 and disrupted via sonication (50
% power, 4x 1 min with 1 min breaks) with the SONOPULS
HD 2070 (BANDELIN electronic GmbH & Co. KG, Berlin,
DE). The crude lysate, received after centrifugation at
10,000×g and 4 °C for 30 min, was used for further
experiments.

Activity was determined spectrophotometrically via a
NADH assay at 25 °C. For this purpose, 20 μl enzyme lysate
was mixed with 45 mM CHES buffer pH 9 and 1 mMNADH
in a total volume of 200 μl. NADH consumption was quanti-
fied at 340 nm during 5 min using the Infinite M200 PRO
microplate reader (Tecan Group, Männedorf, CH). One unit
of activity was defined as the amount of enzyme consuming
1 μmol NADH per minute under assay conditions.

Oxidation of rhododendrol by the alcohol
dehydrogenases

One millimolar racemic rhododendrol (added from a stock
solution prepared in MeCN, leading to a final concentration
of 1 % MeCN in the reaction mixture) was oxidized in a
buffered system by the addition of 200 μl recombinantly
expressed ADH lysate (RR-ADH, ADH1E, LB-ADH, LK-
ADH, or LS-ADH) in a total reaction volume of 500 μl in

Fig. 1 Reaction scheme for the
natural production of raspberry
ketone starting from naturally
occurring rhododendrol
glycosides. Rhododendrol
glycosides are hydrolyzed by a
glucosidase followed by the
oxidation of the intermediates
(R)- and (S)-rhododendrol to
raspberry ketone by an ADH
toolbox and a universal cofactor-
regenerating oxidase SmNOX
(Petschacher et al. 2014)
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glass vials. One hundred micromolars of NAD(P)+ were
added and recycled by 0.6 U/ml SmNOX. The reactions were
performed in triplicates either in 28 mM CHES buffer pH 9 at
25 °C (RR-ADH and LB-ADH), 28 mMCHES buffer pH 9 at
40 °C (LK-ADH), or 28 mM glycine-NaOH buffer pH 10 at
40 °C (ADH1E and LS-ADH) at 1000 rpm in a ThermoMixer
C (Eppendorf AG, Hamburg, DE).

Conversion of both rhododendrol enantiomers was
achieved by applying 100 μl enzyme lysate of ADH1E and
LK-ADH each. The reaction with 1 mM racemic
rhododendrol in MeCN (1 %), 50 μM NAD+, 50 μM
NADP+, and 0.6 U/ml SmNOX was conducted in triplicates
in 28 mM glycine-NaOH buffer pH 10 at 40 °C and 1000 rpm
in a ThermoMixer C (Eppendorf AG, Hamburg, DE).

Enzymatic hydrolysis of rhododendrol glycosides

One to 10 mg/ml rhododendrol glycosides were hydrolyzed
by 0.1 to 1 mg/ml ALM in glass vials and a reaction volume of
500μl. The reaction took place in triplicates in 25mM sodium
acetate buffer pH 5.5 shaking at 40 °C and 1200 rpm in a
ThermoMixer C (Eppendorf AG, Hamburg, DE).

Two-step biocatalytic cascade for raspberry ketone
production

One hundred fifty milligrams of the rhododendrol glycoside
mix (21.7 mM) and 15 mg ALM (7.4 μM) were stirred in
15 ml 25 mM sodium acetate buffer pH 5.5 in a round-
bottom flask at 40 °C for 24 h. The reaction was cooled down
to 25 °C and diluted by a factor of 10 to a final volume of
150 ml by adding the following reactants: 50 ml LB-ADH
lysate (5.7 U/ml), 100 μM NADP+, 0.6 U/ml SmNOX, and
55 mM CHES buffer pH 9. After 24 h, the reaction mixture
was extracted six times with 50 ml ethyl acetate. The com-
bined organic phases were evaporated to dryness and analyzed
via GC and NMR.

Analytics

MS measurements were performed using an expressionL

Compact Mass Spectrometer with ESI ionization source
(Advion, Ithaca, USA). The 1H NMR spectrum was recorded
using a 400 MHz Avance Bruker spectrometer (Bruker
Corporation, Billerica, USA). GC-FID analysis was conduct-
ed using a GC2010 (Shimadzu, Kyoto, JP) with a SolGel-
WAX column (30 m × 0.25 mm × 0.25 μm; SGE Analytical
Science, Melbourne, AU). One microliter sample was injected
at 240 °C with the following column temperature program:
125 °C/4.5 min–10 °C/min–175 °C/0 min–25 °C/min–250
°C/9.5 min. Raspberry ketone: Tret=16.4 min, rhododendrol:
Tret=17.2 min.

For HPLC analysis, 50 μl samples were extracted twice
with 100 μl ethyl acetate. Combined organic phases were
evaporated to dryness and resuspended in the corresponding
HPLC solvent. Thereupon, samples were either analyzed by
normal-phase HPLC (for separation of rhododendrol enantio-
mers) or reverse-phase HPLC (for analysis of rhododendrol
glycosides). Normal-phase HPLC was performed on a VWR
Hitachi LaChrom Elite system (VWR International, Radnor,
USA) equipped with a Lux® 5 μmCellulose-1 column (250 ×
4.6 mm; Phenomenex Inc., Torrance, USA). Ten microliter
injected sample were separated at 30 °C in n-hexane/i-PrOH
(9:1, v/v) at 0.8 ml/min isocratic flow and detected via UV at
220 nm. Reverse-phase HPLC was performed on a VWR
Hitachi Chromaster system (VWR International, Radnor,
USA) equipped with a Hypersil ODS 5 μm (250 ×4.6 mm)
column (Agilent Technologies, Santa Clara, US).
Ten microliter injected sample were separated at 40 °C in
MeCN/ddH2O with 0.1 % formic acid (15:85, v/v) at 1 ml/
min isocratic flow and detected via UV at 200 nm.

Results

Investigation of different alcohol dehydrogenases for
the oxidation of rhododendrol

In view of the various starting material with different
rhododendrol enantiomers available in nature, different
recombinantly expressed alcohol dehydrogenases
(ADHs) were investigated for the oxidation of a racemic
mixture of (R)- and (S)-rhododendrol to raspberry ke-
tone. Out of the five investigated ADHs, enzymes
converting either of the enantiomers of racemic
rhododendrol could be identified (Table 1): the ADHs
from Rhodococcus ruber (RR-ADH) and Equus caballus
(ADH1E) both oxidized (S)-rhododendrol (Fig. 2a, b, S9
and S10), whereas ADHs from Lactobacillus brevis
(LB-ADH), Lactobacil lus kefir (LK-ADH), and
Leifsonia sp. (LS-ADH) showed (R)-selectivity (Fig.
2c–e and Figure S11–13). The respective rhododendrol
enantiomer was fully converted within two hours by
ADH1E (Figure 2b), LB-ADH (Figure 2c) and LK-
ADH (Figure 2d). With the same volume of LS-ADH
lysate the oxidation proceeded considerably slower, full
conversion of (R)-rhododendrol was only accomplished
after 24 h. After 8 h reaction time with the RR-ADH
9.3±0.4 %, (S)-rhododendrol remained unconverted.

By combining an (S)- and an (R)-selective ADH, such as
ADH1E and LK-ADH, high conversion of both rhododendrol
enantiomers was attained within 24 h resulting in 71.8±2.1 %
raspberry ketone (Fig. 2f and Figure S14). During all these
experiments, a cofactor recycling was successfully achieved
by an engineered NAD(P)H oxidase from Streptococcus
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mutans (SmNOX) that oxidizes both NADH and NADPH
with similar efficiency (Petschacher et al. 2014).

Two-step biocatalytic cascade for raspberry ketone
production

Following, these rhododendrol converting ADHs were aimed
to be applied as a second step in a biocatalytic cascade with
rhododendrol glycosides as startingmaterial (Figs. 1 and 3). In
this case, a 1:1 mixture of mainly arabinosyl- and
apiosylrhododendrin originating from Betula pendula was
used.

The first reaction step, the hydrolysis of the glycosidic
bond of the rhododendrol glycosides to release the raspberry
ketone precursor rhododendrol, was accomplished by a com-
mercial β-glucosidase from almonds (ALM) showing highest
activity at pH 5.5 and at least 40 °C (Becker et al. 2020). The
influence of the substrate load was investigated in

concentrations up to 10 mg/ml (~21.7 mM) resulting in a
conversion of 80±1% within only 2 h using 1 mg/ml (~7.4
μM) ALM in small-scale reactions (Figures S15-S17). The
formed rhododendrol predominantly showed (R)-configura-
tion (99.1 % HPLC peak area; Figure S18).

After these optimizations of the first reaction step, a two-
step biocatalytic cascade with 150 mg of the rhododendrol
glycoside mixture was conducted (Fig. 3). The hydrolysis of
the rhododendrol glycosides (10 mg/ml) by ALM (1 mg/ml)
showed 82±4% conversion after 24 h (Fig. 3 and Figure S19).
As the hydrolysis of the rhododendrol glycosides predomi-
nantly resulted in (R)-rhododendrol, the (R)-specific LB-
ADH (5.7 U/ml) was applied in the second reaction step of
the cascade together with the cofactor-recycling enzyme
SmNOX. After 24 h, 94±1% of the rhododendrol was con-
vertedwhile, additionally, remaining rhododendrol glycosides
from the first reaction step were even further hydrolyzed dur-
ing this second reaction step (Figure S20). In total, 55 mg

Table 1 Cofactor-dependency,
enantioselectivity towards
rhododendrol and conversion to
raspberry ketone by the
investigated ADHs in a certain
reaction time (a maximum of 50
% conversion is theoretically
possible)

ADH Cofactor Enantioselectivity Conversion [%] Reaction time [h]

RR-ADH (Rhodococcus ruber) NAD+ (S) 38.4±1.4 8

ADH1E (Equus caballus) NAD+ (S) 43.8±1.0 2

LB-ADH (Lactobacillus brevis) NADP+ (R) 51.4±1.3 2

LK-ADH (Lactobacillus kefir) NADP+ (R) 43.7±0.9 2

LS-ADH (Leifsonia sp.) NAD+ (R) 39.0±0.4 24
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Fig. 2 Time course of the
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LK-ADH (3.0 U/ml), e LS-ADH
(36.1 U/l), and f a combination of
ADH1E (28.5 U/l) and LK-ADH
(6 U/ml)
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raspberry ketone (m/z 163 [M-H]-) were isolated by extraction
in a purity of approximately 90 % (determined via NMR anal-
ysis, Figures S1 and S2, Table S1; 91 % purity according to
GC analysis, Figure S23) starting from 150 mg raw material.
This corresponds to an isolated yield of approximately 93 %.

Discussion

Investigation of different alcohol dehydrogenases for
the oxidation of rhododendrol

Five ADHs that convert either (R)- or (S)-rhododendrol are
presented in this study. These ADHs showed the same selec-
tivities concerning rhododendrol as described in literature for
similar substrates (Kosjek et al. 2004; Inoue et al. 2005a;
Weckbecker and Hummel 2006; Leuchs and Greiner 2011;
Quaglia et al. 2012). All ADHs are compatible in terms of pH
range (Figure S24) being preferably used between pH 9 and
10 for oxidation reactions (Kosjek et al. 2004; Inoue et al.
2005a; Quaglia et al. 2012). Moreover, reactions are ideally
conducted between 25 and 40 °C.

Depending on the optical purity of the intermediate
rhododendrol, one or two suitable ADHs can be chosen from
the herein presented toolbox. We demonstrated this with a
racemic mixture of rhododendrol that was converted to 71.8
±2.1 % raspberry ketone by the combinatorial use of an (R)-
and an (S)-selective ADH (LK-ADH and ADH1E). This con-
version attained by using these two ADHs with contrary se-
lectivity clearly outperforms the process presented in literature
where only one enantiomer of racemic rhododendrol was con-
verted yielding 52 % raspberry ketone (Kosjek et al. 2003).

The challenge concerning the recycling of expensive co-
factors was elegantly solved by applying the engineered
water-forming oxidase SmNOX that is capable of oxidizing
both NADH andNADPHwith similar efficiency (Petschacher
et al. 2014). This proved to be particularly beneficial as the
enzymes used in this study are dependent on different cofac-
tors: (R)-selective LK- and LB-ADH use NADP+, whereas the
remaining ADHs require NAD+ for catalysis (Table 1).

Two-step biocatalytic cascade for raspberry ketone
production

A 1:1 mixture of arabinosyl- and apiosylrhododendrin origi-
nally derived from Betula pendula was utilized as a starting
material. The commercially available glucosidase ALM
showed efficient conversion of this rhododendrol glycoside
mixture to predominantly (R)-rhododendrol. Compared to lit-
erature this finding confirms that the (R)-enantiomer of
rhododendrol dominates in rhododendrol glycoside material
originating from Betula pendula (Šmite et al. 1993;
Liimatainen et al. 2008; Liimatainen et al. 2012).

Hence, for the two-step biocatalytic cascade in a preparative
scale using 150 mg rhododendrol glycosides, the (R)-selective
LB-ADH was chosen from the toolbox for the second reaction
step in view of the optical purity of the starting material. The
enzymes LK-ADH and LS-ADH would have been suitable as
well. This cascade reaction with the glucosidase ALM and the
alcohol dehydrogenase LB-ADH yielded approximately 93 %
isolated raspberry ketone which slightly surpasses the result
achieved by Falconnier et al. 1999 who used a Pichia strain
showing only activity towards (R)-rhododendrol. However, as
they started from rhododendrol glycosides from B. alba where
the (R)-rhododendrol dominates as well with 95 % (Falconnier
et al. 1999), they could report a similar high conversion to 82.1%
raspberry ketone. In contrast to this, with our ADH toolbox in-
cluding SmNOX for easy cofactor regeneration, we are able to
convert a variety of starting materials with high yields as we can
not only use rhododendrol glycosides with high proportions of
(R)-rhododendrol but also (S)-rhododendrol by selecting differ-
ent ADHs from our toolbox. Even the conversion of amixture of
starting materials from different natural sources without prior
analysis of the optical purity would be possible by utilizing the
ADH toolbox.

With this study, we lay a solid foundation for future process
optimization studies where parameters like substrate load, the
ratios of the applied ADHs, mass transfer, or downstream
processing may be optimized to achieve an economically ef-
ficient scale-up procedure. It may also be considered to ex-
pand the toolbox with non-stereoselective ADHs, e.g., by
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protein engineering (Musa et al. 2015). Besides, the ADH
toolbox along with the universal cofactor-recycling enzyme
SmNOX might potentially also be used for the conversion of
similar enantiomeric substrates, especially in view of the
broad substrate spectra of the ADHs (Inoue et al. 2005b;
Weckbecker and Hummel 2006; Leuchs and Greiner 2011;
Hollmann et al. 2012; Rodríguez et al. 2014; Itoh 2014).
Finally, this strategy benefits from being GMO-free compared
to known raspberry production pathways in engineeredmicro-
organisms (e.g., Schloesser and Lambert 2018) resulting in a
higher acceptance at the food market.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00253-021-11332-9.
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1. Additional experimental information
1.1. NMR analysis

Figure S1 1H-NMR spectrum at 400 MHz in methanol-d4 of the isolated product, raspberry ketone, 
obtained by the two-step biocatalytic cascade starting from rhododendrol glycosides. The signals at 
1.16  ppm (3H.  7  Hz,  H-10)  and  3.70  ppm (1H,  tq,  J  =  7  and  7  Hz,  H9)  correspond  to  the 
intermediate rhododendrol, resulting in a purity of approx.  90  % for the final product raspberry 
ketone.  

 

Figure S2 Structure of the product, raspberry ketone, with labeled protons.
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Table S1 Protons of figure S2 assigned to the 1H-NMR signals of figure S1 including multiplicity.

Proton Shift [ppm] Multiplicity, J [Hz]
2 = 6 6.98 (2H) AB - System
3 = 5 6.75 (2H) AB - System
7

2.73 (4H) m
8
10 2.08 (3H) s
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2. Supplementary figures
2.1. Standard curves for quantification of HPLC analysis

Figure S3 Rhododendrol standard curve analyzed via reverse phase HPLC equipped with a UV 
detector (200 nm). Each concentration was measured in triplicate.

Figure S4 Raspberry ketone standard curve analyzed via reverse phase HPLC equipped with a UV 
detector (200 nm). Each concentration was measured in triplicate.
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Figure S5 Raspberry ketone standard curve analyzed via normal phase HPLC equipped with a 
UV detector (220 nm). Each concentration was measured in triplicate.

Figure S6 (R)-Rhododendrol standard curve analyzed via normal phase HPLC equipped with a 
UV detector (220 nm). Each concentration was measured in triplicate.

Figure S7 (S)-Rhododendrol standard curve analyzed via normal phase HPLC equipped with a 
UV detector (220 nm). Each concentration was measured in triplicate.
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2.2. Results: Investigation of different ADHs for the oxidation of rhododendrol

Figure S8  Chromatogram of normal phase HPLC analysis (220  nm) of the negative control of 
racemic rhododendrol (RD, 1 mM) without any enzyme at reaction start at 40 °C.

Figure S9 Chromatogram of normal phase HPLC analysis (220 nm) of the oxidation of racemic 
rhododendrol (RD, 1 mM) to raspberry ketone (RK) catalyzed by (S)-selective RR-ADH (8.0 U/ml) 
after 8 h reaction time at 25 °C.

7

(R)-R
D

(S)
-R

D

RK

(R)-R
D

(S)
-R

DRK



Figure S10 Chromatogram of normal phase HPLC analysis (220 nm) of the oxidation of racemic 
rhododendrol (RD, 1 mM) to raspberry ketone (RK) catalyzed by (S)-selective ADH1E (57 U/l) 
after 2 h reaction time at 40 °C.

Figure S11 Chromatogram of normal phase HPLC analysis (220 nm) of the oxidation of racemic 
rhododendrol (RD, 1 mM) to raspberry ketone (RK) catalyzed by (R)-selective LB-ADH (6.9 U/ml) 
after 2 h reaction time at 25 °C.
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Figure S12 Chromatogram of normal phase HPLC analysis (220 nm) of the oxidation of racemic 
rhododendrol (RD, 1 mM) to raspberry ketone (RK) catalyzed by (R)-selective LK-ADH (3.0 U/ml) 
after 2 h reaction time at 40 °C.

Figure S13 Chromatogram of normal phase HPLC analysis (220 nm) of the oxidation of racemic 
rhododendrol (RD, 1 mM) to raspberry ketone (RK) catalyzed by (R)-selective LS-ADH (36.1 U/l) 
after 24 h reaction time at 40 °C.
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Figure S14 Clipped chromatogram of normal phase HPLC analysis (220 nm) of the oxidation of 
racemic rhododendrol (RD, 1 mM) to raspberry ketone (RK) catalyzed by the combination of (S)-
selective ADH1E (28.4 U/l) and (R)-selective LK-ADH (6.0 U/ml) after 0 h (black), 0.5 h (dark 
grey), 4 h (light grey), and 24 h (black dots) reaction time at 40 °C.

2.3. Results: Two-step biocatalytic cascade for raspberry ketone production 

Figure  S15  Time  course  of  rhododendrol  glycoside  (1  mg/ml)  hydrolysis  catalyzed  by  the 
glucosidase from almonds (ALM, 0.1 mg/ml) at 40 °C. Glycoside hydrolysis is represented by 
the  percentage  of  rhododendrol  peakarea  based  on  the  total  peakarea  of  both  rhododendrol 
glycosides and rhododendrol. Maximum conversion is achieved after one hour.
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Figure S16 Time course of rhododendrol glycoside (10 mg/ml) hydrolysis catalyzed by different 
concentrations of the glucosidase ALM (0-1 mg/ml) at 40 °C. Glycoside hydrolysis is represented 
by the percentage of rhododendrol peak area based on the total peak area of both rhododendrol 
glycosides and rhododendrol.

Figure  S17  Chromatogram of  reverse  phase  HPLC analysis  (200  nm)  of  the  hydrolysis  of 
rhododendrol  glycoside  mixture  (RG)  catalyzed  by  the  glucosidase  ALM  at  different 
concentrations and time points. Black: negative control without enzyme at reaction start; dark 
grey: 10 mg/ml RG and 1 mg/ml ALM after 2 h; light grey: 10 mg/ml RG and 0.1 mg/ml ALM 
after 24 h.

Table 1

NTs nur Enzym alle negativ

25.7.2019 HPLC1

t0

Area RG Area RD Are% RG Area% RD MW Area RD% Umsatz

RG_NT 28041338 40376 99.856 0.144 85063 0.0305406218731371

RG_NT2 43401970 129750 99.702 0.298

10-01_1 107225363 307608 99.714 0.286 246749.5 0.0885917869918254

10-01_2 97130373 185891 99.809 0.191

10-1_1 102475931 6957296 93.642 6.358 8640534 3.10225693516552

10-1_2 86240604 10323772 89.309 10.691

t2

RG_NT_1 35549131 85810 99.759 0.241 218905.5 0.0785948073951073

RG_NT_2 51640643 352001 99.323 0.677

10-01_1 76181300 73093131 51.034 48.966 73874508.526.5235581881941

10-01_2 73074790 74655886 49.465 50.535

10-1_1 5905530 229579236 2.508 97.492 221677351.5 79.59

10-1_2 5425178 213775467 2.475 97.525

t4

RG_NT_1 38484334 120439 99.688 0.312 135927 0.048802594657488

RG_NT_2 52149605 151415 99.71 0.29

10-01_1 72217227 135435337 34.778 65.222 13054653546.8708176561285

10-01_2 61716898 125657733 32.938 67.062

10-1_1 6774459 245452236 2.686 97.314 22246240479.8718615796887

10-1_2 5293344 199472572 2.585 97.415

t6

RG_NT_1 41062274 150997 99.634 0.366 235820 0.0846677104043261

RG_NT_2 52705719 320643 99.395 0.605

10-01_1 55359784 171839591 24.366 75.634 167086812.559.9900680736661

10-01_2 47923578 162334034 22.793 77.207

10-1_1 7230291 262590812 2.68 97.32 243994606.587.6026829079785

10-1_2 6048678 225398401 2.613 97.387

t24

RG_NT_1 35401133 246412 99.309 0.691 250679.5 0.0900027958201224

RG_NT_2 55127697 254947 99.54 0.46

10-01_1 11737420 257389209 4.361 95.639 25990458593.3149272137077

10-01_2 11551754 262419961 4.216 95.784

10-1_1 7309087 267043935 2.664 97.336 25434327591.3182204689503

10-1_2 6470402 241642615 2.608 97.392
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Figure S18 Chromatogram of normal phase HPLC analysis (220 nm) of the optical purity of the 
formed  rhododendrol  via  hydrolysis  of  rhododendrol  glycoside  mixture  catalyzed  by  the 
glucosidase ALM after 4 h reaction time at 40 °C.

Figure S19 Chromatogram of reverse phase HPLC analysis (200 nm) of the first reaction step of the 
2-step biocatalytic cascade starting from 150 mg rhododendrol glycosides after 24 h reaction time at 
40 °C. The hydrolysis of rhododendrol glycosides (10 mg/ml) to rhododendrol (RD) is catalyzed by 
the glucosidase ALM (1 mg/ml).
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Figure S20 Chromatogram of reverse phase HPLC analysis (200 nm) of the second reaction step of 
the 2-step biocatalytic cascade starting from 150 mg rhododendrol glycosides after 24 h reaction 
time at 25 °C. The oxidation of the intermediate rhododendrol (RD) to raspberry ketone (RK) is 
catalyzed by LB-ADH (1 mg/ml).

  
Figure S21 Chromatogram of ESI-MS analysis of the product of the second reaction step of the 2-
step biocatalytic cascade starting from 150 mg rhododendrol glycosides after 24 h reaction time. 
Measurement  was  conducted  with  expressionL Compact  Mass  Spectrometer  with  ESI  ionization 
source (Advion Inc., Ithaca, US) coupled to Plate Express (Advion Inc., Ithaca, US).
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Figure  S22  Chromatogram  of  ESI-MS  analysis  of  racemic  rhododendrol.  Measurement  was 
conducted with expressionL Compact Mass Spectrometer with ESI ionization source (Advion Inc., 
Ithaca, US) coupled to Plate Express (Advion Inc., Ithaca, US).

Figure S23 Chromatogram of GC analysis of the extracted end product (~5 mM) of the 2-step 
biocatalytic cascade for obtaining raspberry ketone starting from 150 mg rhododendrol glycosides. 
Raspberry ketone (RK): Tret=16.4 min, rhododendrol (RD): Tret=17.2 min.
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2.4. Miscellaneous

Figure S24 Relative activity of alcohol dehydrogenases at different pH values and buffer systems 
determined via NAD(P)H (0.5 mM) assay with rhododendrol (1 mM, 2.5 % ACN) as substrate at 
25 °C. Used buffers: TRIS-HCl pH 7.5, sodium phosphate pH 8, CHES pH 9, Glycine-NaOH pH 
10.
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3. Sequences

DNA sequence of ADH1E
ATGAGCACCGCCGGTAAAGTGATTAAATGCAAAGCCGCCGTTCTGTGGGAAGAAAAAAAACCGTTCAGC
ATTGAAGAAGTTGAAGTTGCACCGCCGAAAGCCCATGAAGTGCGTATTAAAATGGTGGCAACCGGCATC
TGTCGTAGTGATGATCATGTTGTTAGCGGCACCCTGGTTACCCCGCTGCCGGTTATTGCCGGTCATGAAG
CCGCAGGCATTGTGGAAAGCATTGGCGAAGGTGTGACCACCGTGCGCCCGGGTGATAAAGTTATTCCG
CTGTTCACCCCGCAGTGCGGCAAATGTCGTGTGTGTAAACATCCGGAAGGTAACTTCTGTCTGAAAAATG
ATCTGAGCATGCCGCGTGGTACCATGCAGGATGGCACCAGCCGCTTCACCTGCCGCGGTAAACCGATTC
ATCACTTCCTGGGCACCAGCACCTTCAGCCAGTATACCGTTGTGGATGAAATTAGTGTTGCAAAAATTGAT
GCAGCCAGCCCGCTGGAAAAAGTGTGTCTGATTGGTTGTGGCTTCAGCACCGGTTATGGTAGTGCCGT
GAAAGTGGCCAAAGTGACCCAGGGCAGCACCTGTGCCGTGTTCGGCCTGGGCGGTGTTGGTCTGAGT
GTTATTATGGGTTGCAAAGCCGCGGGTGCCGCCCGTATTATTGGTGTGGATATTAATAAAGACAAGTTCGC
CAAAGCAAAAGAAGTTGGCGCAACCGAATGCGTGAATCCGCAGGATTATAAAAAACCGATTCAGGAAGTT
CTGACCGAAATGAGTAATGGCGGTGTTGACTTCAGCTTCGAAGTGATTGGCCGCCTGGATACCATGGTG
ACCGCACTGAGCTGCTGTCAGGAAGCCTATGGTGTGAGTGTGATTGTGGGTGTGCCGCCGGATAGTCA
GAATCTGAGCATGAATCCGATGCTGCTGCTGAGCGGTCGTACCTGGAAAGGTGCCATCTTCGGCGGCTT
CAAAAGTAAAGATAGTGTTCCGAAACTGGTGGCAGACTTCATGGCCAAAAAATTCGCACTGGATCCGCTG
ATTACCCATGTTCTGCCGTTCGAAAAAATTAATGAAGGCTTCGATCTGCTGCGTAGCGGCGAAAGCATTC
GCACCATTCTGACCTTC 

Amino acid sequence of ADH1E
MSTAGKVIKCKAAVLWEEKKPFSIEEVEVAPPKAHEVRIKMVATGICRSDDHVVSGTLVTPLPVIAGHEAAGIV
ESIGEGVTTVRPGDKVIPLFTPQCGKCRVCKHPEGNFCLKNDLSMPRGTMQDGTSRFTCRGKPIHHFLGTS
TFSQYTVVDEISVAKIDAASPLEKVCLIGCGFSTGYGSAVKVAKVTQGSTCAVFGLGGVGLSVIMGCKAAGAA
RIIGVDINKDKFAKAKEVGATECVNPQDYKKPIQEVLTEMSNGGVDFSFEVIGRLDTMVTALSCCQEAYGVSVI
VGVPPDSQNLSMNPMLLLSGRTWKGAIFGGFKSKDSVPKLVADFMAKKFALDPLITHVLPFEKINEGFDLLRS
GESIRTILTF 

DNA sequence of LB-ADH
ATGAGCAATCGTCTGGATGGTAAAGTTGCAATTATTACCGGTGGCACCCTGGGTATTGGTCTGGCAATT
GCAACCAAATTTGTTGAAGAAGGTGCCAAAGTGATGATTACCGGTCGTCATAGTGATGTTGGTGAAAA
AGCAGCAAAAAGCGTTGGTACACCGGATCAGATTCAGTTTTTTCAGCATGATAGCAGTGATGAAGATG
GTTGGACCAAACTGTTTGATGCAACCGAAAAAGCATTTGGTCCGGTTAGCACCCTGGTTAATAATGCA
GGTATTGCCGTTAATAAAAGCGTTGAAGAAACCACCACCGCAGAATGGCGTAAACTGCTGGCAGTTAA
TCTGGATGGTGTTTTTTTTGGCACCCGTCTGGGTATTCAGCGCATGAAAAATAAAGGTCTGGGTGCCA
GCATTATTAATATGAGCAGCATTGAAGGCTTTGTTGGTGATCCGAGCCTGGGTGCATATAATGCAAGCA
AAGGTGCAGTTCGCATTATGAGCAAAAGCGCAGCACTGGATTGTGCACTGAAAGATTATGATGTTCGT
GTGAATACCGTGCATCCGGGTTATATTAAAACACCGCTGGTTGATGATCTGCCTGGTGCCGAAGAAGC
AATGAGCCAGCGTACCAAAACCCCGATGGGTCATATTGGTGAACCGAATGATATTGCCTATATTTGTGT
TTATCTGGCCAGCAATGAAAGCAAATTTGCAACAGGTAGCGAATTTGTTGTGGATGGTGGTTATACCGC
ACAG 

Amino acid sequence of LB-ADH
MSNRLDGKVAIITGGTLGIGLAIATKFVEEGAKVMITGRHSDVGEKAAKSVGTPDQIQFFQHDSSDEDGWT
KLFDATEKAFGPVSTLVNNAGIAVNKSVEETTTAEWRKLLAVNLDGVFFGTRLGIQRMKNKGLGASIINMSS
IEGFVGDPSLGAYNASKGAVRIMSKSAALDCALKDYDVRVNTVHPGYIKTPLVDDLPGAEEAMSQRTKTP
MGHIGEPNDIAYICVYLASNESKFATGSEFVVDGGYTAQ 

DNA sequence of LK-ADH
ATGACTGACCGTTTGAAAGGTAAGGTAGCAATTGTAACTGGCGGTACCTTGGGAATTGGCTTGGCAATCG
CTGATAAGTTTGTTGAAGAAGGCGCAAAGGTTGTTATTACCGGCCGTCACGCTGATGTAGGTGAAAAAGC
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TGCCAAATCAATCGGCGGCACAGACGTTATCCGTTTTGTCCAACACGATGCTTCTGATGAAGCCGGCTG
GACTAAGTTGTTTGATACGACTGAAGAAGCATTTGGCCCAGTTACCACGGTTGTCAACAATGCCGGAATT
GCGGTCAGCAAGAGTGTTGAAGATACCACAACTGAAGAATGGCGCAAGCTGCTCTCAGTTAACTTGGAT
GGTGTCTTCTTCGGTACCCGTCTTGGAATCCAACGTATGAAGAATAAAGGACTCGGAGCATCAATCATCA
ATATGTCATCTATCGAAGGTTTTGTTGGTGATCCAACTCTGGGTGCATACAACGCTTCAAAAGGTGCTGTC
AGAATTATGTCTAAATCAGCTGCCTTGGATTGCGCTTTGAAGGACTACGATGTTCGGGTTAACACTGTTCA
TCCAGGTTATATCAAGACACCATTGGTTGACGATCTTGAAGGGGCAGAAGAAATGATGTCACAGCGGACC
AAGACACCAATGGGTCATATCGGTGAACCTAACGATATCGCTTGGATCTGTGTTTACCTGGCATCTGACG
AATCTAAATTTGCCACTGGTGCAGAATTCGTTGTCGACGGTGGCTACACTGCTCAATAG 

Amino acid sequence of LK-ADH
MTDRLKGKVAIVTGGTLGIGLAIADKFVEEGAKVVITGRHADVGEKAAKSIGGTDVIRFVQHDASDEAGWTKL
FDTTEEAFGPVTTVVNNAGIAVSKSVEDTTTEEWRKLLSVNLDGVFFGTRLGIQRMKNKGLGASIINMSSIEG
FVGDPTLGAYNASKGAVRIMSKSAALDCALKDYDVRVNTVHPGYIKTPLVDDLEGAEEMMSQRTKTPMGHIG
EPNDIAWICVYLASDESKFATGAEFVVDGGYTAQ 

DNA sequence of LS-ADH
ATGGCACAGTATGATGTTGCAGATCGTAGCGCAATTGTTACCGGTGGTGGTAGCGGTATTGGTCGTGCAG
TTGCACTGACCCTGGCTGCAAGCGGTGCAGCAGTTCTGGTTACCGATCTGAATGAAGAACATGCACAGG
CAGTTGTTGCAGAAATTGAAGCAGCAGGCGGAAAAGCCGCTGCACTGGCTGGTGATGTTACCGATCCG
GCATTTGGTGAAGCAAGCGTTGCAGGTGCAAATGCACTGGCTCCGCTGAAAATTGCAGTTAACAATGCC
GGTATTGGTGGTGAAGCAGCAACCGTTGGTGATTACAGCCTGGATAGCTGGCGTACCGTTATTGAAGTTA
ATCTGAATGCCGTGTTTTATGGTATGCAGCCGCAGCTGAAAGCAATGGCAGCAAATGGTGGTGGTGCCAT
TGTTAATATGGCAAGCATTCTGGGTAGCGTTGGTTTTGCAAATAGCAGCGCCTATGTGACCGCAAAACAT
GCACTGCTGGGTCTGACACAGAATGCAGCACTGGAATATGCAGCAGATAAAGTTCGTGTTGTTGCAGTT
GGTCCGGGTTTTATTCGTACACCGCTGGTTGAAGCAAATCTGAGCGCAGATGCACTGGCCTTTCTGGAA
GGTAAACATGCCCTGGGTCGTCTGGGTGAACCGGAAGAAGTTGCAAGCCTGGTTGCATTTCTGGCCTCT
GATGCAGCAAGCTTTATTACCGGTAGCTATCATCTGGTTGATGGTGGTTATACCGCACAG 

Amino acid sequence of LS-ADH
MAQYDVADRSAIVTGGGSGIGRAVALTLAASGAAVLVTDLNEEHAQAVVAEIEAAGGKAAALAGDVTDPAFGE
ASVAGANALAPLKIAVNNAGIGGEAATVGDYSLDSWRTVIEVNLNAVFYGMQPQLKAMAANGGGAIVNMASIL
GSVGFANSSAYVTAKHALLGLTQNAALEYAADKVRVVAVGPGFIRTPLVEANLSADALAFLEGKHALGRLGEP
EEVASLVAFLASDAASFITGSYHLVDGGYTAQ 

DNA sequence of RR-ADH
ATGAAAGCCCTCCAGTACACCGAGATTGGCAGCGAACCGGTGGTGGTGGATGTTCCGACGCCGGCACC
GGGTCCGGGCGAAATTCTGCTGAAAGTGACGGCGGCAGGCCTGTGCCATAGCGATATTTTTGTGATGGA
TATGCCGGCGGAACAGTATATTTATGGCCTGCCGCTGACCCTGGGCCATGAAGGCGTTGGCACGGTGGC
GGAACTGGGCGAAGGCGTGACGGGCTTTGAAACGGGCGATGCGGTGGCGGTTTATGGCCCGTGGGGC
TGCGGCGCGTGTCATGCGTGTGCGCGTGGCCGCGAAAATTATTGCACGCGTGCGGCCGAACTGGGCAT
TACTCCGCCGGGTCTGGGCAGCCCGGGCAGCATGGCGGAATACATGATTGTGGATAGCGCGCGTCATC
TGGTGCCGATTGGCGATCTGGACCCGGTTGCGGCGGTTCCGCTGACGGATGCGGGCCTGACGCCGTAT
CATGCGATTAGCCGCGTGCTGCCGCTGCTGGGTCCGGGTAGCACGGCCGTGGTTATTGGCGTTGGCGG
CCTGGGCCATGTGGGCATTCAGATTCTGCGCGCGGTTTCTGCGGCACGTGTGATTGCGGTGGATCTGG
ATGATGATCGCCTGGCCCTGGCCCGTGAAGTTGGCGCGGATGCGGCGGTTAAAAGCGGCGCAGGCGC
AGCGGATGCGATTCGTGAACTGACTGGCGGCGAAGGCGCCACGGCGGTGTTTGATTTTGTGGGCGCG
CAGAGCACGATTGATACGGCGCAGCAGGTGGTGGCGATTGATGGCCATATTAGCGTGGTGGGCATTCAT
GCAGGCGCGCATGCGAAAGTGGGCTTTTTTATGATTCCGTTTGGCGCGAGCGTGGTGACGCCGTATTGG
GGCACGCGCAGCGAACTGATGGATGTGGTGGATCTGGCCCGTGCGGGCCGTCTGGATATTCATACGGA
AACGTTTACCCTGGATGAAGGCCCGACGGCGTATCGCCGTCTGCGCGAAGGCAGCATTCGTGGCCGTG
GCGTGGTGGTGCCGGGCTAA 
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Amino acid sequence of RR-ADH
MKALQYTEIGSEPVVVDVPTPAPGPGEILLKVTAAGLCHSDIFVMDMPAEQYIYGLPLTLGHEGVGTVAELGE
GVTGFETGDAVAVYGPWGCGACHACARGRENYCTRAAELGITPPGLGSPGSMAEYMIVDSARHLVPIGDLD
PVAAVPLTDAGLTPYHAISRVLPLLGPGSTAVVIGVGGLGHVGIQILRAVSAARVIAVDLDDDRLALAREVGADA
AVKSGAGAADAIRELTGGEGATAVFDFVGAQSTIDTAQQVVAIDGHISVVGIHAGAHAKVGFFMIPFGASVVTP
YWGTRSELMDVVDLARAGRLDIHTETFTLDEGPTAYRRLREGSIRGRGVVVPG 

DNA sequence of SmNOX
ATGAGTAAGATCGTGATTGTTGGCGCCAATCATGCCGGTACCGCAGCAATTAATACCGTTCTGGATAATTA
TGGTAGTGAAAATGAAGTGGTGGTGTTTGATCAGAATAGCAATATTAGCTTTCTGGGTTGTGGCATGGCA
CTGTGGATTGGCAAACAGATTAGTGGTCCGCAGGGCCTGTTTTATGCAGATAAAGAAAGTCTGGAAGCC
AAAGGCGCCAAAATCTATATGGAAAGCCCGGTTACCGCAATTGATTATGATGCAAAACGTGTTACCGCCCT
GGTTAATGGCCAGGAACATGTGGAAAGCTATGAAAAACTGATTCTGGCCACCGGTAGTACCCCGATTCTG
CCGCCGATTAAGGGTGCAGCCATTAAGGAAGGTAGTCGCGATTTTGAAGCCACCCTGAAAAATCTGCAG
TTTGTTAAACTGTATCAGAATGCAGAAGATGTTATTAATAAGCTGCAGGATAAAACCCAGAATCTGAATCGT
ATTGCCGTTGTGGGCGCCGGCTATATTGGTGTGGAACTGGCAGAAGCCTTTAAACGTCTGGGTAAAGAA
GTGATTCTGATTGATCGCCATGATACCTGTCTGGCCGGTTATTATGATCAGGATCTGAGTGAAATGATGCG
CCAGAATCTGGAAGATCATGGCATTGAACTGGCATTTGGCGAAACCGTTAAAGCCATTGAAGGCGATGG
CAAAGTGGAACGTATTGTGACCGATAAAGCCAGTCATGATGTTGATATGGTTATTCTGGCAGTTGGCTTTC
GCCCGAATACCGCCCTGGGTAATGCAAAACTGAAAACCTTTCGTAATGGCGCATTTCTGGTTGATAAAAA
ACAGGAAACCAGTATTCCGGATGTGTATGCAATTGGCGATTGTGCAACCGTGTATGATAATGCCATTAATG
ATACCAATTACATCGCCCTGGCAAGCAATGCACTGCGCAGTGGTATTGTTGCAGGCCATAATGCCGCAGG
CCATAAACTGGAAAGCCTGGGTGTTCAGGGTAGCAATGGCATTAGCATTTTTGGTCTGAATATGGTGAGC
ACCGGTCTGACCCAGGAAAAAGCAAAACGTTTTGGCTATAATCCGGAAGTGACCGCCTTTACCGATTTTC
AGAAAGCCAGTTTTATTGAACATGATAATTACCCGGTTACCCTGAAAATTGTGTATGATAAAGATAGCCGTC
TGGTGCTGGGCGCACAGATGGCAAGCAAAGAAGATATGAGTATGGGTATTCACATGTTTAGCCTGGCAAT
TCAGGAAAAAGTTACCATTGAACGTCTGGCACTGCTGGATTATTTCTTTCTGCCGCATTTTAATCAGCCGT
ATAATTATATGATCAAGGCCGCACTGAAAGCAAAA 

Amino acid sequence of SmNOX
MSKIVIVGANHAGTAAINTVLDNYGSENEVVVFDQNSNISFLGCGMALWIGKQISGPQGLFYADKESLEAKGA
KIYMESPVTAIDYDAKRVTALVNGQEHVESYEKLILATGSTPILPPIKGAAIKEGSRDFEATLKNLQFVKLYQNAE
DVINKLQDKTQNLNRIAVVGAGYIGVELAEAFKRLGKEVILIDRHDTCLAGYYDQDLSEMMRQNLEDHGIELAF
GETVKAIEGDGKVERIVTDKASHDVDMVILAVGFRPNTALGNAKLKTFRNGAFLVDKKQETSIPDVYAIGDCAT
VYDNAINDTNYIALASNALRSGIVAGHNAAGHKLESLGVQGSNGISIFGLNMVSTGLTQEKAKRFGYNPEVTA
FTDFQKASFIEHDNYPVTLKIVYDKDSRLVLGAQMASKEDMSMGIHMFSLAIQEKVTIERLALLDYFFLPHFNQ
PYNYMIKAALKAK
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Abstract: The application of genetically encoded biosensors enables the detection of small molecules
in living cells and has facilitated the characterization of enzymes, their directed evolution and
the engineering of (natural) metabolic pathways. In this work, the LuxAB biosensor system from
Photorhabdus luminescens was implemented in Escherichia coli to monitor the enzymatic production
of aldehydes from primary alcohols and carboxylic acid substrates. A simple high-throughput
assay utilized the bacterial luciferase—previously reported to only accept aliphatic long-chain
aldehydes—to detect structurally diverse aldehydes, including aromatic and monoterpene aldehydes.
LuxAB was used to screen the substrate scopes of three prokaryotic oxidoreductases: an alcohol
dehydrogenase (Pseudomonas putida), a choline oxidase variant (Arthrobacter chlorophenolicus) and a
carboxylic acid reductase (Mycobacterium marinum). Consequently, high-value aldehydes such as
cinnamaldehyde, citral and citronellal could be produced in vivo in up to 80% yield. Furthermore, the
dual role of LuxAB as sensor and monooxygenase, emitting bioluminescence through the oxidation of
aldehydes to the corresponding carboxylates, promises implementation in artificial enzyme cascades
for the synthesis of carboxylic acids. These findings advance the bio-based detection, preparation
and transformation of industrially important aldehydes in living cells.

Keywords: biosensor; bioluminescence; luciferase; high-throughput screening; whole-cell biocataly-
sis; aldehyde production; enzyme cascade

1. Introduction

Great progress has been achieved in tailoring microorganisms for the biosynthesis of
(non-)natural chemicals including but not restricted to: fatty acids and derivatives [1–3],
aromatic and phenolic compounds [4–6] and secondary metabolites such as terpenoids [7,8].
In the context of the (bio-based) manufacturing of these compounds, aldehydes are of
special interest not only as building blocks for pharmaceuticals but value-added products
in the food, flavor and fragrance industries [9]. Enzymatically, aldehydes can be accessed
through (1) decarboxylation reactions of 2-keto substrates [10] or fatty acids [11], (2) the
readily established reductions of carboxylates by carboxylic acid reductases (CARs) [12–14]
or (3) the oxidation of primary alcohols [9]. For the latter, only a few enzymes have been
employed in living cells. One example is AlkJ, an alcohol dehydrogenase (ADH) from Pseu-
domonas putida (P. putida) being capable of oxidizing a variety of primary alcohols [15–17].
However, due to their high reactivity and cytotoxicity, aldehydes are rapidly metabolized
by endogenous enzymes and do not accumulate in many microorganisms including (het-
erologous) hosts such as Escherichia coli (E. coli) [9,18,19]. To address this issue, the groups
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of Atsumi and Prather constructed E. coli platform strains by targeted gene knock-outs that
reduced the reduction of aliphatic and aromatic aldehydes to the corresponding primary
alcohols [20,21]. The latter strain was termed E. coli RARE, exhibiting reduced aromatic
aldehyde-reducing activity [21].

The functional expression of heterologous enzymes and the overall performance of mi-
crobial cell factories—not only for the synthesis of aldehydes—are usually assessed by the
qualitative and quantitative analysis of target metabolites through chromatographic meth-
ods. Time-consuming sample preparation and low to moderate sample throughput impede
the characterization of new biocatalysts as well as the development and optimization of
microbial factories [22–24]. These bottlenecks have been addressed by the implementation
of genetically encoded biosensor systems featuring (allosteric) transcription factors (TFs),
riboswitches or enzyme-coupled devices to detect small molecules [25–29]. To date, biosen-
sors have guided the directed evolution of enzymes [30–32], the engineering of (natural)
metabolic pathways by the high-throughput (HT) detection of metabolites [33–35], and the
dynamic regulation of genetic circuits to improve pathway performance, as well as other
applications [3,28,36–41]. To sense aromatic aldehydes (e.g., benzaldehyde, cinnamalde-
hyde and vanillin), TF-based systems have been used [6,42,43]. Since TFs usually exhibit
narrow ligand binding profiles, the detection of structurally different molecules is lim-
ited [4,42,44]. As a complementary tool, the luciferase LuxAB from Photorhabdus luminescens
(P. luminescens) was demonstrated to detect medium- and long-chain aliphatic aldehydes
(C8–C14) [45]. LuxAB was also used to monitor fatty aldehyde/wax ester production [2]
and non-native alkane synthesis pathways [25] in Acinetobacter baylyi ADP1 (A. baylyi). As
an alternative to biosensors, Ressmann et al. developed a HT assay to quantify different
aldehydes in whole cells [46]: The heterologously produced aldehydes and exogenously
added 2-amino-benzamidoximes (ABAOs) formed dihydroquinazolines, which could be
detected spectrophotometrically [47]. While offering versatility, the assay depends on the
multi-step synthesis of (substituted) ABAOs involving hazardous and toxic chemicals.
Furthermore, the reaction with ABAOs irreversibly consumes target aldehydes.

In this work, the P. luminescens LuxAB biosensor, previously used in A. baylyi, was
transferred to E. coli. This system provides a HT assay for aldehydes in vivo and was used
to screen prokaryotic oxidoreductases for their aldehyde production capabilities. Since
LuxAB is a monooxygenase (MO) that emits bioluminescence through the oxidation of
aldehydes to the corresponding carboxylic acids (CAs) [45], it not only serves as a biosensor,
but may also support the formation of industrially important carboxylates through an
artificial enzymatic cascade starting from primary alcohols (Figure 1).

Figure 1. LuxAB-based microbial cell factory. Aldehydes (b) can be produced from primary alcohols (a) or CAs (c) by
heterologously expressed enzymes (cofactors omitted for clarity) and serve as substrates for the MO LuxAB, yielding
the corresponding CAs and detectable bioluminescence. The conversion of (aromatic) aldehydes into the corresponding
alcohols is decreased in the E. coli RARE strain [21]. The combination of the oxidation step (a,b) and LuxAB (highlighted in
blue) represents a new cascade producing CAs.
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2. Results

2.1. LuxAB Biosensor Assembly and High-Troughput (HT) Detection of Aldehydes In Vivo
Aldehydes are greatly desired chemicals—for instance in the fragrance industry—and

their bio-based production is highly demanded [9]. Hence, the fast characterization of new
biocatalysts and easy detection of aldehydes are equally important. TF-based systems have
been successfully employed to sense them but showed narrow ligand binding profiles [44].
This selectivity prompted us to implement the LuxAB system, described to sense a variety
of aliphatic aldehydes [45], in the well-established biotechnology host E. coli.

For the construction of the biosensor device, the luxAB coding region was ampli-
fied from pAK400c/iluxAB_Cmr, which was previously constructed for the integration
of luxAB into the A. baylyi genome and the monitoring of intracellular aldehyde levels
(C18) [2,48]. Subcloning of luxAB under the control of a constitutive T5 promoter into the
target pCDFDuet-1 vector was facilitated by a modified sequence and ligation-independent
cloning (SLIC) procedure [49,50], yielding pLuxAB (Table S10). Functionality of the biosen-
sor system was tested in E. coli RARE resting cells (RCs) as described in this study. Supple-
mentation of octanal (2b), nonanal (3b) and decanal (4b) increased the bioluminescence by,
roughly, 13,000-, 14,000- and 37,000-fold, respectively, in RCs expressing LuxAB in 96-well
plates after 3 min (Figure 2A). The fold increase in bioluminescence above background
caused by the presence of aldehydes was calculated as described in the materials and
methods Section 4.4. These results are supported by the initial research characterizing the
substrate range of P. luminescens LuxAB [45].

Figure 2. Aldehyde detection by the LuxAB biosensor in E. coli. (A) the bioluminescence greatly increased in the presence
of previously reported aliphatic aldehydes (2–4b). (B) selected new substrates of LuxAB included monoterpene aldehydes
(15–17b) and aliphatic aldehydes with aromatic endgroups (19b and 22b). Experiments performed with RCs of E. coli RARE
(OD600 ⇡ 10.0) expressing LuxAB from pLuxAB in the presence of 1 mM aldehyde and 1% (n/n) ethanol as co-solvent; data
presented as mean values + standard deviation (SD) of biological replicates (n � 3).
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To further investigate the aldehyde detection scope of LuxAB beyond reported alde-
hyde classes, the bioluminescence was monitored in the presence of different monoterpene
(15–17b) and aromatic (18–25b) aldehydes at 1 mM (Figure 2B; selected examples) and
0.1 mM final concentration (Figure S5). Interestingly, all tested terpene aldehydes in-
creased the bioluminescence, including citral (15b; applied as a commercial mixture of
the E- and Z-isomers geranial and neral), citronellal (16b), with a clear preference for the
(R)-enantiomer, and melonal (17b). (R)-16b and 17b, for example, increased the biolumi-
nescence almost 2500- and 1500-fold, respectively. Surprisingly, 2-phenyl ethanal (19b)
and 3-phenyl propanal (22b) also yielded bioluminescence (1700- and 230-fold increase,
respectively, after 18 min; Figure 2B), whereas benzaldehyde (18b), cuminaldehyde (20b),
trans-cinnamaldehyde (21b) and the tolualdehydes (23–25b) did not under these condi-
tions (data not shown). The highest bioluminescence signals were detected at varying time
points, which might indicate different rates and/or mechanisms of substrate uptake for
aliphatic, monoterpene and aromatic aldehydes. Subsequently, the suitability of the LuxAB
biosensor to detect aldehydes enzymatically produced in situ was determined. Therefore,
three different prokaryotic oxidoreductases were selected: (1) the ADH AlkJ from P. putida,
(2) a CAR from Mycobacterium marinum (CARMm) and (3) a choline oxidase variant from
Arthrobacter chlorophenolicus (CO-6Ac), which has only been characterized in vitro [51]. AlkJ
is known to oxidize aliphatic and aromatic primary alcohols [15–17], CARMm accepts
both aliphatic and aromatic CAs [52–54] and CO-6Ac was initially engineered to oxidize
hexanol (1a) [51].

The open reading frame (ORF) encoding alkJ was subcloned into a pACYC-derived
backbone by SLIC, yielding pAYCQ/alkJ as described in the materials and methods section
(Section 4.2) and the Supplementary Materials. Similarly, the gene encoding a phosphopan-
tetheinyl transferase from Nocardia iowensis (PPTNi) and the target pACYCDuet-1/carMm
vector were assembled, yielding pACYCDuet-1/carMm:pptNi. PPTs are required to post-
translationally modify apoCARs yielding catalytically active holoCAR enzymes [52,53].
For the expression of CO-6Ac in E. coli, the gene was codon-optimized, synthesized and
subcloned into pET28a by the BioCat GmbH (Heidelberg, Germany). All constructs were
designed to have compatible origins of replication for the stable maintenance with pLuxAB
in the same cell as well as complementary antibiotic markers for the selection of co-
transformants [55] (Table S10). Competent E. coli RARE cells were co-transformed with
pLuxAB and either of the oxidoreductase-coding plasmids. Successful expression of
enzymes was verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis of whole-cell samples (Figure S4).

Finally, the HT conditions were employed to screen an extended substrate library
containing the primary alcohols (1–7a, 18–25a), various diols (8–11a), simple monocar-
boxylates (1–7c, 18–25c), 6-hydroxy hexanoic acid (9c), 12-methyltridecanoic acid (12c),
palmitoleic acid (13c), 12-hydroxy dodecanoic acid (14a) and dodecanedioic acid (14c).

All oxidoreductase-biosensor combinations yielded bioluminescence in the presence
of substrates (Figure 3), suggesting the production of aldehydes in vivo. The HT screening
indicated a broad substrate range for AlkJ and CARMm with an overlapping aldehyde
production profile starting from primary alcohols and CAs, respectively. The highest
bioluminescence could be observed with (unsubstituted) aliphatic substrates (1–7), also
reflecting the preference of LuxAB to accept the corresponding aldehydes (Figure 2A).
AlkJ and CARMm have been shown to produce 4b, for example, from decanol (4a) [56]
and decanoic acid (4c) [54] and yielded 9281- and 989-fold increase in bioluminescence,
respectively, after 1 h (Figure 3B). This almost 10-fold difference can be explained by the
high bioluminescence background in RCs co-expressing LuxAB and CARMm: Endogenous
(free) fatty acids can be reduced by the heterologous CAR enzyme. The corresponding fatty
aldehydes serve as substrates for LuxAB, hence, yielding bioluminescence. Noteworthy, in
all RCs co-expressing LuxAB and one of the oxidoreductases, the bioluminescence slightly
increased over time in the presence of 1% (n/n) organic co-solvent and the absence of
substrate (Figure S7). Therefore, the experimental cut-off (XCO) value was introduced
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to assess the fold increase in bioluminescence above background actually caused by the
enzymatic production of aldehydes from substrates. The XCO was determined as described
under materials and methods (Section 4.4) and in the Supplementary Materials.

 

 

 
Figure 3. Cont.
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Figure 3. LuxAB-based HT screening of oxidoreductases in vivo. (A) bioluminescence suggests the production of aldehydes
(b) from primary alcohols (a) by AlkJ (left) and CO-6Ac (middle) or CAs (c) by CARMm (right; PPTNi for posttranslational
modification of CARMm omitted for clarity). The change in bioluminescence over time in response to the in situ production
of aldehydes from (B) aliphatic substrates (1–14), (C) monoterpenes (15–16) and (D) aromatic compounds (18–25; continued
on the next page). Shades of blue indicate the mean fold increase in bioluminescence based on biological replicates (n � 3)
above the XCO as defined in this study. Different scales reflect both varying background and the maximal bioluminescence.
Experiments were performed in RCs of E. coli RARE (OD600 ⇡ 10.0) co-expressing LuxAB and the described oxidoreductase
in the presence of 1 mM substrate and 1% (n/n) ethanol as organic co-solvent; n.a. = not available (12–13a, 8c, 10–11c).
LuxAB-based HT screening of oxidoreductases in vivo (continued). Change in bioluminescence over time in response to the
in situ production of aldehydes by AlkJ (left) and CO-6Ac (middle) from primary aromatic alcohols (18–25a) or CARMm
(right) from aromatic CAs (18–25c).

The production of aldehydes from hexane-1,2-diol (8a), hexane-1,6-diol (9a), octane-
1,2-diol (10a) and octane-1,8-diol (11a) by AlkJ was suggested by the rise in bioluminescence
(e.g., largest fold increase for 8a of almost 2500; Figure 3B). To the best of our knowledge,
these substrates have not been reported to be converted by AlkJ. The oxidase CO-6Ac had
been shown to readily oxidize aliphatic 1–4a, the terminal diols 9a and 11a, the terpenoid
alcohols geraniol (15a) and citronellol (16a), as well as the aromatics benzyl alcohol (18a),
2-phenyl ethanol (19a) and cinnamyl alcohol (21a) in vitro [51]. The same substrate scope
was observed under the HT assay conditions in vivo (Figure 3B–D). The low maximal
bioluminescence in these reactions is probably caused by the competition for (dissolved)
O2 by LuxAB and CO-6Ac and the cytotoxic H2O2 produced by the oxidase (Figure 3A) [57],
decreasing cell viability and indirectly quenching bioluminescence. Additionally, the avail-
ability of flavins in E. coli might present another bottleneck [58], as discussed below. As
mentioned above, the direct addition of aromatic aldehydes 18b and 21b, for example, did
not increase the bioluminescence in RCs solely expressing LuxAB. This behavior can be
explained by the cytotoxicity of aldehydes at elevated concentrations [9]. Nonetheless,
the formation of aldehydes in situ by AlkJ, CO-6Ac and CARMm seemed compatible with
the LuxAB biosensor system based on the detection of bioluminescence in samples pre-
sumably containing 18–22b (Figure 3D). Furthermore, the production of the value-added
monoterpene aldehydes 15–16b was suggested (Figure 3C); 15–16b have not been reported
as products of AlkJ- or CAR-catalyzed reactions. Consequently, biotransformations in
whole cells expressing AlkJ or CARMm/PPTNi were performed to confirm the production
of selected aldehydes, based on the results of the HT assay.

2.2. Microbial Cell Factories for the Production and Transformation of Value-Added Aldehydes
Biotransformations were carried out in RCs of E. coli RARE transformants. Focus

was on unreported substrates including 4-isopropylbenzyl alcohol (20a), cinnamyl alcohol
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(21a), 2-methylbenzyl alcohol (23a) and 4-methylbenzyl alcohol (25a) for AlkJ (Figure 4)
and the corresponding terpenoid substrates (15–16) for both AlkJ and CARMm (Figure 5A).

 
Figure 4. Extended scope of AlkJ towards aromatic compounds. Oxidation of the new alcohol
substrates 20–21a, 23a and 25a to the corresponding aldehydes (b) by AlkJ and overoxidation to CAs
(c) by endogenous enzymes. In biotransformations of 21a, 3-phenyl propanol (22a) was detected
as byproduct. Experiments were performed in RCs of E. coli RARE (OD600 ⇡ 10.0) expressing AlkJ
from pACYQ in the presence of 5 mM alcohol (a) and 5% (n/n) ethanol as co-solvent. Sampling:
0 h (after the addition of substrate and mixing), 1 h and 24 h. Reduced recoveries attributed to low
solubility in resting cell medium (RCM) and/or volatility of compounds; 100% recovery represents
the complete retrieval of the amount of substance added. GC yields presented as mean values + SD
(%) of biological replicates (n = 3).

GC/FID analysis confirmed the AlkJ-catalyzed production of 20–21b and 25b from the
corresponding aromatic alcohols with the highest GC yield for the industrially important 21b

(56.5 ± 6.8% after 24 h). Besides the overoxidized cinnamic acid (21c; 8.5 ± 2.2%), 3-phenyl
propanol (22a; 6.5 ± 4.2%)—lacking the C = C bond in the side chain—could be detected;
both are expected byproducts formed by endogenous host enzymes [15,59,60]. Further, the
tested aromatic alcohols with aliphatic substituents in the para-position were utilized by AlkJ;
20b and 4-methylbenzaldehyde (25b) were readily produced, whereas the ortho-substituted
23a only showed a low level of conversion (Figure 4). The same preference for aromatic
aldehydes with aliphatic substituents in the para-position is indicated for LuxAB, based on
the HT assay results (Figure 3D). This prediction was substantiated by biotransformations
in RCs of E. coli RARE expressing CARMm/PPTNi: The ortho-, meta- and para-substituted
23–25c were reduced to 2-methylbenzaldehyde (23b), 3-methylbenzaldehyde (24b) and 25b,
respectively (Figure S8). Since 23b and 24b are poor substrates for LuxAB, they could not be
unambiguously detected in the HT assay (Figure 3D).
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Figure 5. Production of (monoterpene) aldehydes by CARMm and transformation in vivo. Reduction
of 15–16c to the target aldehydes (b) and further reduction to the corresponding alcohols (a) by
endogenous ADHs. Other byproducts indicate enoate reductase (ERED) activity, which is omitted
for clarity as well as PPTNi for the posttranslational modification of CARMm. The reduction of 4c

was used as positive control. The exact compositions including byproducts are given in Table S11.
Experiments were performed in RCs of E. coli RARE (OD600 ⇡ 10.0) expressing CARMm/PPTNi from
pACYCDuet-1 in the presence of 5 mM CA (c) and 5% (n/n) ethanol as organic co-solvent. Sampling:
0 h (after the addition of substrate and mixing), 1 h and 24 h; reduced recoveries attributed to low
solubility in RCM, volatility and/or metabolization of compounds. GC yields presented as mean
values + SD (%) of biological replicates (n = 3).

GC/FID analysis also confirmed the enzymatic production of value-added monoterpene
aldehydes in vivo. CARMm efficiently converted geranic acid (15c) and the two enantiomers
of citronellic acid—(R)- and (S)-16c—to the corresponding aldehydes. The reduction of 15c

yielded 49.0 ± 2.7% of the desired 15b and the over-reduced 15a (22.9 ± 1.1%). Since E. coli
RARE was engineered to specifically increase the persistence of aromatic aldehydes, the
reduction of other aldehyde classes can be expected [21]. Furthermore, 16b, which lacks the
proximal C=C double bond, was detected (11.0 ± 0.8%) after 24 h, (Figure 5). As before, these
byproducts are produced by host enzymatic activities [9,15,20,59–61].

Similarly, the reductions of (R)- and (S)-16c yielded (R)-16b (76.1 ± 2.2%) and (S)-
16b (63.9 ± 10.3%), as well as the over-reduced 16a and the over-oxidized 15c (Figure 5;
see also: Table S11). Again, these results substantiated the extended aldehyde detection
scope of LuxAB (Figure 3C). AlkJ showed low activity towards (R)- and (S)-16a, yielding
11.8 ± 1.2% (R)-16b and 2.4 ± 0.2% (S)-16b, respectively. Interestingly, only 15c—not
16c—was detected as the byproduct in low amounts (Figure 6A; Table S12). Under the same
conditions, AlkJ efficiently oxidized 15a, exclusively yielding 83.8 ± 1.0% of the important
aroma compound 15b after 24 h; the overoxidized 15c was not detected (Figure 6A).
Like the flavin adenine dinucleotide (FAD)-dependent ADH AlkJ, potential endogenous
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EREDs such as N-ethylmaleimide reductase [62] or 2,4-dienoyl-CoA reductase [63] are
flavoproteins. That the reduction of the proximal double bond was not observed in
biotransformations of 15a could be explained by the competition for FAD and/or the
depletion of the precursor flavin mononucleotide (FMN) [58]. This bottleneck might also be
the cause for the only slightly increased amounts of CAs in biotransformations employing
RCs co-expressing AlkJ and the FMN-dependent MO LuxAB (Figure 6; see also Figure 1).
This does not necessarily contradict the high bioluminescence signals of AlkJ/LuxAB under
HT assay conditions since luciferases are very good photoemitters in terms of quantum
yield and the detection is highly sensitive [64]. Starting from 4a, (R)-16a or (S)-16a, the
amounts of the observed overoxidation products increased 1.3-fold (4c), 1.4-fold (15c) and
2.1-fold (15c), respectively, in cells co-expressing AlkJ and LuxAB; 15c could be detected
in traces in biotransformations starting from 15a (Figure 6B), which was not observed in
reactions employing AlkJ alone (Figure 6A). Although subtle, these findings suggest a new
enzymatic cascade transforming alcohols into carboxylates via two steps in living cells.

 
Figure 6. Production of (monoterpene) aldehydes by AlkJ and transformation by LuxAB in vivo. Oxidation of 15–16a to the
desired aldehydes (b) and further oxidation to the corresponding CAs (c) by (A) endogenous E. coli enzymes and (B) LuxAB.
The oxidation of 4a was used as positive control and yielded byproducts originating from pathways for the metabolization
of fatty acids [65,66]. The exact compositions including byproducts are given in Table S12. Experiments were performed in
RCs of E. coli RARE (OD600 ⇡ 10.0) expressing (A) only AlkJ or (B) AlkJ and LuxAB from pAYCQ and pLuxAB, respectively,
in the presence of 5 mM alcohol (a) and 5% (n/n) ethanol as organic co-solvent. Sampling: 0 h (after the addition of substrate
and mixing), 1 h and 24 h; reduced recoveries attributed to low solubility in RCM, volatility and/or metabolization of
compounds. GC yields presented as mean values + SD (%) of biological replicates (n � 2).

3. Discussion and Conclusions

The continuously expanding number of new biocatalysts from both natural resources
and protein engineering endeavors demands for tools for their rapid characterization [67,68].
In this context, genetically encoded biosensor systems have been embraced since they
translate the detection of small molecules into a measurable output such as fluorescence
or bioluminescence [34,69].

In this study, the LuxAB system from P. luminescens, emitting bioluminescence through
the oxidation of aldehydes to the corresponding CAs [45], was successfully implemented
in E. coli RARE (Figure 1). This effort led to the establishment of a simple HT assay
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that revealed the capability of LuxAB to detect structurally diverse aldehydes, including
monoterpene and aromatic aldehydes in living cells (Figure 2). The versatility of the assay
was demonstrated by the screening of three different microbial oxidoreductases—AlkJ, CO-
6Ac and CARMm—against an extended substrate library, producing up to 25 industrially
relevant aldehydes (Figure 3). Under HT screening conditions, both the background
bioluminescence and the maximal bioluminescence signal depended on the expressed
oxidoreductase. AlkJ/LuxAB yielded the highest maximal-fold increase in bioluminescence
in the presence of the preferred aliphatic substrates (e.g., >9000-fold for 4a). In comparison,
LuxAB/CARMm and LuxAB/CO-6Ac only increased the maximal bioluminescence >900-
fold (4c) and ⇡ 100-fold (3a), respectively (Figure 3B). These deviations are not solely
based on the substrate preferences of the target oxidoreductase but can be explained by
their distinct enzymatic properties including the acceptance of intracellular fatty acids as
substrates by CARMm, increasing the background bioluminescence or the production of
H2O2 by the mutant choline oxidase CO-6Ac, resulting in decreased cellular viability. The
introduction of an XCO value sufficed to address varying backgrounds and allowed the
confirmation of the substrate ranges of AlkJ, CARMm and CO-6Ac in vivo. The latter only
had been assessed before in vitro [51]. Furthermore, new substrates for the ADH AlkJ and
CARMm could be identified and confirmed in whole-cell transformations and subsequent
GC/FID analysis. Biotransformations also revealed the limits of the detection scope of the
LuxAB biosensor system: Although the aromatic aldehydes 23–24b were readily produced
by CARMm (Figure S8), for example, they are poor substrates for LuxAB and could not be
efficiently detected under HT assay conditions; 23b was also produced from 23a by AlkJ
previously [15]. On the other hand, poor substrates for a given oxidoreductase yielding low
amounts of aldehydes that are well-accepted by LuxAB might emit high bioluminescence,
consequently, suggesting a deceptive oxidoreductase scope.

In addition to 20b, 23b and 25b, AlkJ yielded the flavorant cinnamaldehyde (21b) in
satisfying yields. In a cascade reaction catalyzed by endogenous host enzymes, 20b, 23b

and 25b were oxidized to the corresponding CAs (Figure 4). CARMm efficiently reduced the
newly identified carboxylate substrates (R)- and (S)-16c to the corresponding monoterpenoid
aldehydes in 76.1 ± 2.2% and 63.9 ± 10.3% GC yields, respectively (Figure 5). Citronellal
(16b) is not only used as a scent, but has insect repellent and antifungal properties [70,71].
Excitingly, the AlkJ-catalyzed oxidation of 15a exclusively formed 15b (>80% GC yield;
Figure 6A), offering a biocatalytic alternative to chemical oxidation procedures [72] and
enabling combinations with other enzymatic transformations, for example, the XenA-
mediated reduction of the proximal C = C double bond, yielding 16b, as suggested by
Richardson and co-workers [61]. Citral (15b) is widely used in perfumes, as mosquito re-
pellant [73] and is an important precursor for other terpenes [74] and carotenoids including
vitamin A [75]. Albeit low, this study also confirmed the MO activity of LuxAB in a cascade
set-up with AlkJ, indicated by the detectable increase in carboxylate products (Figure 6B).

In summary, the genetically-encoded LuxAB proved to be a versatile biosensor for the
HT detection of structurally divers aldehyde compounds, without the need of undesirable
auxiliary chemicals such as ABAOs. Additionally, the fast detection of aldehydes by
the enzyme-based biosensor is advantageous to TF-based systems. The applicability of
the HT assay was demonstrated by the extension of the substrate scopes of different
oxidoreductases and the bio-based production of monoterpene aldehydes, amongst others.
These findings will facilitate the identification and characterization of novel biocatalysts in
the future, advance the enzymatic preparation of industrial aldehydes and point towards
their diversification through (LuxAB-based) microbial cell factories.

4. Materials and Methods

4.1. General Information
Chemicals, reagents and reference compounds were purchased from Sigma-Aldrich

(Buchs, Switzerland), Roth (Karlsruhe, Germany) or TCI Chemicals (Tokyo, Japan) and
used without further purification, unless stated otherwise. Table S13 provides an overview
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of all compounds (1–25) analyzed in this study. Solvents (GC grade) were purchased from
Sigma-Aldrich or J.T. Baker (Schwerte, Germany).

The following E. coli laboratory strains were purchased from Thermo Scientific/
Invitrogen (Darmstadt, Germany): BL21 (DE3), DH5↵ and TOP10. E. coli RARE was
acquired from the Prather group [21].

Unless stated otherwise, chemically competent E. coli cells were produced by well-
established protocols using CaCl2 (0.1 M) and transformed with plasmid DNA
(25–100 ng·µL�1) by heat-shock at 42 �C for 45 s (see: Supplementary Materials). Recovery
was performed in SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM
KCl, 10 mM MgCl2, 10 mM MgSO4 and 20 mM glucose) at 37 �C with vigorous shaking.
For efficient transformation of E. coli RARE, plasmids were passed through E. coli DH5↵
before. Selection of transformants was performed in lysogeny broth (LB) medium (25 g·L�1;
Sigma-Aldrich) or on LB agar plates containing 1.5% agar-agar (Roth) in the presence of the
appropriate antibiotic(s) (final concentration): chloramphenicol (34 µg·mL�1), kanamycin
(50 µg·mL�1) and streptomycin (25 µg·mL�1). Only half the concentration of antibiotics
was used for the selection and subsequent cultivation of strains harboring two plasmids.
Co-transformants were produced by transforming chemically competent E. coli RARE
harboring pLuxAB with the desired oxidoreductase-coding plasmid as described above.

4.2. Plasmid Assemblies by Sequence- and Ligation-Independent Cloning (SLIC) Techniques
Standard DNA oligonucleotides (desalted) were ordered from Thermo Fisher Scien-

tific/Invitrogen and dissolved in nuclease-free water (Invitrogen). The resulting stock
solutions (100 µM) were further diluted and used as primers for PCRs (5 µM) or Sanger
sequencing (10 µM). PCRs were performed in a thermal cycler (Biometra TAdvanced,
Analytik Jena, Jena, Germany) with Pfu+ or OptiTaq DNA polymerase (Roboklon, Berlin,
Germany) or Q5® high-fidelity (Q5® -HF) DNA polymerase (New England Biolabs, Frank-
furt/Main, Germany); premixed dNTPS (10 mM each) were purchased from Roth. Other
enzymes for the manipulation of DNA were purchased from Thermo Fisher Scientific or
New England Biolabs.

PCR products were purified with QIAquick PCR & Gel Cleanup Kit (QIAGEN, Hilden,
Germany) and plasmid DNA isolated with innuPREP Plasmid Mini Kit 2.0 (Analytik Jena)
as instructed by the suppliers. DNA concentration was determined by NanoDropTM

2000 spectrophotometer (Thermo Fisher Scientific, Darmstadt, Germany). Sanger sequenc-
ing was performed by Eurofins Genomics (Ebersberg, Germany).

In this study, plasmids were assembled from two linear DNA fragments via homol-
ogous overhangs attached by PCR, following adapted protocols from Li et al. [76] or
Wiesinger et al. [50]. The latter employed a seamless and ligation-independent cloning
extract (SLiCE) that was prepared according to Zhang et al. from E. coli TOP10 cultures [49].
Primer sequences and templates are given in Tables S9 and S10, respectively, in the Supple-
mentary Materials. Optimal annealing temperatures (Ta) were determined by gradient PCR
(45–65 �C), unless stated otherwise. Composition of PCR mixtures and construct-specific
thermal cycle conditions are given in the Supplementary Materials.

For the construction of pCDFduo/luxAB, herein referred to as pLuxAB, the DNA
fragment encoding the luxAB subunits was amplified from pAK400c/iluxAB_Cmr [48]
with the primer pair LuxA_T5 F/LuxB R, which introduced flanking 15 bp-overhangs
complementary to the target pCDFDuet-1 vector for the subsequent assembly, and Pfu+

(Ta = 45.0 �C; Figure S1). The pCDF backbone was amplified with primers pCDF F/R and
OptiTaq (Ta = 48.0 �C as calculated from the melting temperature of primers; Figure S1).
The correct assembly by SLiCE was confirmed by Sanger sequencing of isolated plasmid
DNA from single colonies of E. coli BL21 (DE3) transformants selected on LB agar plates
supplemented with streptomycin.

For the construction of pAYCQ/alkJ, the DNA fragment harboring the alkJ fragment
was amplified from pGEc47 [77] with the primer pair AlkJ F/R, introducing 15 bp-overhangs
complementary to the target pACYC vector, and Pfu+ (Ta = 48.6 �C; Figure S2). The pACYC
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backbone was amplified with the primers pACYC F/pACYC-2 R and OptiTaq (Ta = 48.6 �C;
Figure S2). Purified DNA fragments were processed and incubated with the SLiCE. Sub-
sequently, chemically competent E. coli TOP10 cells were transformed with the assembly
mixtures. Colonies were selected on LB agar plates containing chloramphenicol the next day.
Sanger sequencing of isolated plasmid DNA revealed a truncated ORF of the alkJ gene in all
samples (see also: Table S10). The ORF was restored using the Q5® Site-Directed Mutagene-
sis Kit (New England Biolabs) with the primer pair AJQ5 F/R (Ta = 61.0 �C as calculated
by the NEBaseChangeTM tool available from: http://nebasechanger.neb.com/accessed on
8 September 2019) and following the instructions of the supplier. Finally, the completeness
of the alkJ ORF was confirmed by Sanger sequencing.

For the construction of pACYCDuet-1/carMm:pptNi, chemically competent E. coli
TOP10 cells were directly transformed with the assembly mixture (molar ratio of insert
to backbone of 3:1) according to Li et al. [76] after DpnI digestion. Therefore, the pptNi
insert had been amplified from pCDF/pptNi with the primer pair Npt F/R and Q5® -HF
(Ta = 57.0 �C; Figure S3). The pACYCDuet-1 backbone harboring the carMm gene was
amplified with the primers pCAR_Npt F/R and Q5® -HF (Ta = 64.0 �C; Figure S3). The cor-
rect assembly was confirmed by Sanger sequencing of isolated plasmid DNA from single
colonies of transformants selected on LB agar plates supplemented with chloramphenicol.

The gene encoding the choline oxidase variant was codon-optimized for the expression in
E. coli, synthesized and subcloned into pET28a by the BioCat GmbH (Heidelberg, Germany).

4.3. Standard Conditions for Enzyme Production and the Preparation of Resting Cells (RCs)
Protein production (AlkJ, CARMm/PPTNi, CO-6Ac and LuxAB) was performed in E. coli

RARE transformants cultivated in auto-induction medium (AIM; 2.5% LB medium, 1 mM
MgSO4, 25 mM (NH4)2SO4, 50 mM KH2PO4, 50 mM Na2HPO4, 5% glycerol, 0.5% glucose
and 2% ↵-lactose) adapted from Studier [78]. Briefly, a single colony of the desired strain
was grown in LB medium containing the appropriate antibiotic(s) at 37 �C (180 rpm) for
12–16 h. AIM supplemented with antibiotic(s) was inoculated with 0.2% (n/n) preculture
in baffled flasks and incubated in Infors HT Multitron incubator shakers (Bottmingen,
Switzerland) at 37 �C (180 rpm) for 4–6 h (6 h for co-transformants, 5 h for pLuxAB
transformants and 4 h for all others). Enzyme production was performed at 20 �C (150 rpm)
for 16–20 h. The optical density at 600 nm (OD600) of cultures was determined with a UV-
1280 spectrophotometer (Shimadzu, Kyoto, Japan). Cells were harvested by centrifugation
(6000⇥ g, 4 �C) for 20 min using a Heraeus Fresco 17 centrifuge or a Heraeus Labofuge
400R (Thermo Fisher Scientific). The cell pellet was resuspended in RCM (22 mM KH2PO4,
42 mM Na2HPO4, 8.56 mM NaCl, 1 mM MgSO4, 1 mM CaCl2 and 1% glucose) until an
OD600 ⇡ 10.0 was reached. RCs were used on the day of preparation.

Protein expression was confirmed by 12.5% (w/n) SDS-PAGE analysis of whole-cell
samples normalized to OD600 = 7.0, using the Mini-PROTEAN electrophoresis system
(Bio-Rad, Feldkirchen, Germany) and following standard protocols (e.g., [50]). Gels were
stained with InstantBlueTM Protein Stain (Expedeon, Heidelberg, Germany).

4.4. LuxAB-Based HT Screening of Enzymes In Vivo
RCs co-expressing LuxAB and the enzyme of interest were prepared as described

above. To 198 µL RCs (OD600 ⇡ 10.0) per well, 2 µL stock solution of the target substrate
(0.1 M in dimethyl sulfoxide or ethanol) were added to a final concentration of 1 mM
substrate (Vtotal = 200 µL containing 1% (n/n) organic co-solvent) in 96-well plates (flat
bottom, black polystyrene [50,65,76]; Greiner Bio-One, Frickenhausen, Germany). It was
mixed gently and the bioluminescence measured immediately on a VarioskanTM LUX
multimode plate reader (Thermo Fisher Scientific). The change in bioluminescence was
followed at 25 �C for up to 1 h.

To assess the fold increase in bioluminescence above background (bx) caused by the
enzymatic production of aldehydes from substrates, the blank-corrected bioluminescence
signal at the corresponding time point (tx) was divided by the bioluminescence signal
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before substrate addition (t0; see also: Supplementary Materials). The blank value is
referred to the bioluminescence in RC suspensions before the addition of any organic
compound. In parallel, the increase in bioluminescence in the presence of 1% (n/n) or-
ganic co-solvent in RCs expressing LuxAB (or in combination with the oxidoreductase
of interest) was monitored and the fold increase calculated as before, yielding the cut-off
value. Substrate-enzyme combinations exhibiting bioluminescence greater than the cut-off
value + SD, referred to as the XCO (see also: Figure S7), were re-screened in whole-cell
biotransformations expressing the corresponding oxidoreductase alone.

4.5. Whole-Cell Biotransformations and Gas Chromatographic (GC) Analysis
RCs (OD600 ⇡ 10.0) expressing the oxidoreductase of interest or expressing LuxAB

and AlkJ for cascade reactions were prepared as described under Section 4.3; whole-
cell biotransformations were performed in glass vials with screw-caps (4 mL) at 5 mM
substrate concentration for alcohols and carboxylates in the presence of 5% (n/n) organic
co-solvent (Vtotal = 0.5 mL) in Infors HT Multitron incubator shakers at 25 �C (220–250 rpm)
for 0–24 h. For GC analysis, samples (100 µL) of the biotransformation mixtures were
taken immediately after the addition of substrate and mixing (t ⇡ 0 h), 1 h and 24 h.
Unless for biotransformations involving monoterpenoid aldehydes (e.g., 15b) and related
compounds [74], samples were acidified with 2 M HCl (10 µL) and extracted two times
with ethyl acetate (200 µL) containing 1 mM methyl benzoate as internal standard (IS) by
vortexing for 30–45 s. It was centrifuged (13,000⇥ g, 4 �C) for 1 min. The combined organic
phases were dried over Na2SO4 and transferred into a GC vial with insert, capped and
submitted to GC analysis. Compound identification was performed by the comparisons of
retention times of commercial standards (Table S13), unless stated otherwise; quantification
and calculation of GC yields were performed by standard calibrations or using relative
response factors (see: Supplementary Materials).

GC analysis (GC-2010 Plus, Shimadzu) using a flame ionization detector (FID; Shi-
madzu) was performed on a ZB-5MSi column (length: 30 m; inner diameter: 0.25 mm;
film thickness: 0.25 µm) from Phenomenex (Torrance, USA). GC/FID method (hydrogen,
0.96 mL·min�1 flow rate; injector and detector: 300 �C): 100 �C, hold 1 min, 20 �C per min
to 250 �C, hold 5 min; total time: 13.5 min. GC/MS analysis (GCMS-QP2010 SE, Shimadzu)
was performed on the same column. GC/MS method (helium, 1.00 mL·min�1 flow rate;
injector: 280 �C, ion source and interface: 260 �C): 100 �C, hold 5 min, 20 �C per min to
250 �C, hold 5 min, 20 �C per min to 280 �C and hold 5 min; total time: 24.0 min.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11080953/s1; Figure S1: DNA fragments for the assembly of pLuxAB, Figure S2:
DNA fragments for the assembly of pACYC/alkJtrnc, Figure S3: DNA fragments for the assembly
of pACYCDuet-1/carMm:pptNi, Figure S4: SDS-PAGE analysis of whole-cell samples, Figure S5:
LuxAB-based detection of aldehydes at low concentration in E. coli, Figure S6: LuxAB-based detection
of aldehydes in E. coli (background and negative controls), Figure S7: Background luminescence
and determination of the XCO value, Figure S8: Enzymatic reduction of toluic acids by CARMm;
Table S1: PCR mixtures for the assembly of pLuxAB, Table S2: Optimized thermal cycle conditions
for the assembly of pLuxAB, Table S3: PCR mixtures for the assembly of pACYC/alkJ, Table S4:
Optimized thermal cycle conditions for the assembly of pACYC/alkJ, Table S5: Q5® mutagenesis
reaction mixture, Table S6: Thermal cycle conditions for Q5® mutagenesis, Table S7: PCR mixtures
for the assembly of pACYCDuet-1/carMm:pptNi, Table S8: Optimized thermal cycle conditions
for the assembly of pACYCDuet-1/carMm:pptNi, Table S9: List of DNA oligonucleotides used
in this study, Table S10: List of strains and plasmids used in this study, Table S11: Production
of (monoterpene) aldehydes by CARMm and transformation in vivo, Table S12: Production of
(monoterpene) aldehydes by AlkJ and transformation by LuxAB, Table S13: List of compounds
analyzed in this study.
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1.� General chemicals, materials and devices 

Chemicals including substrates – alcohols and carboxylic acids (CAs) – and reference compounds were 
purchased from Sigma-Aldrich (Buchs, Switzerland), Roth (Karlsruhe, Germany) or TCI Chemicals 
(Tokyo, Japan) in the highest grade available, unless stated otherwise. Lysogeny broth (LB) medium 
and supplements including sugars (glycerol, glucose, ΅-lactose) and antibiotics (chloramphenicol, 
kanamycin, streptomycin) were ordered from Sigma-Aldrich or Roth. Salts for buffer or media solutions 
(e.g., KH2PO4, Na2HPO4, NaCl, (NH4)2SO4, MgSO4 or CaCl2) were purchased from Sigma-Aldrich or 
Roth as well. Solvents were GC grade and purchased from Sigma-Aldrich or J.T. Baker (Schwerte, 
Germany). 

 
Polymerase chain reactions (PCRs) were performed on a Biometra TAdvanced thermal cycler (Analytik 
Jena, Jena, Germany). Deoxyribonucleic acid (DNA) gels were run on a Biometra Compact XS/S system 
(Analytik Jena), using 1.0% (Ν/Α) agarose gel (Sigma-Aldrich) containing 1X SYBR® Green (Thermo 
Fisher Scientific, Darmstadt, Germany) in 1X TAE buffer (40 mM Trizma® base, 20 mM acetic acid, 1 mM 
ethylenediaminetetraacetic acid; pH ƿ 8.6). Visualization of DNA bands was done on a UV table 
(Shimadzu, Duisburg, Germany). 

 
Cultivations of different Escherichia coli (E. coli) strains and whole-cell biotransformations were 
performed in Infors HT Multitron incubator shakers (Bottmingen, Switzerland). The optical density at 
600 nm (OD600) was determined with a UV-1280 spectrophotometer (Shimadzu) and cells were 
harvested by centrifugation using a Heraeus Fresco 17 centrifuge or a Heraeus Labofuge 400R (Thermo 
Fisher Scientific). 

 
For bioluminescence measurements, a VarioskanTM LUX multimode plate reader was used (Thermo 
Fisher Scientific). 

 
Gas chromatography (GC) analysis (GC-2010 Plus, Shimadzu) using a flame ionization detector (FID; 
Shimadzu) was performed on a ZB-5MSi column (length: 30 m; inner diameter: 0.25 mm; film thickness: 
0.25 ΐm) from Phenomenex (Torrance, USA). GC/mass spectrometry (MS) analysis (GCMS-QP2010 SE, 
Shimadzu) was performed on the same column. GC methods are given below. 

 
2.� DNA manipulation and protein production methods 

2.1.�Sequence and ligation-independent cloning (SLIC) 

The optimal annealing temperatures (Ta) were determined by gradient PCR (45–65°C), unless stated 
otherwise using Pfu+ or OptiTaq DNA polymerase (Roboklon, Berlin, Germany) or Q5® high-fidelity 
(Q5®-HF) DNA polymerase (New England Biolabs, Frankfurt/Main, Germany). Deoxynucleotide 
triphosphates (dNTPs) were purchased premixed (10 mM each) from Roth. Other enzymes for the 
manipulation of DNA (e.g., DpnI) were purchased from Thermo Fisher Scientific or New England 
Biolabs. PCR products were purified with QIAquick PCR & Gel Cleanup Kit (QIAGEN, Hilden, 
Germany) and plasmid DNA isolated with innuPREP Plasmid Mini Kit 2.0 (Analytik Jena). DNA 
concentration was determined by NanoDropTM 2000 spectrophotometer (Thermo Fisher Scientific). 

 
Plasmids were assembled from two linear DNA fragments via homologous overhangs attached by PCR, 
following adapted protocols from Li et al. [1] or Wiesinger et al. [2]. The latter employed a seamless and 
ligation-independent cloning extract (SLiCE) that was prepared from E. coli TOP10 cultures as reported 
by Zhang et al. [3]. 

 
Sanger sequencing was performed by Eurofins Genomics (Ebersberg, Germany) with T7UP-1 F and 
T7term primers (Table S9), unless otherwise noted. 

 
2.1.1.� Cloning of the biosensor device pLuxAB 

For the construction of the biosensor device, the luxAB coding region was amplified from 
pAK400c/iluxAB_Cmr, which was previously constructed for the integration of luxAB into the A. baylyi 
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genome and the monitoring of intracellular levels of long-chain aldehydes (ǂ C18) [4, 5]. Primers 
introduced flanking 15 bp-overhangs complementary to the target pCDFDuet-1 vector. The pCDF 
backbone was amplified by primers binding upstream of the T7lac promoter of the multiple cloning site 
(MCS)-1 (R primer) and covering the unique EcoRI and SacI restriction sites (F primer), consequently, 
deleting the miscellaneous insert (misc) in the MCS-1 including its regulatory sequences but leaving the 
empty MCS-2 and its flanking sequences intact. Subsequently, the luxAB insert and the pCDF backbone 
were assembled by the modified SLIC procedure [2, 3], yielding pCDFduo/luxAB, in this study referred 
to as pLuxAB. 

The DNA fragment encoding the luxAB subunits  was  amplified  with  the  primer  pair  
LuxA_T5 F/LuxB R and Pfu+ (Ta = 45.0°C; Figure S1). The pCDF backbone was amplified with primers 
pCDF F/R and OptiTaq (Ta = 48.0°C as calculated from the primer with the lower melting temperature: 
Ta = Tm – 5 [°C]; Figure S1). The preparation of PCR mixtures and optimized thermal cycle conditions 
are given in Table S1 and Table S2, respectively. The PCR products of expected sizes (pCDF ƿ 3.7 kb 
and luxAB ƿ 2.3 kb) according to agarose gel electrophoresis were purified. The correct assembly by 
SLiCE was confirmed by Sanger sequencing (using T5 F and DuetDOWN1 as sequencing primers; 
Table S9) of isolated plasmid DNA from single colonies of E. coli BL21(DE3) transformants selected on 
LB agar plates supplemented with 25 ΐg·mL-1 streptomycin. 

 
 

Table S1. PCR mixtures for the assembly of pLuxAB 
 

�  

PCR mix (Pfu+) Final 
concentration 

� �  

PCR mix (OptiTaq) Final 
concentration 

5.0 ΐL 10X Pfu buffer 1X � 5.0 ΐL 10X Pol B buffer 1X 

2.0 ΐL dNTP mix (5 mM each) 0.2 mM each � 2.0 ΐL dNTP mix (5 mM each) 0.2 mM each 

2.5 ΐL LuxA_T5 F (5 ΐM) 0.25 ΐM � 2.5 ΐL pCDF F (5 ΐM) 0.25 ΐM 

2.5 ΐL LuxB R (5 ΐM) 0.25 ΐM � 2.5 ΐL pCDF R (5 ΐM) 0.25 ΐM 

1.0 ΐL 
pAK400c/iluxAB_Cmr 

(100 ng·ΐL-1) 2.0 ng·ΐL-1 
�

1.0 ΐL pCDF/misc (128 ng·ΐL-1) 2.5 ng·ΐL-1 

0.9 ΐL DMSO 1.8% (Α/Α) � 0.9 ΐL DMSO 1.8% (Α/Α) 

0.5 ΐL Pfu+  (5 U·ΐL-1) 2.5 U � 0.5 ΐL OptiTaq (5 U·ΐL-1) 2.5 U 

35.6 ΐL nuclease-free water - � 35.6 ΐL nuclease-free water - 

 
 

Table S2. Optimized thermal cycle conditions for the assembly of pLuxAB 
 

PCR step 
(Pfu+) 

Temperature 
[°C] 

 

Time 
No. of 
cycles 

� PCR step 
(OptiTaq) 

Temperature 
[°C] 

 

Time 
No. of 
cycles 

Initial 
denaturation 

 

95 
 

5 min 
 

1 
� Initial 

denaturation 

 

95 
 

5 min 
 

1 

Denaturation 95 30 s � � Denaturation 95 30 s �

Annealing 45.0 30 s 30 � Annealing 48.0 30 s 30 

Extension 72 2 min 20 s � � Extension 72 3 min 40 s �

Terminal 
extension 

 

72 
 

3 min 
 

1 
� Terminal 

extension 

 

72 
 

5 min 
 

1 

Hold 10 ǈ 1 � Hold 10 ǈ 1 
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Figure S1. DNA fragments for the assembly of pLuxAB. The purified PCR products encoding the 
backbone (pCDF: 3.66 kb) and the insert (luxAB: 2.29 kb) had the expected sizes; 1 kb DNA ladder 
for size comparison and samples separated as described above at 120 V for 35–45 min. Irrelevant 
lanes were cropped, the colors of gel pictures inverted to grey scale for clarity. 

 
 

2.1.2. Cloning of pACYQ/alkJ 

The open reading frame (ORF) encoding alkJ was amplified from pGEc47 [6] and subcloned into a 
pACYC-derived backbone through SLIC as before [2, 3], replacing a miscellaneous insert (misc) in the 
target vector by the alkJ insert downstream of the existing T7lac promoter and the ribosome binding site 
(RBS). 

The DNA fragment harboring the alkJ fragment was amplified with the primer pair AlkJ F/R, 
introducing 15 bp-overhangs complementary to the target pACYC vector, and Pfu+  (Ta  = 48.6°C;  
Figure S2). The pACYC backbone was amplified with the primers pACYC F/pACYC-2 R and OptiTaq 
(Ta = 48.6°C; Figure S2). The preparation of PCR mixtures and optimized thermal cycle conditions are 
given in Table S3 and Table S4, respectively. 

Purified DNA fragments (pACYC ƿ 4.3 kb and alkJ ƿ 1.7 kb) were processed and incubated with 
the SLiCE. Subsequently, chemically competent E. coli TOP10 cells were transformed with the assembly 
mixtures. Colonies were selected on LB agar plates containing 34 ΐg·mL-1 chloramphenicol the next day. 
Sanger sequencing of isolated plasmid DNA revealed a truncated ORF of the alkJ gene in all samples 
caused by the absence of a cytosine close to the C-terminus of the ORF, resulting in a frame shift and 
the truncation of the ADH by the last six amino acids. 

 
 

Table S3. PCR mixtures for the assembly of pACYC/alkJ 
 

�  

PCR mix (Pfu+) 
Final 

concentration 

� �  

PCR mix (OptiTaq) 
Final 

concentration 

5.0 ΐL 10X Pfu buffer 1X � 5.0 ΐL 10X Pol B buffer 1X 

2.0 ΐL dNTP mix (5 mM each) 0.2 mM each � 2.0 ΐL dNTP mix (5 mM each) 0.2 mM each 

2.5 ΐL AlkJ F (5 ΐM) 0.25 ΐM � 2.5 ΐL pACYC F (5 ΐM) 0.25 ΐM 

2.5 ΐL AlkJ R (5 ΐM) 0.25 ΐM � 2.5 ΐL pACYC-2 R (5 ΐM) 0.25 ΐM 

1.0 ΐL pGEc47 (150 ng·ΐL-1) 3.0 ng·ΐL-1 � 1.0 ΐL pACYC/misc (55 ng·ΐL-1) 1.1 ng·ΐL-1 

0.9 ΐL DMSO 1.8% (Α/Α) � 0.9 ΐL DMSO 1.8% (Α/Α) 

0.5 ΐL Pfu+  (5 U·ΐL-1) 2.5 U � 0.5 ΐL OptiTaq (5 U·ΐL-1) 2.5 U 

35.6 ΐL nuclease-free water - � 35.6 ΐL nuclease-free water - 
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Table S4. Optimized thermal cycle conditions for the assembly of pACYC/alkJ 
 

PCR step 
(Pfu+) 

Temperature 
[°C] 

 

Time 
No. of 
cycles 

� PCR step 
(OptiTaq) 

Temperature 
[°C] 

 

Time 
No. of 
cycles 

Initial 
denaturation 

 

95 
 

5 min 
 

1 
� Initial 

denaturation 

 

95 
 

5 min 
 

1 

Denaturation 95 30 s � � Denaturation 95 30 s �

Annealing 45.0 30 s 30 � Annealing 48.0 30 s 30 

Extension 72 2 min 20 s � � Extension 72 3 min 40 s �

Terminal 
extension 

 

72 
 

3 min 
 

1 
� Terminal 

extension 

 

72 
 

5 min 
 

1 

Hold 10 ǈ 1 � Hold 10 ǈ 1 

 
 

Figure S2. DNA fragments for the assembly of pACYC/alkJtrnc. The purified PCR products encoding 
the backbone in lane 1 (pACYC: 4.30 kb) and the insert in lane 2 (alkJ: 1.67 kb) had the expected sizes; 
1 kb DNA ladder for size comparison and samples separated on 1.2% agarose at 120 V for 20 min. 
Irrelevant lanes were cropped, the colors of gel picture was inverted to grey scale for clarity. 

 
The missing cytosine was inserted by successful usage of the Q5® Site-Directed Mutagenesis Kit (New 
England Biolabs), yielding the desired pACYQ/alkJ. The insertion was performed with the primer pair 
AJQ5 F/R (Ta = 61.0°C as calculated by the NEBaseChangerTM tool available from: 
http://nebasechanger.neb.com/) and following the instructions of the supplier. The preparation of PCR 
mixture and the thermal cycle conditions are given in Table S5 and Table S6, respectively. Finally, the 
completeness of the alkJ ORF was confirmed by Sanger sequencing (sequencing primers: Table S9). 

 
 

Table S5. Q5®  mutagenesis reaction mixture 
 

�  

Q5®  PCR mix 
Final 

concentration 

 

12.5 ΐL Q5 Hot Start High- 
Fidelity 2X Master Mix 

 

1X 

2.5 ΐL AJQ5 F (5 ΐM) 0.5 ΐM 

2.5 ΐL AJQ5 R (5 ΐM) 0.5 ΐM 

1.0 ΐL pACYC/alkJ (36 ng·ΐL-1) 1.4 ng·ΐL-1 

6.5 ΐL nuclease-free water - 
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Table S6. Thermal cycle conditions for Q5® mutagenesis 
 

 

PCR step 
Temperature 

[°C] 

 

Time 
No. of 
cycles 

Initial 
denaturation 

 

98 
 

30 s 
 

1 

Denaturation 98 10 s �

Annealing 61.0 15 s 25 

Extension 72 3 min 36 s �

Terminal 
extension 

 

72 
 

2 min 
 

1 

Hold 10 ǈ 1 

 
 

2.1.3. Assembly of pACYCDuet-1/carMm:pptNi 

The pACYCDuet-1/carMm construct harboring the carMm gene in MCS-1 was used as template to insert 
the Nocardia iowensis phosphopantetheinyl transferase (pptNi) gene downstream of the carMm ORF and 
upstream of the MCS-2. PPTs are required to posttranslationally modify apoCAR, yielding catalytically 
active holoCAR [7, 8]. The pptNi insert was amplified from pCDF/pptNi including the cognate RBS. The 
primers introduced flanking 25 bp-overhangs for homologous recombination with the pACYCDuet- 
1/carMm fragment, following the SLIC protocol by Li et al. [1] with a molar ratio of insert to backbone = 
3:1 in the assembly mixture. 

The pptNi insert was amplified with the primer pair Npt F/R and Q5®-HF (Ta = 57.0°C; Figure S3). 
The pACYCDuet-1 backbone harboring the carMm gene was amplified with the primers pCAR_Npt F/R 
and Q5®-HF (Ta = 64.0°C; Figure S3). The preparation of PCR mixture and the thermal cycle conditions 
are given in Table S7 and Table S8, respectively. The correct assembly was confirmed by Sanger 
sequencing of isolated plasmid DNA from single colonies of transformants selected on LB agar plates 
supplemented with 34 ΐg·mL-1 chloramphenicol. Sanger sequencing confirmed the correct assembly of 
pACYCDuet-1/carMm:pptNi  (sequencing primers: Table S9). 

 
 

Table S7. PCR mixtures for the assembly of pACYCDuet-1/carMm:pptNi 
 

� PCR mix 
(insert) 

Final 
concentration 

� � PCR mix 
(backbone) 

Final 
concentration 

10.0 ΐL 5X Q5 reaction buffer 1X � 10.0 ΐL 10X Pol B buffer 1X 

2.0 ΐL dNTP mix (5 mM each) 0.2 mM each � 2.0 ΐL dNTP mix (5 mM each) 0.2 mM each 

5.0 ΐL Npt F (5 ΐM) 0.5 ΐM � 5.0 ΐL pACYC F (5 ΐM) 0.25 ΐM 

5.0 ΐL Npt R (5 ΐM) 0.5 ΐM � 5.0 ΐL pACYC-2 R (5 ΐM) 0.25 ΐM 

1.1 ΐL pCDF/pptNi  (45 ng·ΐL-1) 1.0 ng·ΐL-1 � 1.1 ΐL pACYC/carMm  (68 ng·ΐL-1) 1.5 ng·ΐL-1 

0.5 ΐL Q5®-HF - � 0.5 ΐL Q5®-HF - 

- 5X Q5 High GC enhancer - � 10.0 ΐL 5X Q5 High GC enhancer 1X 

26.4 ΐL nuclease-free water - � 16.4 ΐL nuclease-free water - 
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Table S8. Optimized thermal cycle conditions for the assembly of pACYCDuet-1/carMm:pptNi 
 

PCR step 
(Q5®-HF) 

Temperature 
[°C] 

 

Time 
No. of 
cycles 

� PCR step 
(Q5®-HF) 

Temperature 
[°C] 

 

Time 
No. of 
cycles 

Initial 
denaturation 

 

98 
 

30 s 
 

1 
� Initial 

denaturation 

 

98 
 

30 s 
 

1 

Denaturation 98 10 s � � Denaturation 98 10 s �

Annealing 57.0 15 s 30 � Annealing 64.0 15 s 30 

Extension 72 18 s � � Extension 72 3 min 45 s �

Terminal 
extension 

 

72 
 

2 min 
 

1 
� Terminal 

extension 

 

72 
 

2 min 
 

1 

Hold 10 ǈ 1 � Hold 10 ǈ 1 

 
 

Figure S3. DNA fragments for the assembly of pACYCDuet-1/carMm:pptNi. The purified PCR products 
encoding the backbone and the carMm   gene (pACYCDuet-1/carMm: 8.07 kb) and the insert (pptNi: 
0.63 kb) had the expected sizes. The insert was excised and purified again before assembly (not 
shown); 1 kb DNA ladder for size comparison and samples separated on 0.8% and 1.5% agarose, 
respectively, at 90–120 V for 30–45 min. Irrelevant lanes were cropped, the colors of gel pictures 
inverted to grey scale for clarity. 

 
 

2.2. Cloning of pET28a/co-6Ac 

The gene encoding the choline oxidase variant 6 from Arthrobacter chlorophenolicus (CO-6Ac; B8H740) was 
based on the work by Heath et al. [9]. For the expression in E. coli, it was codon-optimized and 
synthesized by BioCat GmbH (Heidelberg, Germany). The gene was sub-cloned by SLIC into the vector 
pET28a in optimal distance to the RBS by the BioCat GmbH as well. 

 
2.3.�List of primers 

Desalted DNA oligonucleotides were ordered from Invitrogen/Thermo Fisher Scientific and dissolved 
in nuclease-free water (Invitrogen, Darmstadt, Germany). The resulting stock solutions (100 ΐM) were 
further diluted and used as primers for polymerase chain reactions (PCRs; 5 ΐM) or Sanger sequencing 
(10 ΐM). 
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Table S9. List of DNA oligonucleotides used in this study 
 

Primer Sequence (5’ p�3’) Purpose 

LuxA_T5 F 
LuxB R 
pCDF F 
pCDF R 

CCTGCATTAGGAAATAGTATATGCTGAACTTTCTTC 
GAATTCTTAGGTATATTCCATGTGGTACTTCT 
TATACCTAAGAATTCGAGCTC 
ATTTCCTAATGCAGGAGTC 

Assembly (2 fragments): 
pCDFduo/luxAB 
(pLuxAB) 

AlkJ F 
AlkJ R 
pACYC F 
pACYC-2 R 

GAAGGAGATATACATATGTACGACTATATAATCGTTGG 
GTTAGCAGCCGGATCCTTACATGCAGACAGCTATCATG 
GATTATATAGTCGTACATATGTATATCTCCTTCTTAAAGTTAAAC 
GATAGCTGTCTGCATGTAAGGATCCGGCTGCTAAC 

 
Assembly (2 fragments): 
pACYC/alkJ 

AJQ5 F 
AJQ5 R 

CCATGATAGCTGTCTGCATG 
CCAACTCTAGCTCTGCAC 

Restoring alkJ ORF, 
yielding pACYQ/alkJ 

mAlkJ F CACCTTCTAATGCTTTCTG SEQ (F); binds within the 
alkJ ORF 

Npt F 
Npt R 
pCAR_Npt F 
pCAR_Npt R 

ATGATTGAAACCATCCTGCCGGC 
TCACGCGTAAGCAATAGCGGTC 
TGACCGCTATTGCTTACGCGTAACTTAAGTCGAACAGAAAGTAATCG 
CCGGCAGGATGGTTTCAATCATGGTATATCTCCTTTTATTAGCGGC 

 
Assembly (2 fragments): 
pACYCDuet-1/carMm:pptNi 

mCAR1 GTTACTTCCTGACCGAT SEQ (F); binds within the 
carMm ORF 

mCAR2 CATGCACACTCGCAAACG SEQ (R); binds within the 
carMm ORF 

mCAR3 GCATGATCCTTAGCTTAG SEQ (F); binds within the 
carMm ORF 

T7UP-1 CCAGCAACCGCACCTGTG SEQ (F); binds upstream of 
the T7lac promoter 

T7term GCTAGTTATTGCTCAGCGG SEQ (R); binds upstream 
of the T7 terminator 

T5 F GTGAGCGGATAACAATTTG SEQ (F); binds to the T5 
promoter region 

 
ACYCDuetUP1 

 
GGATCTCGACGCTCTCCCT 

SEQ (F); standard primer 
for MSC-1 inserts in Duet 
vectors 

 
DuetDOWN1 

 
GATTATGCGGCCGTGTACAA 

SEQ (R); standard primer 
for MSC-1 inserts in Duet 
vectors 

SEQ = primer for Sanger sequencing, forward (F) or reverse (R); ORF = open reading frame; MSC = multiple cloning site 
 
 

2.4.�List of strains and plasmids 
 
 

Table S10. List of strains and plasmids used in this study 
 

E. coli strain Genotype Reference 

BL21(DE3) F–  ompT gal dcm hsdSB (rB–, mB–) (DE3) Thermo Fisher Scientific 

DH5΅ F– endA1 recA1 endA1 ̘80lacŻM15 ̇(lacZYA-argF) U169 
hsdR17(rK–, mK+) phoA supE44 thi-1 gyrA96 relA1 Ώ– 

Thermo Fisher Scientific 

TOP10 F– mcrA ̇(mrr-hsdRMS-mcrBC) ̘80lacŻM15 ̇(lac)X74 recA1 
araD139 ̇(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG Thermo Fisher Scientific 

RARE E. coli K-12 MG1655 ̇(dkgA, dkgB, yeaE, yjgB, yqhC, yqhD, 
yahK) [10] 
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Table S10. List of strains and plasmids used in this study (continued) 
 

Plasmid Genotype; antibiotic markers [a] 
Reference 

(accession no.) 
 

pACYCDuet-1/carMm 

 

carMm; CmR 
This study 

(carMm: WP_012393886) 

 
pACYCDuet-1/carMm:pptNi 

 
carMm  pptNi; CmR 

This study 
(carMm: WP_012393886) 

(pptNi: ABI83656) 

pACYC/alkJtrnc [b] alkJtrnc; CmR This study 
 

pACYQ/alkJ 
 

alkJ; CmR 
This study 

(alkJ: Q00593) 

pAK400c/iluxAB luxAB; CmR [4] 
 

pCDF/pptNi 

 

pptNi; StrR 
This study 

(pptNi: ABI83656) 

 
pCDFduo/luxAB (pLuxAB) 

 
luxAB; StrR 

This study 
(luxA: WP_088373098) 

(luxB: P19840) 
 

pET28a/co-6Ac 

 

co-6Ac; KanR 
[9] 

(coAc: B8H740) [c] 

pGEc47 alkBFGHJKL alkST; TetR [6] 

[a]    Antibiotic markers: CmR (chloramphenicol), StrR (streptomycin), KanR (kanamycin), TetR (tetracycline); see also: [11] 
[b]  The ORF of the alkJ gene was truncated by the last six amino acids of the C-terminus (alkJtrnc). This was caused by the absence 

of a cytosine, which resulted in a frame shift as determined by Sanger sequencing. The cytosine was inserted by Q5® site- 
directed mutagenesis and the complete ORF restored, yielding pACYQ/alkJ. 

[c]     The accession number refers to the wildtype enzyme. 
 
 

2.5.�Preparation of chemically competent E. coli cells and transformation by heat-shock 

Chemically competent E. coli cells were produced by well-established protocols using CaCl2 (0.1 M) and 
transformed with plasmid DNA (25–100 ng·ΐL-1) by heat-shock at 42°C for 45 s (e.g., [2] and references 
therein). For the efficient transformation of E. coli RARE cells, plasmids were passed through E. coli 
DH5΅.  Briefly,  a  single  colony  of  the  strain  to  be  transformed  was  grown  in  liquid  LB  (25 g·L- 

1) containing the appropriate antibiotic if applicable at 37°C with shaking (180 rpm) for 12–16 h. Fresh 
LB medium supplemented with antibiotic if applicable was inoculated with 1.0% (Α/Α) preculture in a 
baffled flask and incubated at 37°C with shaking (180 rpm) until an OD600 = 0.2–0.4 was reached. The 
culture was dispensed into 1.5 mL aliquots and centrifuged (6 000 x g, 4°C) for 15 min. The following 
steps were performed on ice. The supernatant was removed. The cell pellet was resuspended in ice-cold 
0.1 M CaCl2 (0.5 mL) and incubated for 15 min. It was centrifuged (3 000 x g, 4°C) for 10 min. The 
supernatant was removed and the cell pellet resuspended in 0.1 mL ice-cold CaCl2 solution. Plasmid 
DNA (1 ΐL) was added and the resulting mixture incubated on ice ǃ 1 h before the heat-shock was 
performed. The transformation mixture was put back on ice for 2 min. For recovery, 0.5 mL SOC 
medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4 and 
20 mM glucose) were added. It was incubated at 37°C with vigorous shaking for ǃ 1 h. Selection of 
transformants was performed in LB medium (or on LB agar plates containing 1.5% agar-agar) in the 
presence of the appropriate antibiotic(s). 

The following final concentrations  of  antibiotics  were  used  in  this  study:  chloramphenicol  
(34 ΐg·mL-1), kanamycin (50 ΐg·mL-1) and streptomycin (25 ΐg·mL-1). Only half the concentration was 
used for the selection and subsequent cultivation of strains harboring two plasmids. 

 
2.6.�Protein production/analysis and preparation of resting cells (RCs) 

Protein production (AlkJ, CARMm/PPTNi, CO-6Ac and LuxAB) was performed in E. coli RARE 
transformants cultivated in auto-induction medium (AIM; 2.5% LB medium, 1 mM MgSO4, 25 mM 
(NH4)2SO4, 50 mM KH2PO4, 50 mM Na2HPO4, 5% glycerol, 0.5% glucose, 2% ΅-lactose) adapted from 
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Studier [12]. Therefore, a single colony of the desired strain (or transformant) was grown in LB medium 
(25 g·L-1) containing the appropriate antibiotic(s) at 37°C with shaking (180 rpm) for 12–16 h. AIM 
supplemented with antibiotic(s) was inoculated with 0.2% (Α/Α) preculture in baffled flasks and 
incubated at 37°C with shaking (180 rpm) for 4–6 h (6 h for co-transformants, 5 h for pLuxAB 
transformants and 4 h for all others). Enzyme production was performed at 20°C with shaking (150 rpm) 
for 16–20 h. 

Cells were harvested by centrifugation (6 000 x g, 4°C) for 20 min. The cell pellet was resuspended 
in resting cell medium (RCM; 22 mM KH2PO4, 42 mM Na2HPO4, 8.56 mM NaCl, 1 mM MgSO4, 1 mM 
CaCl2, 1% glucose) until an OD600 = 10.0 was reached. RCs were used on the day of preparation for the 
LuxAB-based aldehyde assay and biotransformations as described below. 

Protein expression was confirmed by 12.5% (Ν/Α) sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) analysis under reducing conditions of whole-cell samples normalized to 
OD600 = 7.0; standard protocols were followed (e.g., [2]) using the Mini-PROTEAN electrophoresis 
system (Bio-Rad, Feldkirchen, Germany). To visualize protein bands, gels were stained with 
InstantBlueTM Protein Stain (Expedeon, Heidelberg, Germany) at room temperature for ǃ 15 min. 
Exemplary SDS-PAGE gels are shown in Figure S4. 

 

Figure S4. SDS-PAGE analysis of whole-cell samples. (A) Expression of (1) LuxAB [LuxA: 41 kDa, LuxB: 37  kDa], 
(2) CARMm [129 kDa] and PPTNi [23 kDa; poor expression], (3) CARMm/PPTNi and LuxAB, (4) AlkJ [62 kDa], (5) AlkJ 
and LuxAB, and (6) CO-6Ac [63 kDa; poor  expression] and LuxAB  in E. coli RARE.  (B)  Expression  of (1) CO-6Ac 

[63 kDa] and (2) AlkJ [62 kDa] in E. coli RARE. Sample loading normalized to OD600 = 7.0 and SDS-PAGE analysis 
performed as described above. Staining performed for (A) 30 min and (B) 16 h; gels were rinsed with deionized 
water before documentation. Irrelevant lanes were cropped, the contrast of both pictures was increased by 20%; 
(e) indicate protein bands of interest. 

 

3.� LuxAB-based high-throughput (HT) assay for aldehyde detection (96-well plate format) 

3.1.�Direct detection of aldehydes by LuxAB 

RCs expressing LuxAB were prepared as described above. In 96-well plates (flat bottom, black 
polystyrene; Greiner Bio-One, Frickenhausen, Germany), the following mixtures were prepared: (i) 2 ΐL 
stock solution of the desired aldehyde (100 mM in dimethyl sulfoxide or ethanol) or (ii) 2 ΐL 1:10-diluted 
stock solution (10 mM in ethanol) were added to 198 ΐL RCs (OD600 = 10.0) per well (Vtotal = 200 ΐL 
containing 1% (Α/Α) organic co-solvent). It was mixed gently and the bioluminescence measured 
immediately. The change in bioluminescence was followed at 25°C up to 1 h and after 24 h. 

The following aldehydes were tested: octanal (2b), nonanal (3b), decanal (4b), citral (15b; applied 
as a commercial mixture of the E- and Z-isomers geranial and neral), the (R)- and (S)-enantiomers of 
citronellal (16b), melonal (17b), benzaldehyde (18b), 2-phenyl ethanal (19b), cuminaldehyde (20b), 
trans-cinnamaldehyde (21b), 3-phenyl propanal (22b), 2-methylbenzaldehyde (23b), 3- 
methylbenzaldehyde (24b) and 4-methylbenzaldehyde (25b). The increase in bioluminescence in the 
presence of (i) 1 mM aldehyde is discussed in the main article (Figure 2), the results for (ii) 0.1 mM 
aldehyde are shown in Figure S5. 

To assess the fold increase in bioluminescence above background (bx) emitted by LuxAB in the 
presence of aldehyde substrates, the following equation was used: 
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where tx is the blank-corrected bioluminescence signal at the corresponding time point x and t0 is the 
blank-corrected bioluminescence signal before the addition of substrate; t0 is determined by the addition 
of 1% (Α/Α) organic co-solvent and measuring the bioluminescence immediately. The blank value is 
defined as the bioluminescence detected in RCs before the addition of any organics. 

Supplementation of the aldehydes 2–4b increased the bioluminescence roughly 8 300-, 10 200- and 
27 000-fold, respectively, after 3 min (Figure S5A). Even at the lower concentration of 0.1 mM aldehyde, 
this set-up was sufficient to confirm the initially reported substrate scope of LuxAB in P. luminescens 
[13]. 

 

 

Figure S5. LuxAB-based detection of aldehydes at low concentration in E. coli. (A) The bioluminescence greatly 
increased in the presence of previously reported aliphatic aldehydes (2–4b). (B) New substrates of LuxAB included 
monoterpene aldehydes (15–17b) and aromatic aldehydes with aliphatic sidechains (19b and 22b). Differences in 
maximal bioluminescence indicate aldehyde preference of LuxAB. Experiments performed in RCs of E. coli RARE 
(OD600 = 10.0) expressing LuxAB from pLuxAB in the presence of 0.1 mM aldehyde and 1% (Α/Α) ethanol as co- 
solvent; data presented as mean values + standard deviation (SD) of biological replicates (n = 3). 
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The tested terpene aldehydes increased the bioluminescence; the clear preference of LuxAB for the (R)- 
enantiomer of 16b could be confirmed (Figure S5B; see also: Figure 2B in the main article). (R)-16b and 
17b, for example, increased the bioluminescence almost 1 000- and 270-fold, respectively, after 9 min. 
The aromatic aldehydes 19b and 22b also yielded bioluminescence (188- and 48-fold increase after 9 min 
and 6 min, respectively; Figure S5B), whereas 18b, 20–21b (data not shown) and the tolualdehydes 23– 
25b (Figure S6) did not under these conditions. 

 

Figure S6. LuxAB-based detection of aldehydes in E. coli (background and negative controls). In the presence of 2- 
decanol and 2-decanone (negative controls), the bioluminescence did not increase significantly (top). The direct 
addition of certain aromatic aldehydes did not increase the bioluminescence either, exemplarily shown for 23–25b 
(bottom). Experiments performed in RCs of E. coli RARE (OD600 = 10.0) expressing LuxAB from pLuxAB in the 
presence of 0.1 mM organic compound if applicable and 1% (Α/Α) ethanol as co-solvent; data presented as mean 
values + standard deviation (SD) of biological replicates (n = 3). 

 
 

3.2.�Enzymatic production of aldehydes by oxidoreductases and detection by LuxAB 

RCs co-expressing LuxAB and the oxidoreductase of interest (AlkJ, CARMm or CO-6Ac) were prepared as 
described above. In 96-well plates (flat bottom, black polystyrene; Greiner Bio-One), 2 ΐL stock solution 
of the desired substrate (100 mM in dimethyl sulfoxide or ethanol) were  added  to  198 ΐL  RCs  
(OD600 = 10.0) per well (Vtotal = 200 ΐL; containing 1 mM substrate and 1% (Α/Α) organic co-solvent). It 
was mixed gently and the bioluminescence measured immediately. The change in bioluminescence was 
followed at 25°C up to 1 h (Figure 3 in the main article). 

To assess the fold increase in bioluminescence (bx) above background caused by the enzymatic 
production of aldehydes from oxidoreductase substrates, the blank-subtracted bioluminescence signal 
at the corresponding time point (tx) was divided by the bioluminescence signal before the addition of 
substrate (t0) as before. Since the bioluminescence slightly increased over time in the sole presence of 
1% (Α/Α) organic co-solvent, it was monitored in parallel and the fold increase calculated as before. This 
yielded the cut-off value at tx. Substrate-enzyme combinations exhibiting bioluminescence greater than 
the cut-off value + SD, referred to as the experimental cut-off (XCO) in this study (Figure S7), were re- 
screened in whole-cell biotransformations expressing the corresponding oxidoreductase alone as 
described below. 

Since XCO can vary (e.g., expression levels of target enzymes, temperature, cell viability) its 
determination was crucial to distinguish increasing bx from the in situ production of aldehydes and from 
the unspecific increase in the presence of organic co-solvents like ethanol (Figure S7B–D). 
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Figure S7. Background luminescence and determination of the XCO value. (A) The bioluminescence above 
background transiently increased in the presence of 1% (Α/Α) organic co-solvents like ethanol (bEtOH) and acetonitrile 
(bACN) after 3–6 min – but not in RCM (bRCM) – in RCs expressing LuxAB from pLuxAB. Contrary, the 
bioluminescence increased in the presence of organic co-solvents, exemplarily shown for ethanol (bEtOH; B–D), in 
RCs co-expressing LuxAB and one of the oxidoreductases. Both XCO values and bx, shown for the selected 
oxidoreductase substrates 3, (R)-16, 21 and 24, were calculated as described in this study from biological replicates 
(n = 3) and used for the assessment of the HT assay (Figure 3 in the main article). (B) Change in bioluminescence in 
RCs co-expressing LuxAB and AlkJ (pACYQ/alkJ), producing aldehydes (b) from primary alcohols (a); XCO-1 (left) 
and XCO-2 (right) for two separately performed HT assays. (C) Change in bioluminescence in RCs co-expressing 
LuxAB and CO-6Ac (pET28a/co-6Ac), producing aldehydes (b) from primary alcohols (a). (D) Change in 
bioluminescence in RCs co-expressing LuxAB and CARMm (pACYCDuet-1/carMm:pptNi), producing aldehydes (b) 
from CAs c); PPTNi for posttranslational modification of CARMm omitted for clarity. The Enzyme Commission (EC) 
numbers were adapted from: https://www.brenda-enzymes.org/. All data produced in RCs E. coli RARE (OD600 = 
10.0) in the presence of 1% (Α/Α) co-solvent and 1 mM substrate if applicable; bx presented as mean fold increase in 
bioluminescence based on biological replicates (n = 3). 
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Figure S7. Background luminescence and determination of the XCO value (continued). Change in bioluminescence 
over time in response to the in situ production of aldehydes (b) by CARMm from 4c, (R)-16c, 21c and 24c; PPTNi 

omitted for clarity. The XCO was calculated as described in this study and was used to assess the increase in 
bioluminescence caused by the presence of aldehydes and not the unspecific increase in the presence of organic co- 
solvents such as ethanol. 

 
 

4.� Biotransformations and GC analysis 

4.1.�Whole-cell biotransformations, sampling and GC analysis 

RCs (OD600 = 10.0) expressing the oxidoreductase of interest or co-expressing LuxAB and AlkJ for 
cascade reactions were prepared as described above. Whole-cell biotransformations were performed in 
glass vials with screw-caps (4 mL) at 5 mM substrate concentration for alcohols and carboxylates in the 
presence of 5% (Α/Α) organic co-solvent (Vtotal = 0.5 mL) at 25°C (220–250 rpm) for 0–24 h. For GC 
analysis, samples (100 ΐL) of the biotransformation mixtures were taken immediately after the addition 
of substrate and mixing (t ƿ 0 h), 1 h and 24 h. Unless for biotransformations involving monoterpenoid 
aldehydes (e.g., 15b) and related compounds [14], samples were acidified with 2 M HCl (10 ΐL) and 
extracted two times with ethyl acetate (200 ΐL) containing 1 mM methyl benzoate as internal standard 
(IS). Extraction was performed by vortexing for 30–45 s. It was centrifuged (13 000 x g, 4°C) for 1 min 
after extraction to separate the aqueous and the organic phase. The combined organic phases were dried 
over Na2SO4 and transferred into a GC vial with insert, capped and submitted to GC analysis. 
Compound identification was performed by the comparisons of retention times of commercial 
standards (Table S11), unless stated otherwise. For GC analysis, the following methods were used: 
GC/FID (hydrogen, 0.96 mL·min-1 flow rate; injector and detector: 300°C; 100°C, hold 1 min, 20°C per 
min to 250°C, hold 5 min; total time: 13.5 min) or GC/MS (helium, 1.00 mL·min-1 flow rate; injector: 
280°C, ion source and interface: 260°C; 100°C, hold 5 min, 20°C per min to 250°C, hold 5 min, 20°C per 
min to 280°C, hold 5 min; total time: 24.0 min). 

GC yields were calculated by standard calibrations using linear regression (Table S11) or 
employing relative response factors (RRFs; Table S11). The RRFs were calculated as follows: 
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whereas RFX is the response factor of compound X and RFIS is the response factor for the IS. Compound 
solutions and the IS were measured at 1 mM final concentration and the resulting peak areas were used 
to calculate the RRFs. Finally, the mean RRFs (n ǃ 2) were applied to calculate GC yields. 
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4.1.1. Reduction of aromatic carboxylic acids by CARMm/PPTNi 

RCs of E. coli RARE (OD600 = 10.0) co-expressing CARMm/PPTNi were produced as described above. The 
ortho-, meta- and para-substituted 23–25c were reduced to 2-methylbenzaldehyde (23b), 3- 
methylbenzaldehyde (24b) and 25b, respectively. Long reaction times also lead to the re-oxidation of 
the aldehydes to the corresponding CA (Figure S8). 

The aldehydes 23b and 24b are poor substrates for LuxAB, hence, could not be unambiguously 
detected in the HT assay (Figure 3D in the main article). Consequently, the aldehyde detection scope of 
LuxAB represents a limitation of the HT assay. 

 

Figure S8. Enzymatic reduction of toluic acids by CARMm. Reduction of 23–25c to the target aldehydes (b) and 
further reduction to the corresponding alcohols (a) by endogenous ADHs. PPTNi for the posttranslational 
modification of CARMm was omitted for clarity. Experiments were performed in RCs of E. coli RARE (OD600 = 10.0) 
expressing CARMm/PPTNi from pACYCDuet-1 in the presence of 5 mM CA (c) and 5% (Α/Α) organic co-solvent. 
Sampling: 0 h (after the addition of substrate and mixing), 1 h and 24 h. Reduced recoveries attributed to low 
solubility in RCM, volatility and/or metabolization of compounds; 100% recovery represents the complete retrieval 
of the amount of substance added. GC yields presented as mean values + SD [%] of biological replicates (n ǃ 2). 

 
 

4.1.2. Production of (monoterpene) aldehydes by CARMm/PPTNi and transformation in vivo 

RCs of E. coli RARE (OD600 = 10.0) co-expressing CARMm/PPTNi were produced as before. The CAs 15c, 
(R)- and (S)-16c were successfully reduced to the corresponding aldehydes (b; Table S12). Observed 
byproducts (indicated in red) included the corresponding alcohols (a), formed by the further reduction 
of aldehydes by endogenous ADHs. Other byproducts such as 15c – formed from 16c – indicate enoate 
reductase and aldehyde dehydrogenase host activities. The fatty acid 4c was also reduced to 4b by 
CARMm and further to 4a by endogenous enzymes; metabolites from fatty acid synthesis or degradation 
were not detected under these conditions (Figure 5 in the main article). 

 
 

Table S11. Production of (monoterpene) aldehydes by CARMm  and transformation in vivo 
 

 
Reduction of 

15c 

Time 15c 15b 15a 16c 16b Recovery [a] 

0 52.2 ± 2.9 [b] n.d. n.d. 7.3 ± 2.0 n.d. 59.8 ± 1.4 
1 45.1 ± 1.3 [b] 37.5 ± 0.6 10.5 ± 0.2 6.2 ± 1.8 1.5 ± 1.0 98.6 ± 0.9 
24 n.d. 49.0 ± 2.7 22.9 ± 1.1 n.d. 11.0 ± 0.8 82.9 ± 4.6 

�

 
Reduction of 

(R)-16c 

Time 16c 16b 16a 15c  

- 

Recovery [a] 

0 75.8 ± 2.4 n.d. n.d. n.d. 75.8 ± 2.4 
1 44.1 ± 1.0 53.1 ± 2.5 n.d. n.d. 97.2 ± 1.5 
24 n.d. 76.1 ± 2.2 9.9 ± 1.3 8.6 ± 0.5 94.6 ± 2.6 
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Table S11. Production of (monoterpene) aldehydes by CARMm and transformation in vivo (continued) 
 

 
Reduction of 

(S)-16c 

Time 16c 16b 16a 15c  

- 

Recovery [a] 

0 48.8 ± 3.9 n.d. n.d. n.d. 48.8 ± 3.9 
1 46.5 ± 11.8 52.9 ± 12.5 n.d. n.d. 99.3 ± 1.1 
24 n.d. 63.9 ± 10.3 4.9 ± 3.5 10.1 ± 1.2 78.8 ± 14.5 

n.d. = not detected 
[a] Reduced recoveries attributed to low solubility in RCM, volatility and/or metabolization of compounds; 100% recovery 
represents the complete retrieval of the amount of substance added. GC yields presented as mean values + SD [%] of biological 
replicates (n = 3). [b] GC yields represent the sum of geranic acid and nerolic acid; neral was not detected in biotransformations. 

 
 

4.1.3. Production of (monoterpene) aldehydes by AlkJ and transformation in vivo 

RCs of E. coli RARE (OD600 = 10.0) expressing (i) AlkJ or (ii) co-expressing AlkJ and LuxAB were 
produced as described above. The primary alcohols 4a and 15a were successfully oxidized, whereas (R)- 
and (S)-16a were moderately and poorly converted into the corresponding aldehydes, respectively (b; 
Table S13). Observed byproducts (indicated in red) included the corresponding CAs (c), formed by the 
further oxidation of aldehydes by (i) the metabolic background of E. coli or (ii) in combination with 
LuxAB. Other byproducts such as 15c – formed from the substrate 16a – indicate enoate reductase and 
aldehyde dehydrogenase activities. 

Starting from 4a, (R)-16a or (S)-16a, the amounts of the observed overoxidation products increased 
1.3-fold (4c), 1.4-fold (15c) and 2.1-fold (15c), respectively; 15c could be detected in traces in 
biotransformations starting from 15a (Table S13 and Figure 6B in the main article), which was not 
observed in reactions employing AlkJ alone (Figure 6A). Although subtle, these findings suggest a new 
enzymatic cascade transforming alcohols into carboxylates via two steps in living cells. 

 
 

Table S12. Production of (monoterpene) aldehydes by AlkJ and transformation by LuxAB 
 

(i) 
 

 
Conversion 

of 4a 

Time 4a 4b 4c 2c 7c Recovery [a] 

0 83.7 ± 1.9 n.d. n.d. n.d. n.d. 83.7 ± 1.9 
1 24.9 ± 1.4 8.6 ± 0.0 n.d. n.d. 5.7 ± 1.1 [b] 39.2 ± 0.2 
24 n.d. 17.8 ± 2.4 17.6 ± 2.3 3.6 ± 0.4 [c] 8.0 ± 1.4 [b] 47.0 ± 3.4 

 

 
Oxidation of 

15a 

Time 15a (E)-15b [d] (Z)-15b [d] 15c  

- 

Recovery [a] 

0 52.2 ± 1.7 n.d. n.d. n.d. 52.2 ± 1.7 
1 70.2 ± 7.3 11.4 ± 1.5 6.6 ± 0.8 n.d. 88.2 ± 9.6 
24 9.9 ± 1.4 39.2 ± 4.8 44.5 ± 5.7 n.d. 93.6 ± 1.0 

 

 
Oxidation of 

(R)-16a 

Time 16a 16b 16c 15c  

- 

Recovery [a] 

0 98.5 ± 8.8 n.d. n.d. n.d. 98.5 ± 8.8 
1 95.1 ± 6.0 1.9 ± 0.1 n.d. 2.6 ± 0.5 [e] 97.0 ± 6.4 
24 55.5 ± 1.3 11.8 ± 10.3 n.d. 8.4 ± 1.6 [e] 73.0 ± 0.7 

 

 
Oxidation of 

(S)-16a 

Time 16a 16b 16c 15c  

- 

Recovery [a] 

0 47.1 ± 0.2 n.d. n.d. n.d. 47.1 ± 0.2 
1 70.5 ± 9.8 n.d. n.d. 2.2 ± 1.0 72.6 ± 9.4 
24 86.8 ± 1.5 3.9 ± 0.3 n.d. 3.5 ± 0.3 94.2 ± 0.9 
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Table S12. Production of (monoterpene) aldehydes by AlkJ and transformation by LuxAB (continued) 

(ii) 
 

 
Conversion 

of 4a 

Time 4a 4b 4c 2c 7c Recovery [a] 

0 97.8 ± 4.3 n.d. n.d. n.d. n.d. 97.8 ± 4.3 
1 37.4 ± 2.8 10.4 ± 5.0 n.d. n.d. n.d. 47.8 ± 6.0 
24 15.5 ± 11.5 23.4 ± 15.5 23.5 ± 8.0 1.5 ± 1.1 [c] n.d. 63.9 ± 10.4 

 

 
Oxidation of 

15a 

Time 15a (E)-15b [d] (Z)-15b [d] 15c  

- 

Recovery [a] 

0 56.6 ± 2.1 n.d. n.d. n.d. 56.6 ± 2.1 
1 68.1 ± 10.3 9.3 ± 1.6 5.2 ± 0.8 n.d. 86.4 ± 13.5 
24 22.8 ± 0.8 32.2 ± 0.5 34.9 ± 0.3 2.2 ± 0.1 89.9 ± 0.1 

 

 
Oxidation of 

(R)-16a 

Time 16a 16b 16c 15c  

- 

Recovery [a] 

0 96.3 ± 7.4 n.d. n.d. n.d. 96.3 ± 7.4 
1 99.6 ± 5.2 n.d. n.d. n.d. 99.6 ± 5.2 
24 73.0 ± 1.8 10.4 ± 0.9 n.d. 11.6 ± 0.6 [e] 95.0 ± 0.3 

 

 
Oxidation of 

(S)-16a 

Time 16a 16b 16c 15c  

- 

Recovery [a] 

0 64.0 ± 2.5 n.d. n.d. n.d. 64.0 ± 2.5 
1 87.0 ± 4.6 n.d. n.d. n.d. 87.0 ± 4.6 
24 86.5 ± 0.6 2.4 ± 0.2 n.d. 7.3 ± 0.2 96.1 ± 0.2 

n.d. = not detected 
[a] Reduced recoveries attributed to low solubility in RCM, volatility and/or metabolization of compounds; 100% recovery 
represents the complete retrieval of the amount of substance added. Byproduct forming enzymes are omitted for clarity in the 
scheme. GC yields presented as mean values + SD [%] of biological replicates (n = 3). [b] Metabolite of 4c from fatty acid synthesis 
pathways [15]. [c] Metabolite of 4c from fatty acid degradation through Ά-oxidation [16]. [d] The mixture of the E- and Z-isomers 
geranial and neral, respectively, is referred to as citral (see also: Figure 6 in the main article). [e] GC yields represent the sum of 
geranic acid and nerolic acid. 

 
 

4.2. Table of compounds 
 
 

Table S13. List of compounds analyzed in this study 
 

 
 

Compound 

Retention time [min] [a] 

(CAS no.) 

 
 

R = 

 
 

Quantification method [b], [c] 

(a) R–
CH2OH 

(b) 
R–CHO 

(c) R–
COOH 

1 n.a. n.a. 2.431 
(142-62-1) 

 

 n.a. 

2 n.a. n.a. 3.728 
(124-07-2) 

 

 4c: 1.232 [b], [d] 

3 n.a. n.a. 4.437 
(112-05-0) 

 

 n.a. 

4 
4.510–4.516 
(112-30-1) 

4.036 
(112-31-2) 

5.126–5.136 
(334-48-5) 

 

 4a: 0.914, b: 1.495, c: 1.557 [b] 

5 
5.229 

(112-42-5) 
4.785 

(112-44-7) 
5.803 

(112-37-8) 

 

 n.a. 

6 
5.943 

(112-53-8) 
5.492 

(112-54-9) 
6.442 

(143-07-7) 

 

 6c: 1.232 [b], [e] 

7 n.a. n.a. 7.662 
(544-63-8) 

 

 n.a. 

8 
2.870 

(6920-22-5) [f] n.a. n.a. 
 

 
n.a. 

9 
3.571 

(629-11-8) n.a. n.a. 
(124-04-9) 

 

 n.a. 

10 
4.297 

(1117-86-8) [f] 
n.a. n.a. 

 

 n.a. 

11 
5.053 

(629-41-4) n.a. n.a. 
 

 n.a. 
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Table S13. List of compounds analyzed in this study (continued) 
 

12 n.a. n.a. n.a. 
(5129-58-8) 

 

 n.a. 

 

13 
 

n.a. 
 

n.a. 8.619 
(373-49-9) [g] 

                 
   

 

n.a. 

14 n.a. n.a. 6.429 
(693-23-2) 

 

 n.a. 

 
15 

4.385–4.401 
(106-24-1) 

[h] 

4.521 
(5392-40-5) 

[i] 

5.055 
(459-80-3) 

[j] 

 

 (E)-15a: 1.289, b: 0.964, c: 0.780 
(Z)-15a: n.d., b: 0.595, c: 0.780 [b] 

 
16 

4.190–4.220 
(1117-61-9) 

[k] 

3.671 
(2385-77-5) 

[l] 

4.739 
(18951-85-4) 

[m] 

 

 (R)-16a: 0.604, b: 1.015, c: 0.978 
(S)-16a: 1.136, b: 1.105, c: 1.096 [b] 

17 n.a. n.a. 
(106-72-9) [n] 

n.a. 
 

 n.a. 

18 
n.a. 

(100-51-6) 
n.a. 

(100-52-7) 
n.a. 

(65-85-0)  n.a. 

19 
3.463 

(60-12-8) 
2.995 

(122-78-1) 
4.313 

(103-82-2)  
19a: k = 1.391, d = -0.051 / b: k = 0.912, 

d = 0.019 / c: k = 0.759, d = -0.098 [c] 

20 
4.660 

(536-60-7) 
4.340 

(122-03-2) 
5.500 

(536-66-3) 

 

 20a: k = 0.739, d = 0.014 / b: k = 0.774, 
d = 0.041 / c: k = 0.967, d = -0.059 [c] 

21 [o] 
4.766 

(104-54-1) 
4,546 

(104-55-2) 
5.518 

(140-10-3)  21a: 1.328, b: 1.329, c: 0.297 [b] 

22 
4.232 

(122-97-4) 
3.762 

(104-53-0) 
4.887 

(501-52-0)  22a: 1.856 [b] 

23 
3.599–3.609 

(89-95-2) 
3.126–3.135 
(529-20-4) 

4.220–4.223 
(118-90-1)  23a: 1.323, b: 1.370, c: 0.759 [b] 

24 
3.535 

(587-03-1) 
3.127 

(620-23-5) 
4.349 

(99-04-7)  
24a: k = 1.089, d = -0.041 / b: k = 1.157, 

d = 0.008 / c: k = 0.501, d = -0.069 [c] 

25 
3.535 

(589-18-4) 
3.219 

(104-87-0) 
4.413 

(99-94-5)  25a: 1.312, b: 1.360, c: 0.876 [b] 

n.a. = not available or not analyzed; CAS no. = Chemical Abstract Service registry number; n.d. = not detected 
[a] Retention times for GC/FID; [b] calculation of GC yields based on RFFs as described above, methyl benzoate (CAS: 93-58-3) was 
used as IS (retention time: 3.340 min); [c] calculation of GC yields based on the measurement of compound solutions of different 
concentrations (0.1–4.0 mM) and linear regression (k = slope, d = intercept), R2 ǃ 0.981; [d] byproduct of fatty acid degradation (see 
also: Table S12); [e] byproduct related to fatty acid synthesis; [f] CAS no. referring to the racemic mixture; [g] palmitoleic acid = cis- 
9-hexadecenoic acid; [h] retention time and CAS refer to geraniol = (E)-3,7-dimethyl-2,6-octadien-1-ol; [i] retention time is given for 
geranial, the CAS no. refers to citral, a mixture of the E- and Z-isomers geranial and neral, respectively; neral could be attributed 
a retention time of 4.324 min; [j] retention time and CAS given for geranic acid = (E)-3,7-dimethylocta-2,6-dienoic acid; retention 
time of nerolic acid = (Z)-3,7-dimethyl-2,6-octadienoic acid: 4.834 min; [k] CAS referring to (R)-citronellol = (R)-3,7-dimethyl-6- 
octen-1-ol; CAS of (S)-citronellol = (S)-3,7-dimethyl-6-octen-1-ol: 7540-51-4; [l] CAS no. referring to (R)-citronellal = (R)-3,7- 
dimethyl-6-octenal; CAS of (S)-citronellal = (S)- 3,7-dimethyl-6-octenal: 5949-05-3; [m] CAS no. of (R)-citronellic acid = (R)-(+)-3,7- 
dimethyl-6-octenoic acid; CAS of (S)-citronellic acid = (S)-(ƺ)-3,7-dimethyl-6-octenoic acid: 2111-53-7; [n] melonal = 2,6- 
dimethylhept-5-enal; [o] retention times and CAS no. refer to the trans-isomers of 21a–c. 
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