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Summary 

The focus of this thesis is to identify improvements of oxidoreductase reactions to 

bring them to preparative scale. Three approaches were studied: (1) 

photoregeneration of oxidised nicotinamide cofactors with LEDs as light source and 

flavins, (2) direct regeneration of Old Yellow Enzymes with light or metals, (3) 

heme-thiolate enzyme peroxygenases in neat substrate conditions. 

Flavins are the main actors of the first two approaches. These redox cofactors 

have been chosen for their photocatalytic properties as a photosensitiser and as a 

cofactor in the so-called flavoproteins. 

Photoexcited flavins are reduced in the presence of electrons donors. This principle 

was applied for the regeneration of NAD(P)
+
 through the use of a flavin and 

NAD(P)H (Chapter 2). A cheap light source, LED, was chosen to promote this 

approach. Generated NAD
+
 was consumed by horse liver alcohol dehydrogenase 

(HLADH) to achieve the lactonisation of α,ω-diols such as meso-3-methyl-1,5-

pentanediol. Due to acidification of the reaction at higher substrate loading, 

process improvements are necessary for up-scale.  

In Chapter 3, we attempt to up-scale the direct photoregeneration of Old Yellow 

Enzymes, especially YqjM from Bacillus subtilis with LEDs. Photoexcited flavins 

reduced by the presence of ethylenediaminetetraacetic acid (EDTA) are 

transferring electrons to the enzyme. The impact of light on the system was 

described and highlights a degradation of both the flavin and the enzyme. These 

results limit its application for industrial scale. 

In Chapter 4, an oxygen- and light-free system was explored. This novel approach 

for regenerating Old Yellow Enzymes is performed with metals, like zinc and 

chromium powder. The activity of the flavoproteins is stable which allows a longer 

reaction time. However, issues were identified, such as the need for a high excess 

of metals. Nevertheless, by using cell-free extracts, only the targeted enzyme was 

regenerated and therefore no side-products were detected. 
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Chapter 5 digresses from the rest of the thesis through the use of another type of 

enzyme: peroxygenases. Epoxidation reactions in neat substrate conditions of 

styrene derivatives were performed with the Unspecific peroxygenase (UPO). This 

enzyme achieved high turnover number (TON) in presence of organic peroxide 

(
t
BuOOH). The obtained epoxide further underwent chemical ring opening to 

produce (pseudo)ephedrine. 

The results of this thesis provide important knowledge for bringing biocatalytic 

reactions to preparative scale. Challenges and achievements have been 

mentioned and will facilitate future research and application in industrial biocatalytic 

processes. 
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Nederlandse samenvatting 

Dit proefschrift richt zich op het verbeteren van oxidoreductase-reacties met het 

doel ze geschikt te maken voor gebruik op preparatieve schaal. Deze 

probleemstelling werd op drie verschillende manieren benaderd: (1) Door middel 

van fotoregeneratie van geoxideerde cofactoren met behulp van flavines en LED 

licht, (2) Door middel van directe regeneratie van “Old Yellow Enzymes” met 

behulp van licht en metalen. (3) het gebruik van peroxygenases, heem-thiolaat 

enzymen, onder pure substraat-condities. 

Flavines spelen de hoofdrol in de eerste twee methodes. Deze redox cofactoren 

zijn gekozen vanwege hun foto-katalytische eigenschappen als foto-sensibilisator 

en als cofactor in de zogenaamde flavine-eiwitten.  

Foto-geëxciteerde flavines kunnen worden gereduceerd doormiddel van oxidatie 

van elektron donoren. Dit principe werd toegepast voor de regeneratie van 

NAD(P)
+
 door het gebruik van een flavine en NAD(P)H (Hoofdstuk 2). LED licht 

werd hier gebruikt als goedkope lichtbron. Het gevormde NAD
+
 werd vervolgens 

geconsumeerd door een alcohol dehydrogenase (van paardenlever), om de 

lactonisatie van α,ω-diolen, zoals meso-3-methyl-1,5-pentaandiol te katalyseren. 

Door de verzuring van het reactiemengsel bij hogere substraat concentraties zijn 

proces verbeteringen nodig voor verdere opschaling. 

In hoofdstuk 3 word het onderzoek beschreven naar het opschalen van directe 

fotoregeneratie van “Old Yellow Enzyme”, in het bijzonder de YqjM van Bacillus 

subtilis, met behulp van LED licht. Hierbij werden de foto-geëxciteerde flavines 

gereduceerd door ethyleendiaminetetraazijnzuur (EDTA), waarna ze de elektronen 

doorgaven aan het enzym. Vooral de invloed van licht was belangrijk, aangezien 

dit de degradatie van zowel de flavine als het enzym veroorzaakte. Dit maakt 

industriële applicatie vooralsnog onmogelijk. 

In hoofdstuk 4 bestudeerden we een systeem zonder zuurstof of licht. Hier 

werden namelijk metalen, zoals zink en chroom poeder, gebruikt voor de 

regeneratie van  “Old Yellow Enzyme”. De activiteit van de flavine-eiwitten bleef 
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stabiel in de tijd. Een probleem was echter de behoefte aan grote hoeveelheden 

metaal in de reactie. Ondanks het gebruik van cel-vrij extract,  werd enkel het 

beoogde enzym geregenereerd waardoor er geen bijproducten aangetoond 

werden. 

Hoofdstuk 5 wijkt af van de overige hoofdstukken in het gebruik van een ander 

soort enzym: de peroxygenases. Epoxidatie reacties werden uitgevoerd onder pure 

substraat condities op verschillende styreen-derivaten met behulp van een 

aspecifiek peroxygenase (UPO). Dit enzym resulteerde in hoge omzettingen met 

een organisch peroxide (
t
BuOOH). De verkregen epoxide onderging verdere ring-

opening om zo (pseudo)efedrine te produceren. 

De behaalde resultaten in dit proefschrift leveren belangrijke kennis voor het 

preparatief opschalen van biokatalytische reacties. De uitdagingen en resultaten 

zijn beschreven en zullen toekomstig onderzoek en toepassingen in de industriële 

biokatalyse faciliteren. 
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During the past decades, biocatalysis has gained popularity amongst synthetic 

organic chemists. The reason is that more isolated enzymes have become 

available and are powerful catalysts for organic synthesis. Key advantages are the 

high selectivity of enzyme-catalysed reactions and the mild reaction conditions they 

operate under. These advantages are valued on lab as well as on industrial      

scale.
1-4

 Among the diverse classes of enzymes
2
, oxidoreductases occupy a 

special position. They can replace notoriously demanding reduction and oxidation 

reactions. In many of these reactions, selectivity and the choice of (stoichiometric) 

reducing or oxidation reagents are key issues. Oxidoreductases have the potential 

to improve many of these reactions. They also catalyse an enormous wide range of 

reactions, from double bond reduction to lactonisation. There is therefore an 

ongoing and still increasing interest from industry as evidenced by the increasing 

patent applications dealing with oxidoreductases for large scale organic synthesis.
5
 

Overall progress in the engineering of enzymes, in terms of production, 

immobilisation and structure based stabilisation, has increased the number of 

industrial enzyme applications worldwide. When scaling up, the main challenge is 

the stability (and thus maintaining high activity) of the enzyme under industrially 

desirable conditions. Industrial processes commonly involve high substrate loading 

and the use of organic solvents. That is because workups and purifications are 

much more costly and tedious for dilute substrate conditions. The use of organic 

solvents is favourably because they can be easily removed via distillation, 

compared to water. These conditions significantly differ from the natural conditions 

under which enzymes operate. In the case of oxidoreductases, their dependency 

on cofactors makes upscaling more complex. In parallel to the reaction to be 

studied, the cofactor needs to be regenerated with high activity and atom 

efficiency. Numerous examples show great achievements in enzymatic up scaled 

reactions.
5
 Table 1.1 shows some examples of patented enzymatic synthesis using 

ketoreductases which dealt with these challenges.   
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Table 1.1. Patented enzymatic reactions using ketoreductases enabling high product concentration and purity.  

Product 
generated in 
the patented 

enzymatic 
reaction 

Comments 

Challenge 
encountered 

in the 
enzymatic 
reactions 

Challenge 
overcome 

Patent owner 
(reference) 

 

Reaction highly 
concentrated: initial 
substrate loading of 

400 g/L 

Poor 
substrate load 

Yes Codexis (6) 

 

Presence of high 
concentration of 
organic solvent: 

reaction done in 60% 
isopropanol 

Poor stability 
toward 
organic 
solvent 

Yes Codexis (7) 

 

Effective NADP 
regeneration using 

very low 
concentration of 
NADP (0.05 g/L) 

Dependence 
on cofactors 

Yes Enzymeworks 
(8) 

 

Need of 
improvements for the 

crystallisation: only 
55% isolated yield 

Difficult 
workups and 
purification 

No, still need 
improvements for 

reaching higher 
isolated yield 

Pfizer (9) 

 

Codexis patented an enzymatic reduction of a hindered ketone that is unreactive 

with natural ketoreductases.
6
 The reaction is performed at pH 7.0 and 30 °C 

without co-solvent and at high initial substrate loading which is the strength of this 

reaction. They reached a yield of 94% with >99.8% ee. They also patented the 

enzymatic synthesis of a commercial product, (S)-(+)-licarbazepine which is an 

active metabolite.
7
 A yield of 96% was reached with 99.9% ee by performing the 

reaction in 60% isopropanol at 55 °C with 100 g/L of substrate. Enzymeworks 

patented the enzymatic synthesis of the intermediate of duloxetine which is an 

antidepressant.
8
 They reached a yield of 96% with 99.9% ee, by carrying out the 

reaction with 220 g/L of substrate and 0.05 g/L of NADP, which represent an 

impressive TON(NADP) of more than 17,000. Finally, for demonstrating that all 

challenges are not completely overcome, a medicinal chemistry group from Pfizer 

presents an enzymatic reduction done in 10% of isopropanol.
9
 Due to the 

purification by crystallisation, half of the product is lost. 
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The examples in Table 1.1 give a good overview of the state-of-the-art in 

industrially implemented biocatalytic reductions. All these reactions still need 

stoichiometric amounts of reductants (isopropanol, etc.) and catalytic quantities of 

cofactors. For a truly green and simpler process the circumvention of cofactors or 

photoregeneration thereof would be a large step forward. The energy would in this 

case be provided by light. In the next paragraphs we discuss the state-of-the-art in 

enzymatic oxidation and reduction reaction and how the use of light could advance 

the applicability of these reactions even further. 

The central role of NAD(P) as electron donor and acceptor in biocatalytic redox 

reactions has motivated researchers to develop in situ regeneration systems to 

allow for the use of these costly cofactors in catalytic amounts and thereby reduce 

their cost contribution to the desired product.
10

 

The number of enzymatic regeneration systems of NAD(P)
+
 however is low and 

falls back significantly behind the number of NAD(P)H regeneration systems. In 

essence, NADH-oxidases
11-14

 and ADH-catalysed NAD(P)H oxidation
15-18

 prevail. 

Nevertheless, a range of photochemical NAD(P)
+
 regeneration systems has been 

reported. In contrast to the reverse reaction (photochemical reduction of NAD(P)
+
), 

selectivity issues play no role in the reaction mixtures as the desired product 

(NAD(P)
+
) is aromatic and thereby thermodynamically stable (Scheme 1.1). 
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Scheme 1.1. Structure of nicotinamide cofactors (A) and ECE mechanism of NAD(P)H oxidation (B). 

In an early contribution, Steckhan and coworkers reported a photoelectrochemical 

NAD(P)H oxidation system based on photoexcited [Ru(bpy)3]
3+

 complexes   

(Scheme 1.2).
19

 The reducing equivalents transferred to the photoexcited Ru 

complexes were then, in a spontaneous cascade, transferred to an anode. 

Unfortunately, this system proved to be rather complex and not efficient enough to 

be of preparative use. 

 
Scheme 1.2. The photoelectrochemical NAD(P)+ regeneration system proposed by Steckhan and coworkers to 
promote ADH-catalysed oxidation reactions. 

Later, we reported that photoexcited flavins are very efficient catalysts to oxidise 

NAD(P)H to NAD(P)
+
.
20,21

 The spontaneous hydride transfer from NAD(P)H to 

oxidised flavins is actually known since decades.
22-25

 The sluggish reaction rate, 

however, demanded large molar surpluses of the flavin ‘catalyst’ to achieve 

acceptable overall reaction rates. Simple illumination of the reaction system with 

blue light (=450 nm, i.e. the absorption maximum of oxidised flavins) increased 
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the reaction rate by orders of magnitude thereby enabling truly catalytic use of the 

flavin photocatalyst (Scheme 1.3). This approach is also applicable to various other 

photoactive redox dyes such as methylene blue, rose Bengal or Meldola’s blue.
26

 

 
Scheme 1.3. Photochemical NAD(P)+ regeneration system using photoexcited flavins. Please note, the mechanism 
shown here is highly simplified. Most likely, flavin-semiquinone radicals formed by SET from NAD(P)H to the 
photoexcited flavin are formed, reacting with O2 in a sequence of SETs.27 

Principally, reductive regeneration of redox enzymes can be achieved either 

directly, i.e. by direct reduction of the enzymes’ active sites or indirectly, i.e. 

involving the nicotinamide cofactors. Both approaches will be outlined in the 

following sections. 

The Old Yellow Enzyme (OYE) family of flavoproteins is able to selectively reduce 

the C=C-double bond of α,β-unsaturated ketones and aldehydes. This enzyme 

family has been studied extensively during almost a century. 

The reduced nicotinamide cofactors NADH and NADPH play a pivotal role as 

electron donors in many biocatalytic redox reactions (Scheme 1.4). For their in situ 

regeneration, enzymatic regeneration systems prevail. This is mainly due to their 

inherent compatibility with the enzymatic production systems but also due to the 

ease of application. The most common systems are shown in Scheme 1.5. 
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Scheme 1.4. Selection of preparatively relevant NAD(P)H-dependent redox reactions. ADH: alcohol 
dehydrogenase, IRED: imine reductase, CAR: carboxylic acid reductase, ER: ene reductase, BVMO: Bayer-Villiger 
monooxygenase, MO: monooxygenase (general). 
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Scheme 1.5. Selection of common enzymatic NAD(P)H regeneration systems. 

Another reason for the dominance of enzymatic regeneration systems lies in their 

intrinsic regioselectivity. The reduction of NAD(P)
+
 to NAD(P)H can principally lead 

to three different regioisomers of NAD(P)H while only the 1,4-NAD(P)H can be 

used by the production enzyme. Hence, a successful NAD(P)H regeneration 

system must be highly selective otherwise, losses in the costly nicotinamide 

cofactor due to formation of inactive regioisomers will make the approach 

economically unattractive.
28

 

Unfortunately, the majority of photocatalysts follow a so-called ECE (electron 

transfer – chemical – electron transfer) mechanism resulting in two major issues for 

the selective formation of 1,4-NAD(P)H. First, the intermediate NAD-radical can 

dimerise (comprising yet another pathway to inactivate the nicotinamide cofactor). 
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Second, the chemical protonation step seldom is regioselective leading to the 

formation of the undesired NAD(P)H isomers (Scheme 1.6).
29

 

 

 

Scheme 1.6. ECE mechanism of NAD(P)+ reduction and its consequences for the formation of NAD(P)-dimers and 
NAD(P)H isomers. 

To circumvent (or at least alleviate) the loss of enzyme-active 1,4-NAD(P)H due to 

direct single electron reduction by the reduced photocatalyst, generally a relay 

system is applied to convert the ECE-steps into a regioselective hydride transfer 

step. The organometallic complex [Cp*Rh(bpy)(H2O)]
2+

 proposed by Steckhan
30-35

 

or NAD(P)H:flavin oxidoreductases
36-40 

are the most frequently used for this 

purpose: 
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Table 1.2. Selection of indirect photochemical NAD(P)H regeneration systems. 

 
Cosubstrate Photocatalyst Production 

enzyme / 
Product (final 
con. [mM]) 

TN 
(NAD(P) 

TN 
(Catalysts) 

Ref 

[Cp*Rh(bpy)(H2O)]
2+

 as relay system
26

 

TEOA CNR GluDH / 
Glutamate (10) 

10 Rh: 20 
CNR: n.d. 
GluDH: n.d. 

41
 

TEOA mCNS LacDH / 
Lactate (5) 

5 Rh: 20 
mCNS: n.d. 
LacDH: n.d. 

42
 

TEOA Eosin Y GluDH / 
Glutamate (10) 

200 Rh: 40 
Eosin Y: 500 
GluDH: n.d. 

43,44
 

TEOA [Ru(bpy)3]
2+

  GluDH / 
Glutamate (5) 

5  
45

 

H2O [Co4(H2O)2(PW9O34)2]
10-

   GluDH / 
Glutamate (5) 

1.5  
45

 

TEOA Chemically converted 
graphene 

LbADH /  
Various alcohols 
(<10 mM) 

15 Rh: 30 
46,47

 

TEOA Chemically converted 
graphene 

FDH / HCO2H  116 Rh: 232 
48-50

 

 Hydrogen-Terminated 
Silicon Nanowires 

GluDH / 
Glutamate (5) 

4 Rh: 20 
51

 

NAD(P)H:flavin oxidoreductases as a relay system 

Ascorbic acid Quantum dots TbADH / 
Isobutanol 

8 FNR: 3167 
 

38
 

EDTA DRf ADH-A / 
Chiral alcohols 
(<5 mM) 

21 PDR: 870 
DRf: 72 
MV: 17 

36
 

TEOA: triethanolamine; CNR: graphitic carbonitride nanorods; mCNS: mesoporous carbonitride spheres; LacDH: 

lactate dehydrogenase; GluDH: glutamate dehydrogenase; FDH: formate dehydrogenase; DRf: 5-deazariboflavin; 

MV: methyl viologen.  

A selection of photochemical NAD(P)H regeneration systems used to promote 

biocatalytic reduction reactions is summarised in Table 1.2. Although various 

photocatalysts and relay systems have been reported in the past ten years, the 

overall NAD(P) turnover numbers and the product concentrations achieved so far 
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are disappointing. Compared to the multiple thousands (even millions) of turnovers 

reported regeneration systems with enzymes, the current performance falls back 

by orders of magnitude. 

Significant improvements will be necessary in the nearer future to make 

photochemical NAD(P)H regeneration systems a viable alternative (rather than a 

lab curiosity) to existing enzymatic systems.  

Flavin-dependent old yellow enzymes (OYEs), for example, have been in focus of 

direct photochemical regeneration for some time now. Flavins exhibit a more 

flexible redox chemistry especially if compared to the aforementioned nicotinamide 

cofactors. Therefore, flavoenzymes appear more suitable for direct (not including 

NAD(P)H) regeneration e.g. by reduced photosensitisers. A selection of recent 

examples comprising photochemical regeneration of OYEs is listed in Table 1.3.  

One advantage of the NAD(P)H-independent, direct regeneration of OYE is that 

the costly and instable nicotinamide cofactor (together with an enzymatic 

regeneration system) can be omitted from the reaction scheme. Furthermore, 

photochemical OYE-regeneration systems do not regenerate the nicotinamide 

cofactor. Thus, NAD(P)H-dependent enzymes, possibly present in cell-free 

extracts, are not regenerated and possible side-reactions such as ketoreduction 

are avoided. To achieve this chemoselectivity with traditional regeneration 

schemes, highly purified enzyme preparations (devoid of any ADHs) are required. 

Hence, photochemical, direct regeneration of OYE not only offers the opportunity of 

saving costs by omitting the nicotinamide cofactor (and its regeneration system) 

but also for products of higher purity due to the high chemoselectivity of the 

reaction (Scheme 1.7).  
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Table 1.3. Selected example of C=C-bond reductions using photochemically regenerated OYEs. 

 
Product Cosubstrate OYE Photocatalyst Mediator TN (OYE / 

Photocatalyst / 
Mediator) 

ref 

 

EDTA YqjM FMN FMN 10900 / 1000 
52,53

 
TEOA YqjM CdSe MV

2+
 n.d. 

54
 

MOPS/ H2O YqjM Au-TiO2 FMN 650 / n.d. / 50 
55

 
Cathode TsOYE Flavin-modified 

CNT-cathode 
- 230 / 2 

56
 

 

 TsOYE Rose bengal - 250 / 40 
57

 
EDTA DrER & RmER FMN - 2080 / 16 

58
 

 
H2O Flavocytochrome c 

(fcc3) 
TiO2-modified 
FTO anode for 

water oxidation 

- n.d. 
59

 

YqjM: OYE from Bacillus subtilis; TsOYE: OYE from Thermus scotoductus; FTO: fluorine-doped tin oxide; MV: 
methyl viologen; FMN: flavin mononucleotide. 

 

 

Scheme 1.7. Increased chemoselectivity of OYE-catalysed reduction of conjugated C=C-double bond via direct, 
NAD(P)H-independent regeneration of the flavin-prosthetic group. ‘Contaminating’ alcohol dehydrogenases 
(ADHs) catalysing the carbonyl reduction of both, the starting material and the products are not regenerated and 
therefore remain inactive.  
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Direct electrochemical regeneration of enzymes is impeded due to their buried 

catalytic site which hindered direct contact between the enzyme and the cathode. 

Therefore, mediators are used to transfer electrons from the cathode to the 

enzyme’s active site, such as viologens,
60

 cobalt sepulchrate,
61

 ferrocenes
62,63

 and 

flavins
64,65

. Electrochemical regenerations of reduced FADH2 have been reported 

for the regeneration of flavoproteins, such as StyA (Scheme 1.8)
66,67

. 

 

Scheme 1.8. Electrochemical regeneration of flavins for the regeneration of flavoproteins 

Instead of using the metal as an electrode which is surface-limited, elementary 

metal powder can also be used for regenerating mediators. Schwaneberg et al. 

published the regeneration of reduced cobalt sepulchrate with cheap zinc powder 

for the regeneration of P450 BM-3.
68

 This alternative can be used instead of 

expensive electrochemical devices such as platinum electrodes. 

Zinc dust has also been chosen as electron donor for regenerating artificial flavins 

modified on the isoalloxazine ring.
69-70

 With these flavins, researchers are aiming to 

mimic flavoproteins such as Bayer-Villiger monooxygenase. By simulating the 

enzymatic function of flavins, molecular oxygen is converted into synthetic flavin 

hydroperoxides. Elementary metal powder has the advantage of a quasi-unlimited 

surface area for reducing mediators, but so far this approach has not found 

widespread and systematic investigation in research.  

A reaction of particular interest is the epoxidation reaction. Recently, 

peroxygenases have been disclosed as the enzymes of choice for this reaction, 

because of their high activity, stability and wide substrate scope. In this case, 

hydrogen peroxide is the oxidation reagent, which from a green perspective is an 

acceptable choice. For upscaling however, the use of pure organic solvent would 

mean a large step. 
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Peroxygenases are NAD(P)H-independent enzymes and excel in terms of specific 

activity compared to the well-known P450 monooxygenase. In contrast with P450, 

peroxygenases rely on a simpler electron transport chains for the reduction of the 

haem active site. They utilise H2O2, which is a cheap compound, to generate active 

oxyferryl haem species.
71

 One of their major pitfalls so far is their instability toward 

peroxides. In situ formation of peroxide has been chosen to be the solution of this 

issue. 

Photochemical systems in the presence of molecular oxygen tend to uncouple. 

Indeed, the reduced photocatalysts/mediators (mostly being radicals) react swiftly 

with molecular oxygen directly. In the case of photochemical NAD(P)
+
 regeneration 

systems, this is the desired reaction. In cases where the reducing equivalents 

should be delivered to a biocatalyst (i.e. to a monooxygenase), this represents an 

undesired side reactions. In some cases, this side reaction dominates over the 

desired electron flow leading to a waste of up to 95% of the reducing equivalents 

(Oxygen Dilemma).
72

 The final product of this uncoupling reaction is H2O2, which 

can be used to promote peroxygenases-mediated oxidations. 

 

Scheme 1.9. Peroxizymes utilise H2O2 to catalyse or initiate catalytic oxidation reactions. 
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Peroxygenases (UPO for unspecific peroxygenases) catalyse a very broad range 

of synthetically useful oxyfunctionalisation reactions such as regio- and 

stereospecific hydroxylations and epoxidations as well as stereospecific 

heteroatom oxygenations (Scheme 1.9). As heme-dependent enzymes, however, 

they are also prone to rapid oxidative inactivation in the presence of H2O2 as 

mentioned above.
73

 Therefore, a range of in situ H2O2 generation approaches have 

been developed in the past to balance the H2O2 concentration to the UPO activity 

and thereby minimise oxidative inactivation.
71

 Most prominent at present, are 

enzymatic systems based on oxidases (i.e. enzymes that couple the oxidation of 

their substrate to the reduction of O2 to H2O2). In the past decade, we and others 

have developed a range of photocatalytic systems to drive peroxygenase- and 

peroxidase-reactions. A summary is given in Table 1.4.   
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Table 1.4. Selection of peroxizyme reactions driven by photocatalytic H2O2 generation. 

 

Catalyst Cosubstrate Coproduct Peroxizyme Product 
TTN 

(Enzyme)
 

Remarks ref 

Flavin EDTA 
EDTriA / 

H2CO / CO2 
CfCPO 

thioanisole 
sulfoxide 

22000 

Using a 2LPS 
approach 

significantly 
improved 
product 

formation 

74,75
 

Flavin EDTA 
EDTriA / 

H2CO / CO2 
AaeUPO various <40000  

76
 

Flavin EDTA 
EDTriA / 

H2CO / CO2 
OleT 1-alkenes   

77,78
 

Flavin-
modified 
cathode 

H2O O2 AaeUPO 
1-phenyl 
ethanol 

123000 
Photo-

electrochemical 
approach 

79
 

Au-TiO2 MeOH CO2 AaeUPO various >60000  
80

 
Au-TiO2 H2O O2 AaeUPO various >30000  

81
 

Various 
dyes / 
FDH 

HCO2H CO2 AaeUPO 
1-phenyl 
ethanol 

>40000 

Combining color-
complementary 

redox dyes allows 
better usage of 
the visible light 

range 

82
 

Flavin EDTA 
EDTriA / 

H2CO / CO2 

cytochrome 
P450 

peroxygenases 

Hydroxy 
myristic acid 

200 
Low, due to poor 
solubility of the 

reagents 

83
 

Flavin MES n.d. AmVHCPO 

Various 
halogenated 
phenols and 

anilines 

2000  
84

 

EDTA: ethylenediamine tetraacetate; EDTriA: ethylenediamine triacetate; MES: 2-(N-morpholino)ethanesulfonic 

acid; AmVHCPO: V-dependent haloperoxidase from Acaryochloris marina. 

Obviously, using water as cosubstrate would be the most attractive application of 

photocatalysis with peroxygenases from a cost-effective point of view for its high 

atom efficiency. However the current state-of-the-art is hampered by the rather 

sluggish water oxidation rates making the resulting reaction systems rather slow. 
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In conclusion, the systems in Table 1.4 still do not lead to the desired activity. 

Therefore in this thesis, another approach was taken to reach a next level in 

upscaling peroxygenases, namely by performing the reaction under neat organic 

solvent conditions. 

In this thesis, three systems have thus been studied. We characterised them with 

the purpose of bringing them to preparative scale. 
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2LPS: two liquid phases system 

AaeUPO: unspecific peroxygenase from Agrocybe aegerita 

ADH: alcohol dehydrogenase 

AmVHCPO: V-dependent haloperoxidase from Acaryochloris marina 

BVMO: Bayer-Villiger monooxygenase 

CAR: carboxylic acid reductase 

CfCPO: chloroperoxidase from Caldariomyces fumago 

CNR: graphitic carbonitride nanorods 

CNT: carbon nanotube 

DRf: 5-deazariboflavin 

ECE: electron transfer – chemical – electron transfer 

EDTA: ethylenediaminetetraacetic acid 

EDTriA: ethylenediamine triacetate 

ER: ene reductase 

EWG: electron withdrawing group 

FAD: flavin adenine dinucleotide 

FDH: formate dehydrogenase 

FMN: flavin mononucleotide 

FNR: ferredoxin NADP
+
-reductase 

FTO: fluorine-doped tin oxide 

GDH: glucose dehydrogenase  

GluDH: glutamate dehydrogenase 

Hase: hydrogenase 

HLADH: horse liver alcohol dehydrogenase 

IRED: imine reductase 

LacDH: lactate dehydrogenase 

mCNS: mesoporous carbonitride spheres 

MO: monooxygenase 

MV: methyl viologen 

NAD(P)+: oxidised form of the (phosphorylated) nicotinamide adenine dinucleotide 

cofactor 

NAD(P)H: reduced form of the (phosphorylated) nicotinamide adenine dinucleotide 

cofactor 

OleT: P450 fatty acid decarboxylase from Jeotgalicoccus sp. ATCC 8456 

OYE: old yellow enzyme 

PDH: phosphite dehydrogenase 

PDR: putidaredoxin reductase 

Rf: riboflavin 

SET: single-electron transfer 

StyA: styrene monooxygenase from Pseudomonas sp. 

TEOA: triethanolamine 
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TN: turnover number 

TsOYE: OYE from Thermus scotoductus 

TTN: total turnover number 

UPO: unspecific peroxygenase 

YqjM: OYE from Bacillus subtilis 

 

 

 

 

 



 

40 

 

 

 

 



 

 

 

 

 

Chapter 2:  

 

Photobiocatalytic alcohol oxidation using LED light 

source 

 

 

The photocatalytic oxidation of NADH using a flavin photocatalyst and a simple 

blue LED light source is reported. This in situ NAD
+
 regeneration system can be 

used to promote biocatalytic, enantioselective oxidation reactions. Compared to the 

traditional use of white light bulbs, this method enables very significant reductions 

in energy consumption and CO2 emission. 

 

 

 

 

 

 

 

 

This chapter is based on  

 

M.C.R. Rauch, S. Schmidt, I.W.C.E. Arends, K. Oppelt,  

S. Kara, F. Hollmann, Green Chem., 2017, 19, 376-379.
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2.1. Introduction 

Oxidation reactions employing alcohol dehydrogenases are experiencing an 

increased interest in the field of biocatalysis.
1-4

 While the toolbox of selective 

enzymes is growing constantly, the choice of efficient in situ regeneration systems 

of the oxidized nicotinamide cofactors to sustain the catalytic cycle is still 

comparably limited.
5
 This is particularly true for regeneration systems employing 

molecular oxygen as a terminal oxidant, which is attractive from the high 

thermodynamic driving force and the innoxious nature of the by-products.
6-12

 As 

early as 1973, Jones and coworkers proposed using simple flavins to catalyse the 

aerobic oxidation of reduced nicotinamide cofactors.
13

 The slow reaction kinetics of 

the hydride transfer from NAD(P)H to the oxidized isoalloxazine moiety rendered 

the system impractical as significant molar surpluses of the flavin ‘catalysts’ were 

necessary to attain full conversion within a reasonable time frame. More recently, 

we have reported that this limitation (low reaction rates) can be overcome simply 

by applying visible light to the reaction system.
11

 The overall rate-limiting hydride 

transfer step from NAD(P)H to the oxidised flavin could be accelerated by 

photoexcitation of the flavin catalyst. The oxidised flavin catalyst is regenerated 

spontaneously through aerobic reoxidation yielding hydrogen peroxide (Scheme 

2.1).
14,15

 

 
Scheme 2.1. Aerobic oxidation of reduced nicotinamide cofactors (NAD(P)H) to the corresponding cofactors 
(NAD(P)+) using photoexcited flavin catalysts. Upon photoexcitation (λ = 450 nm) the redox potential of the 
oxidised flavin catalyst increases dramatically16 enabling fast hydride transfer from NAD(P)H to the flavin. The 
reduced flavin reacts spontaneously in a dark reaction with molecular oxygen.14 

During these proof-of-concept experiments we have utilised a simple, commercially 

available light-white bulb. Despite its simplicity, this setup severely suffered from 
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heat generated by the bulb. As a consequence not only a significant amount of 

electrical power used was deviated into heat generations but also additional 

cooling of the reaction mixture was necessary to maintain optimal reaction 

conditions for the enzyme reaction. 

With the advent of cheap light emitting diode (LED) light sources, we became 

interested in using those to promote photobiocatalytic oxidation reactions. 

Compared to the use of traditional light sources, LEDs bear the promise of double 

energy efficiency: first, LEDs enable a more efficient conversion of electrical power 

into light energy (only a narrow range of wavelengths is emitted instead of an entire 

spectrum containing ‘useless’ wavelengths) and, second, due to the absence of 

thermal effects, also less thermostatting is needed. 

2.2. Material and methods 

2.2.1. Chemicals 

Unless stated otherwise all chemicals were purchased from Sigma-Aldrich 

(Steinheim, Germany), New England Biolabs (Ipswich, MA, USA) or Merck 

(Darmstadt, Germany) in the highest quality available and used without further 

purification. 

2.2.2. Analytics 

1
H-NMR spectroscopy: 

All measurements were recorded on a Bruker NMR unit (Bruker, Karlsruhe, 

Germany) at 400 MHz in CDCl3.
 

 

Gas chromatography (GC) analysis: 

GC measurements were performed on a Shimadzu GC-14A equipped with a 

Lipodex E column (50 m x 0.25 mm x 0.25 µm, Macherey & Nagel, Düren, 

Germany) and flame-ionization detection (FID).  
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2.2.3. Bacterial strains and plasmids  

The plasmid pET28a containing the gene encoding the alcohol dehydrogenase 

from Equus caballus  bearing an additional N-terminal His6-tag was kindly provided 

by Dr. Doerte Rother (Forschungszentrum Juelich, Juelich, Germany). The plasmid 

was transformed into the appropriate E. coli strain by the heat shock method.
17

 

2.2.4. Cultivation conditions 

Expression of Horse Liver Alcohol Dehydrogenase (HLADH) was carried out by 

inoculation of 400 mL TB (terrific broth) medium supplied with the appropriate 

antibiotic (kanamycin) with an overnight culture to give an OD600 of 0.05. E. coli 

BL21 (DE3) cells were used as expression host. Cells were grown at 37 °C in 

baffled shake flasks. HLADH expression was induced at an OD600 of 0.6-0.8 with 

1.0 mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG). Cultivation was continued 

at 25 °C for 24 hours. Cells were harvested (centrifugation at 1344 g at 4 °C for 15 

min) and washed twice in glycine-NaOH buffer (pH 9.0, 100 mM). The bacterial cell 

pellet was resuspended in the same buffer to give a wet cell weight (WCW) of 100 

g/L and passed through a cell disrupter (Constant Systems) at 2000 psi or directly 

frozen and freeze-dried afterwards.  

2.2.5. Purification of HLADH 

For purification, cell pellets obtained as described above were resuspended in 25 

mL sodium phosphate buffer (100 mM, 300 mM NaCl, pH 7.5) containing 30 mM 

imidazole. For cell disruption, the cell suspension was passaged twice through a 

French pressure cell at 2000 psi. Cell debris was separated from the crude extract 

by centrifugation at 9000 g for 45 min.  

Purification of HLADH was performed using the NGC-1 purifier (BioRad, Berkeley, 

USA). The filtrated supernatant was applied to a Nickel-NTA column (GE 

Healthcare, Munich, Germany). After washing the column with a triple volume of 

100 mM sodium phosphate buffer containing 300 mM sodium chloride at a flow 

rate of 1 ml min
-1

, the protein was eluted with 100 mM sodium phosphate buffer 

containing 300 mM imidazole and 300 mM sodium chloride. The HLADH containing 
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fractions were collected. The proteins were desalted by PD-10 columns against 

100 mM glycine-NaOH buffer (pH 9.0). Afterwards, the protein solution was 

concentrated using Amicons (10 kDa cut-off). To determine the protein content of 

the crude cell extract as well as of the purified and desalted fractions, the Bradford 

assay was used. Standard curves were made using Bovine Serum Albumin (BSA) 

in a range of 0.02-2 mg/mL. Samples were measured in triplicates using suitable 

dilutions. 

2.2.6. Synthesis of racemic 4-methyltetrahydro-2H-pyran-2-one 

Racemic 4-methyltetrahydro-2H-pyran-2-one was synthesized according to the 

procedure of Phillips and Graham (2008) in a slightly modified manner.
18

 A mixture 

of meso-3-methyl-1,5-pentanediol (205 mmol, 1.215 g) and MnO2 (17 equiv., 4.8 

mol, 20.82 g) in CHCl3 (50 mL) was stirred under reflux conditions at 55 °C for 48 

hours. After 48 hours the reaction mixture was aliquoted (30 mL each) into 50 mL 

Falcon tubes, centrifuged (10,000 rpm, 5 min), and the precipitate was washed with 

CHCl3 (3 x 10 mL each). The solvent was removed under reduced pressure to give 

a yellowish oily compound (600 mg). 
1
H-NMR analysis revealed also the presence 

of the lactol intermediate (4-methyltetrahydro-2H-pyran-2-ol, 31%). Column 

chromatography was used for separation with a gradient of ethyl acetate / heptane 

from 1% to 50% for the ethyl acetate. Pure compounds (317 mg of the lactol with 

an isolated yield of 26% and 190 mg of the lactone with 16% isolated yield) could 

be obtained.  

4-methyltetrahydro-2H-pyran-2-one
 : 1

H-NMR: (400 MHz, CDCl3) δ 1.06 (d, J = 6.3 

Hz, 3H), 1.56–1.48 (m, 1H), 1.94–1.86 (m, 1H), 2.14–2.04 (m, 2H), 2.71–2.63 (m, 

1H), 4.29–4.22 (m, 1H), 4.44– 4.39 (m, 1H).  

2.2.7. Synthesis of (S)-4-methyltetrahydro-2H-pyran-2-one by 

HLADH  

The synthesis of (S)-4-methyltetrahydro-2H-pyran-2-one was performed as 

previously reported by Kara et al. (2013).
19

 For this, a stock of meso-3-methyl-1,5-

pentanediol (0.5 M), NAD
+
 stock (25 mM), acetosyringone stock (2 mM), and 
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HLADH stock (3 gL
–1

) were freshly prepared in 50 mM Tris-HCl buffer at pH 8. The 

laccase from Myceliophthora thermophile (Mtlaccase) was used as delivered (0.2 

mM solution). The mixture of meso-3-methyl-1,5-pentanediol stock (1 mL), 

acetosyringone stock (1 mL), NAD
+
 stock (0.2 mL) and buffer (6.7 mL) was 

incubated at 30 °C for 5 min. Finally, Mtlaccase (0.1 mL) and HLADH solution (1 

mL) were added. The starting concentrations were: 50 mM meso-3-methyl-1,5-

pentanediol, 0.5 mM NAD
+
, 200 µM acetosyringone, 0.3 gL

–1
 HLADH and 2 µM 

Mtlaccase. The reaction mixture (10 mL) was orbitaly shaken at 600 rpm in 50 mL 

Falcon tubes at 30 °C. Samples (50 µL) were taken at defined time intervals and 

mixed with 200 µL EtOAc (containing 5 mM acetophenone). The mixture was 

vortexed and dried over anhydrous MgSO4. A conversion of 72% to the 

enantiopure (S)-4-methyltetrahydro-2H-pyran-2-one (enantiomeric excess (ee) 

>99% according to GC analysis) was achieved after 16 hours. The reaction mixture 

(10 mL) was then saturated with NaCl and extracted with EtOAc (3 x 10 mL). After 

each extraction step the mixture was centrifuged (4000 rpm, 10 min). The collected 

clear organic phase was dried over anhydrous MgSO4 and the solvent was 

removed under reduced pressure to give a yellowish oily compound (39 mg). 

Purification of the crude product was attempted by column chromatography 

(Pasteur pipette filled with Silica gel 60, 70-230 mesh particle size; solvent 

petroleum ether: ethyl acetate 9:1).  

 (S)-4-methyltetrahydro-2H-pyran-2-one: 
1
H-NMR: (400 MHz, CDCl3) δ 1.07 (d, J = 

6.3 Hz, 3H), 1.56–1.47 (m, 1H), 1.95–1.89 (m, 1H), 2.15–2.07 (m, 2H), 2.70–2.64 

(m, 1H), 4.30–4.23 (m, 1H), 4.44–4.39 (m, 1H). 

Isolated (S)-4-methyltetrahydro-2H-pyran-2-one contained 0.98% of the lactol 

intermediate (4-methyltetrahydro-2H-pyran-2-ol), proved by chiral-phase GC 

analysis.  
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2.2.8. Photochemical oxidation of NADH 

The brand of the LED light source is Paulmann, YourLED, Basic Set RGB 1.5m. 

 
Figure 2.1. Picture of the reaction setup of the photobiocatalytic oxidation reactions 

For a total volume of 2 mL reaction, 1950 µL of 50 mM KPi buffer (pH 7), 40 µL of 

reduced nicotinamide adenine dinucleotide (NADH) (10 mM) and 10 µL of flavin 

mononucleotide (FMN) (0.4 mM) were added in a Schlenk flask. At intervals, 1 mL 

samples were withdrawn, analysed spectrophotometrically (Agilent technologies 

Cary 60 UV-Vis at 25 °C) and returned into the reaction mixture. 

2.2.9. Biophotocatalytic oxidation of meso-3-methyl-1,5-

pentanediol  

For a total volume of 3 mL reaction, 2100 µL of glycine NaOH buffer (pH 9, 100 

mM), 150 µL of meso-3-methyl-1,5-pentanediol (200 mM), 300 µL of NADH (10 

mM), 150 µL of purified HLADH (148 µM) and 5 drops of catalase were added in a 

Schlenk flask. A slight overpressure with ambient air was ensured by an air-filled 

balloon connected to the headspace. 

For analysis, 50 µL samples of the reaction mixture were taken at intervals. The 

extraction of the substrate, the intermediate and the product was performed two 

times with 125 µL ethyl acetate (containing 5mM acetophenone as internal 

standard). The separation of the two phases was obtained via centrifugation (60 

sec). The combined organic phases were dried over anhydrous MgSO4 and 
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transferred into GC vials for analysis. All concentrations reported here are based 

on calibration curves obtained from authentic standards and treated in the same 

manner as described here. 

2.3. Results and discussion 

As commercial LEDs come with three individual colours (blue, green and red 

exhibiting wavelength maxima at 465, 519, and 631 nm respectively, Figure 2.2 A) 

we investigated each wavelength to promote the photochemical oxidation of 

NADH. 

 

 
Figure 2.2. Emission wavelengths of the LEDs used (A) and the influence of the LED wavelength on the rate of the 
photocatalytic aerobic NADH oxidation (B). A: The emission spectra of the blue, green and red LED are shown (in 
arbitrary units) together with the absorption spectrum of the FMN photocatalyst, yellow. B: Time course of the 
aerobic oxidation of NADH catalysed by FMN and red (■), green () or blue () light. Conditions: 50 mM KPI 
buffer (pH 7), [NADH]0 = 0.2 mM, [FMN] = 2 µM, T = 30 °C. 
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In accordance with the mechanism proposed in Scheme 2.1, no conversion of 

NADH was observed in the absence of either, the photocatalyst, a light source or 

under anaerobic reaction conditions. As shown in Figure 2.2 B only blue light (λmax 

of 465 nm) significantly accelerated the overall reaction while green light (λmax of 

519 nm) yielded significantly lower rate and red light (λmax of 631 nm) had almost 

no accelerating influence as compared to ‘dark’ conditions. In terms of turnover 

frequencies, the flavin catalysts performed <5, 30 and 680 catalytic cycles per hour 

under red, green and blue light irradiation, respectively. This trend is in agreement 

with the relative overlap of the LED emission spectra and the FMN absorption 

spectrum (Figure 2.2 A). Interestingly, using blue LEDs enabled slightly higher 

NADH oxidation rates as compared to bright white light bulbs under otherwise 

identical conditions (Figure 2.3). This observation, however, should not be over-

interpreted as a quantitative comparison of the light intensities is yet missing. In 

terms of light intensity, the LED-based photocatalytic system was well-behaved 

(Figure 2.4) and the overall rate of the system correlated directly with the intensity 

of the LED light source. 

 
Figure 2.3. Photocatalytic oxidation of NADH using the traditional white light bulb () or blue LED light ().  
Conditions: 50 mM KPi buffer (pH 7), T = 30 °C, [NADH]0 = 0.2 mM, [FMN] = 2 µM. 
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Figure 2.4. A: Influence of the intensity of the blue LED in the oxidation of NADH in presence of FMN. Conditions: 
50 mM KPi buffer (pH 7), T = 30 °C, [NADH]0 = 0.2 mM, [FMN] = 2 µM; relative blue light intensity: 1: , 2: , 3: 
, 4: , 5: , 6:  ; B: dependence of the rate of the FMN-catalysed NADH oxidation (expressed as TF of the 
FMN catalyst, ) on the intensity of the blue LED (). Conditions: KPi buffer (pH 7, 50 mM), T = 30 °C, [NADH]0 = 
0.2 mM, [FMN] = 2 µM.  

Another advantage of the LED system is the missing thermal effect on the reaction 

system as compared to the white light bulb. While with the first no significant 

temperature change was observed (in the absence of external cooling), the latter 

lead to a temperature increase of more than 30 °C within one hour under the same 

conditions (Figure 2.5). 
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Figure 2.5. Effect of different light sources on the temperature of a non-thermostatted reaction vessel. LEDs () 
and white light bulb (). 

Encouraged by these results we decided to apply the LED-based photocatalytic 

NADH oxidation system to the horse liver alcohol dehydrogenase (HLADH) 

catalysed oxidative lactonisation of α,ω-diols such as meso-3-methyl-1,5-

pentanediol (Scheme 2.2).
20

 In this system, HLADH catalyses the enantioselective 

two-step oxidation of the diol starting material yielding enantiopure (ee > 98 %) (S)-

4-methyltetrahydro-2H-pyran-2-one using the oxidised nicotinamide cofactor 

(NAD
+
) as primary hydride acceptor. In situ regeneration of NAD

+
 from NADH is 

achieved using the photocatalytic system outlined in Scheme 2.1. Pleasingly, 

smooth conversion of the starting material into the enantiopure lactone product was 

observed (Figure 2.6). 

 
Scheme 2.2. Oxidative lactonisation of meso-3-methyl-1,5-pentanediol to (S)-4-methyltetrahydro-2H-pyran-2-one 
using horse liver alcohol dehydrogenase (HLADH) and photocatalytic, aerobic regeneration of NAD+. 
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Figure 2.6. Time course of the photoenzymatic oxidation of meso-3-methyl-1,5-pentanediol to (S)-4-methyl- 
tetrahydro-2H-pyran-2-one via the intermediate lactol. General conditions: 100 mM glycine-NaOH buffer pH 9 
100 mM, [diol]0 = 10 mM, [NADH]0 = 1 mM, [FMN] = 100 µM, [HLADH] = 7.4 µM, 5 drops of catalase, T = 30 °C. 

Within the first 2 hours of the reaction the mass balance of the reaction was closed 

(sum of all reagents 10 ± 0.2 mM) and decreased to 8 mM after 4 hours. This 

observation is explained by the slow, spontaneous hydrolysis of the lactone to the 

corresponding hydroxy acid.
17

 This finding is also supported by the significant 

acidification of the reaction mixture at higher substrate loading (Figure 2.7). Further 

optimisations to minimise or prevent this undesired side reaction are currently 

underway. For example, a tighter pH control and in situ extraction of the lactone 

product are promising approaches to circumvent the undesired hydrolysis. 

 
Figure 2.7. Time course of the photoenzymatic oxidation of meso-3-methyl-1,5-pentanediol () to (S)-4-
methyltetrahydro-2H-pyran-2-one () via the intermediate lactol (). General conditions: 200 mM glycine-
NaOH buffer (pH 9.5),  [diol]0 = 50 mM, [NADH]0 = 1 mM, [FMN] = 100 µM, [HLADH] = 7.4 µM, 5 drops of catalase, 
T = 30 °C. 
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The catalytic activity of the photocatalyst was 122 h
-1

 and thereby significantly 

lower than determined before (Figure 2.4). Partially this can be attributed to the 

higher pH value of the reaction medium.
11 

To assess the environmental impact of 

the presented photobiocatalytic oxidative lactonisation, we performed an E-factor 

analysis (Table 2.1).
21,22 

Table 2.1. Estimation of the wastes generated in the photobiocatalytic lactonisation reactions 

Contribution White light bulb LED 

Water 877 

Buffer (glycine) 6.6 

NAD 0.6 

FMN 0.04 

HLADH 0.25 

Ethyl acetate
a
 1973 

CO2 from cooling
b
 40.4 0 

CO2 from light source
b
 40 780 3920 

aUsed as extraction solvent for GC analysis. bTo estimate the CO2 emissions due to electricity consumption, 
we used the average European CO2 emission intensity. 

 

Though shocking at first sight, these numbers also guide us to optimise the 

proposed photobiocatalytic reaction system en route to higher sustainability. First 

of all, the overall substrate loading (and the resulting product titres, respectively) 

must be increased significantly. In these experiments, 10 mM product accumulated 

resulting in an enormous amount of waste water. This is obviously inacceptable, 

both from an environmental and an economical point-of-view. Raising the product 

titres to industrially demanded 50-200 g.L
-1

 will reduce the E-factor to approx. 5-20. 

Similarly, also the contributions of buffers and catalysts will be reduced. The very 

high E-factor contribution of the extraction solvent should not be taken too serious, 

the aim of the extraction procedure was to adequately determine the reagent 

concentrations and not to establish an environmentally friendly downstream 

processing (DSP) method. Nevertheless, the high solvent consumption again 

exemplifies the importance of DSP to the overall environmental impact.
23

 Finally, 

we made an attempt to quantify the ‘hidden E-factor’ contributions caused by the 

electrical power consumed. The calculation of the CO2 emissions was 

straightforward using the power consumptions provided by the manufacturers. 
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Again, the exorbitant values shown in Table 2.1 should not be taken too seriously 

as relatively large light sources were used for a rather small reaction volume. 

Raising the product concentration together with increasing the reaction volume can 

easily reduce the E-factor by several orders of magnitude to acceptable values. 

These experiments are currently underway. Nevertheless, Table 2.1 also visualises 

the significant positive contribution that LED technology can have on the 

sustainability of photo(bio)catalytic reactions! 

The energy consumption caused by heating (or cooling) of the reaction mixture is 

usually not included in E-factor calculations. Table 2.1, however, demonstrated that 

this ‘hidden contribution’ by no means is to be neglected as it easily exceeds the 

contributions of the reagents. 

Overall, the use of simple LEDs represents a simple, more user-friendly alternative 

compared to bright white light bulbs. More excitingly, LEDs also offer significant 

advantages in terms of energy efficiency as futile wavelengths and heat generation 

are omitted. Taking together the lower power consumption with the increased 

catalytic activity of the LED system a more than 90% decrease of energy 

consumption (and corresponding CO2 emissions) can be achieved. Furthermore, 

the significant thermal effect of the white light bulb also necessitates additional 

cooling of the reaction mixture, which can be reduced or even omitted in case of 

the LEDs. 

2.4. Conclusions 

Nowadays, photocatalysis is in focus of catalysis research.
24-26

 Comparably few 

studies deal with photocatalysis to promote biocatalytic reactions, a ‘combination of 

two intrinsically green technologies’.
27

 

However, neither biocatalysis nor photocatalysis are environmentally sustainable 

per se. A (self-)critical evaluation of the possible environmental impact is necessary 

to substantiate ‘green claims’ and to identify bottlenecks as a basis for improved 

reaction setups en route to truly sustainable procedures. 
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In this study, we have demonstrated that simple LEDs are well-suited to substitute 

conventional light sources in flavin-based NAD
+
 regeneration systems to promote 

dehydrogenase-catalysed oxidation reactions. Particularly, the significantly 

decreased energy demand of LED systems makes it attractive envisioning 

environmentally acceptable syntheses. 
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Chapter 3:  

 

Photochemical regeneration of flavoenzymes – an Old 

Yellow Enzyme case-study 

 

 

Direct, NAD(P)H-independent regeneration of old yellow enzymes represents an 

interesting approach for simplified reaction schemes for the stereoselective 

reduction of conjugated C=C-double bonds. Simply by illuminating the reaction 

mixtures with blue light in the presence of sacrificial electron donors enables to 

circumvent the costly and unstable nicotinamide cofactors and a corresponding 

regeneration system. In the present study, we characterise the parameters 

determining the efficiency of this approach and outline the current limitations. 

Particularly, the photolability of the flavin photocatalyst and the (flavin-containing) 

biocatalyst represent the major limitation en route to preparative application. 

 

 

 

 

 

This chapter is based on  

 

M.C.R. Rauch, M. Pesic, M.M.E. Huijbers, M. Pabst, C.E. Paul, I.W.C.E. Arends,  

F. Hollmann, BBA – Proteins Proteomics, 2020, 1868, 140303.
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3.1. Introduction 

Ene-reductases from the Old Yellow Enzymes (OYEs) family have been known for 

close to a century.
1
 They catalyse the stereospecific trans-hydrogenation of 

conjugated C=C-double bonds creating up to two new chiral centres (Scheme 3.1).  

 

Scheme 3.1. Reduction of activated C=C-double bonds by Old Yellow Enzymes (OYEs). EWG = electron 
withdrawing group (typically a carbonyl group). 

Their potential as catalysts for organic synthesis, however, has only been 

recognised by Faber, Hauer and coworkers a decade ago.
2,3

 Ever since then, 

preparative applications of OYEs are increasing exponentially
4,5

 with the first 

examples of industrial application.
6,7

 

OYEs contain a flavin prosthetic group – mostly a flavin mononucleotide (FMN) – 

which in the first half-reduction reaction of the catalytic mechanism is reduced by 

the nicotinamide adenine dinucleotide cofactor (NAD(P)H). In the second half-

oxidation reaction of the mechanism, the reduced flavin transfers a hydride ion in a 

Michael-type addition to the ß-carbon atom of the enzyme-bound unsaturated 

substrate followed by protonation of the resulting enolate anion in a trans fashion. 

In the past years, a range of alternative reductants have been reported replacing 

the costly and unstable nicotinamide cofactors.
8
 Amongst them, chemical 

reductants such as synthetic nicotinamides
9-12

 or transition metal catalysts
13,14

 have 

been proposed. Also photochemical approaches are gaining attention.
15-26

 The 

latter approaches mostly utilise FMN (the prosthetic group of OYEs) as 
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photocatalyst to channel electrons from a sacrificial electron donor (e.g. EDTA) to 

the OYE’s active site (Scheme 3.2). The photochemistry of the (yellow) flavin 

photocatalyst has been established decades ago,
27-31

 but a critical evaluation of 

their practical usefulness is so far missing. We therefore set out to investigate the 

scope and limitations of direct, photochemical regeneration of FMN to promote 

OYE-catalysed reduction reactions. 

As a model reaction for our investigations, we chose the stereospecific reduction of 

2-methylcyclohexenone to (R)-2-methylcyclohexanone catalysed by the OYE 

homologue from Bacillus subtilis (YqjM) (Scheme 3.2).
32-34

 

 

Scheme 3.2. Photoenzymatic reduction of 2-methylcyclohexenone to (R)-2-methylcyclohexanone using YqjM as 
biocatalyst. In situ regeneration of the reduced flavin prosthetic group is achieved using photoexcited FMN in the 
presence of EDTA as sacrificial electron donor. 

 

3.2. Material and methods 

3.2.1. Chemicals 

Unless stated otherwise all chemicals were purchased from Sigma-Aldrich 

(Steinheim, Germany), New England Biolabs (Ipswich, MA, USA) or Merck 

(Darmstadt, Germany) in the highest quality available and used without further 

purification.  
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3.2.2. Analytics 

Gas chromatography (GC) analysis: 

GC measurements were performed on a Shimadzu GC-14A equipped with a CP- 

Chirasil Dex CB (25 m x 0.32 mm x 0.25 µm, Macherey & Nagel, Düren, Germany) 

and flame-ionization detection (FID).  

The Size Exclusion Chromatography column is Superdex 200 Increase 10/300 GL 

on a NGC Chromatography System from Biorad with a loop of 200 µL. The flow 

rate was 10 mL/min of a KPi buffer 100 mM pH 6.5 + 150 mM KCl. 

For circular dichroism, the instrument used is a Jasco J-815 CD Spectrometer with 

the Jasco PFD-425S/15 temperature controller. The spectroscopic analysis were 

recorded from 260 to 190 nm with data pitch of 0.5 mm, continuous scanning 

mode, scanning speed of 100 nm/min, response of 0.5, band width of 1 mm and 

accumulation of 20. 

3.2.3. Bacterial strains and plasmids  

The plasmid pET28a containing the gene encoding the Old Yellow Enzyme from 

Bacillus subtilis (YqjM) bearing an additional N-terminal His6-tag was transformed 

into the appropriate E. coli BL21 (DE3).
35

 

3.2.4. Cultivation conditions 

Expression of YqjM was carried out by inoculation of 1 L of autoinduction ZYM-

5052 media
36

 supplied with the appropriate antibiotic (kanamycin) with an overnight 

culture. Cells were grown overnight at 37 °C in baffled shake flasks. Cells were 

harvested (centrifugation at 10000 g at 4 °C for 15 min) and washed twice in 

potassium phosphate buffer (pH 6.5, 20 mM). The bacterial cell pellet was 

resuspended in the same buffer. Mechanical cell disruption was effected by using 

Multi Shot Cell Disruption System (Constant Systems). Cell debris were separated 

from the crude extract by centrifugation. 
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3.2.5. Purification of YqjM 

The supernatant was loaded to 14 mL Nickel-NTA column (GE Healthcare, Munich, 

Germany). After washing the column with a triple volume of 20 mM sodium 

phosphate buffer containing 30 mM imidazole pH 6.5, the protein was eluted with 

20 mM potassium phosphate buffer containing 250 mM imidazole pH 6.5. Fractions 

containing proteins were tested with UV assay and those containing YqjM were 

collected and incubated with 5 mM of FMN. After 30 min of incubation on ice, 

enzyme suspension was desalted twice using PD-10 columns in order to remove 

the excess of FMN and concentrated using Amicon (30 kDa cut-off).  

3.2.6. Determination of YqjM activity 

The YqjM activity assay was established with 2-methylcyclohex-2-en-1-one as 

standard substrate. The consumption of NADPH during the enzymatic reaction was 

directly followed at 340 nm for 120 s. The 2-methylcyclohex-2-en-1-one 

concentration in the assay was 1 mM and the initial concentration of NADPH was 

150 µM. Because of background activity with oxygen, glucose and glucose oxidase 

was also added at a concentration of 20 mM and 10 U/mL respectively. The buffer 

used was KPi buffer 100 mM pH 6.5. 

In order to calculate the half-life time of YqjM under different conditions, residual 

activity was determined over time. The curves were fitted with an exponential 

regression in Excel and from the value of the exponential equation, the half-life 

time was calculated. 

3.2.7. Determination of Formate Dehydrogenase (FDH) activity 

The FDH activity assay was established with formate as standard substrate. The 

formation of NADH during the enzymatic reaction was directly followed at 340 nm 

for 120 s. Formate concentration in the assay was 75 mM and the initial 

concentration of NAD
+
 was 250 µM. The buffer used was KPi buffer 50 mM pH 7. 
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3.2.8. Determination of ADH-A activity 

The ADH-A activity assay was established with isopropanol as standard substrate. 

The formation of NADH during the enzymatic reaction was directly followed at 340 

nm for 120 s. isopropanol concentration in the assay was 500 mM and the initial 

concentration of NAD
+
 was 400 µM. The buffer used was Tris buffer 50 mM pH 8. 

3.2.9. Determination of OYE2 activity 

The OYE2 activity assay was established with 2-methylcyclohex-2-en-1-one as 

standard substrate. The consumption of NADPH during the enzymatic reaction was 

directly followed at 340 nm for 120 s. The 2-methylcyclohex-2-en-1-one 

concentration in the assay was 1 mM and the initial concentration of NADPH was 

150 µM. Because of background activity with oxygen, glucose and glucose oxidase 

was also added at a concentration of 20 mM and 10 U/mL respectively. The buffer 

used was KPi buffer 100 mM pH 6.5. 

3.2.10.  Determination of 3-hydroxybenzoate-6-hydroxylase 

(3HB6H) activity 

The 3HB6H activity assay was established with 3-hydroxybenzoic acid as standard 

substrate. The consumption of NADH during the enzymatic reaction was directly 

followed at 340 nm for 120 s. The 3-hydroxybenzoic acid concentration in the 

assay was 5 mM and the initial concentration of NADH was 150 µM. The buffer 

used was Tris-H2SO4 50 mM pH 8. 

3.2.11.  Trypsin digestion and MS analysis 

Samples of illuminated and native YqjM were prepared by incubation in SDS-

PAGE loading buffer at 40 °C for 5 min. Samples were loaded and analysed on 

10% polyacrylamide gels (precast gel, BioRad, Cat No 4568034). Following 

staining using Coomassie Blue, bands were cut, gel pieces were destained, 

proteins were reduced using DTT and carbamidomethylated using IAA. Proteins 

were digested in-gel using Trypsin at 37 °C overnight, extracted and speed vac 

dried. The resuspended samples (3% acetonitrile in H2O, 0.1% formic acid) were 
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analysed by tandem mass spectrometry using M-Class HPLC system online 

coupled to ESI-Q-TOF premier (Waters, UK). 

An aliquot of approximatively 0.3 µg protein was injected to the LC-MS analysis 

system, operating in DDA mode. Data were analysed using MassLynx 4.1 and 

PEAKS Studio for sequence coverage and abundant residue modifications such as 

oxidation. 

3.2.12.  Photobiocatalytic reduction of 2-methylcyclohex-2-en-1-one 

by YqjM 

For each reaction, all chemicals were added first in a glass reaction vessel, except 

the enzyme and the substrate. Then, the reaction was degassed with N2 during 30 

min and finally, before switching on the light, the enzyme and the substrate were 

added anaerobically to the reaction with a needle. A slight overpressure with N2 

gas was ensured by two N2-filled balloons (one with a long needle to take samples 

and the second one with a short needle to keep an overpressure while taking 

samples) connected to the headspace. 

 

 
Figure 3.1. Picture of the setup 

 

For analysis, 125 µL samples of the reaction mixture were taken at intervals. The 

extraction of the substrate and the product was performed two times with 125 µL of 

ethyl acetate (containing 5 mM of dodecane as internal standard). The separation 
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of the two phases was obtained via centrifugation. The combined organic phases 

were dried over anhydrous MgSO4 and transferred into a GC vials for analysis. 

All concentrations reported on this paper are based on calibration curves obtained 

from authentic standards and treated in the same manner as described here. The 

enantiomeric excess (ee) value during this study was >90%, knowing that the 

substrate is only pure at 90% (the 10% of impurity is a racemic mixture of 6-

methylcyclohex-2-en-1-one which can also be reduced by YqjM). 

3.3. Results and discussion 

Recombinant YqjM was produced in Escherichia coli using an autoinduction 

medium.
35-37

 His-Tag containing YqjM was purified by affinity chromatography 

using Ni-NTA chromatography column. 

For the photochemical reaction outlined in Scheme , we used commercial LEDs 

(=450 nm) as light source wrapped around the reaction vessel (Figure 3.1). With 

this setup, full conversion of 10 mM 2-methylcyclohexenone could be achieved 

within less than 5h (Figure 3.2). No further side product was observed using gas 

chromatography for analysis. 

 

Figure 3.2. Time-course of the photoenzymatic reduction of 2-methylcyclohex-2-en-1-one () to (R)-2-
methylcyclohexanone (). Conditions: 100 mM potassium phosphate buffer (pH 6.5), [2-methylcyclohex-2-en-1-
one] = 10 mM; [FMN] = 0.2 mM, [YqjM] = 6.9 µM, [EDTA] = 50 mM, T = 30 °C, light source: blue LED (450 nm, 80 
µW.cm-2). During the reaction, anaerobic conditions were maintained leading a N2 stream over the reaction. 
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The enantioselectivity of the reaction was superb (ee >99.5%) as throughout the 

experiment only traces of the (S)-enantiomer were observed. This finding also 

confirms our assumption of the enzymatic reduction of the conjugated C=C-double 

bond as the direct reduction by the reduced mediator would have yielded racemic 

product. It is worth mentioning that anaerobic reaction conditions were essential for 

the reaction as in the presence of molecular oxygen, lower reaction rates were 

observed (2.04 mM.h
-1

 instead of 3.39 mM.h
-1

). This is in line with some previous 

findings about the high reactivity of reduced flavins in the presence of O2.
38-43

 

Therefore, we applied a gentle N2 stream over the reaction mixture to maintain 

anaerobic reaction conditions. This, however, also lead to some increased 

evaporation of the reagents (as confirmed in appropriate control experiments), 

explaining the rather poor mass balance of approximatively 70%. Improved 

reaction setups including condensers to minimise the reagent evaporation will 

circumvent this technical issue. 

The catalytic performance of YqjM in terms of turnover frequency (TF = amount of 

product formed in time divided by the amount of YqjM used) was only in the range 

of 8 min
-1

 and thereby fell back significantly behind the activities reported using 

NADPH as reductant.
32

 We therefore decided to investigate the parameters 

influencing the reaction rate in more detail. Particularly, we systematically varied 

the concentration of the photocatalyst (Figure 3.3 A), the biocatalysts (Figure 3.3 

B), the light intensity (Figure 3.3 C) and the concentration of the sacrificial 

reductant (Figure 3.3 D). 

Varying the photocatalyst concentration, we observed a saturation-type behaviour 

of the reaction rate with increasing FMN concentrations. Half-maximal reaction 

rates were observed at FMN concentration around 200 µM. This is almost 100-fold 

higher than the KM value determined for the natural reductant (NADPH)
34

 

suggesting that the interaction of the (reduced) FMN to the active site of YqjM may 

be overall rate-limiting due to the sterically impaired interaction and sub-optimal 

electron transfer from the photocatalytic FMN to the enzyme-bound FMN. 
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Figure 3.3. Influence of the photocatalyst concentration (A), the enzyme concentration (B), the light intensity (C) 
and the sacrificial electron donor concentration (D) on the reduction rate of 2-methylcyclohexenone. Unless 
stated in the graph the following conditions were used: 100 mM potassium phosphate buffer (pH 6.5), [2-methyl 
cyclohexenone] = 10 mM; [FMN] = 0.2 mM, [YqjM] = 6.9 µM, [EDTA] = 50 mM, T = 30 °C, light source: blue LED 
(450 nm, 80 µW.cm-2). During the reaction, anaerobic conditions were maintained leading a N2 stream over the 
reaction. 

Increasing the biocatalyst concentration resulted in an almost linear increase of the 

overall reaction rate, which is in-line with the assumption of the reduction of YqjM 

being overall rate-limiting. The same is true for the observed influence of the light 

intensity. Higher photon fluxes are expected to yield higher concentrations of 

photoexcited flavins and therewith increase the concentration of reduced external 

flavins. Interestingly enough, the concentration of the sacrificial electron donor 

(EDTA) had only a minor influence on the overall rate. Only marginal conversion 
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was observed in the absence of EDTA, which may be explained by the 

photochemical reduction of FMN by traces of ‘contaminating’ reductants (vide 

infra). Between an EDTA concentration of 5 to 50 mM, the overall rate remained 

largely unchanged and slightly decreased at higher EDTA concentrations. 

Interestingly enough, activity assays of YqjM in the presence of elevated EDTA 

concentrations gave no indication for an inhibitory effect of EDTA (e.g. by removal 

of structurally relevant metal cations). Hence, at present stage we are lacking a 

plausible explanation for the decreased productivity of the photocatalytic system at 

higher EDTA concentrations. 

Encouraged by these results we aimed at scaling up the reaction by increasing the 

substrate concentration to 50 mM. Unfortunately, product accumulation ceased 

after approximately 5 h (Figure 3.4 A), which interestingly was also the time span of 

the experiment shown in Figure 3.2. We ascribe this observation to a poor stability 

of YqjM under the reaction conditions. Indeed, product formation resumed upon 

addition of fresh biocatalyst (Figure 3.4 B) resulting in the accumulation of 36 mM 

of enantiopure product (72% yield and 100% conversion due to the above-

mentioned evaporation issue). YqjM performed more than 2500 catalytic cycles in 

this experiment. 

Therefore, we investigated the stability of YqjM under different conditions (Figure 

3.5). If incubated in buffer in the presence of FMN but in the dark, YqjM was 

relatively stable with a half-life time of approximatively 33 h. This value, however, 

dramatically dropped upon illumination with blue light (both in the presence and 

absence of external FMN) and the apparent half-life time of YqjM dropped to less 

than 2 h. Interestingly, under reducing conditions, i.e. in the presence of EDTA (or 

NADH), this decrease was somewhat less pronounced (t½  5.5 h). Furthermore, 

illumination with either red or green light had a far less detrimental effect on the 

stability of YqjM. 
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Figure 3.4. Time-course of the photoenzymatic reduction of 2-methylcyclohex-2-en-1-one () to (R)-2-
methylcyclohexanone () (A) without or (B) with addition of 6.9 µM of fresh YqjM. Conditions: 100 mM 
potassium phosphate buffer (pH 6.5), [2-methylcyclohex-2-en-1-one] = 50 mM; [FMN] = 0.2 mM, [YqjM] = 6.9 µM, 
[EDTA] = 50 mM, T = 30 °C, light source: blue LED (450 nm, 80 µW.cm-2). During the reaction, anaerobic conditions 
were maintained leading a N2 stream over the reaction. 

 

 
Figure 3.5. Stability of YqjM under different incubation conditions. Conditions: 6.88 µM of YqjM in KPi buffer 100 
mM pH 6.5 in presence of either 200 µM of FMN and/or 50 mM of EDTA and illuminated by either blue, red or 
green LED or protected from any light source, T = 30 °C. Activity assay conditions: 20 mM of glucose, 150 µM of 
NADPH, 10 U/mL of glucose oxidase, 1 mM of 2-methylcyclohex-2-en-1-one and 0.85 µM of YqjM. 

These results are most straight-forward explained by photodegradation of the 

enzyme-bound FMN.
44-47

 Under dark conditions, virtually none of the YqjM-tightly 

bound FMN is photoexcited and therefore stable. The emission spectra of the 

green and red LEDs used in this experiment hardly overlap with the FMN 
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absorption spectrum
41

 and therefore only lead to minor photoexcitation and 

photodegradation on YqjM-tightly bound FMN (green light overlaps somewhat 

more and therefore also decreases the half-life time of YqjM more pronouncedly). 

The effect of the reducing conditions may be explained by the significantly reduced 

absorption of reduced flavins at 450 nm. This assumption is also supported by the 

spectral changes recorded for both YqjM and free FMN upon illumination with blue 

light (Figure 3.6). 

 

Figure 3.6. Spectral changes observed for FMN (A) and YqjM (B) upon illumination with blue light. FMN (A): 
spectra were taken at 0, 1, 2, 4 and 8 min (from dark to light); YqjM (B): spectra were taken a 0, 1, 2, 5 and 23 h 
(from dark to light). General conditions: 20 µM of YqjM or FMN in KPi buffer 100 mM pH 6.5 illuminated by blue 
LED, 80 µW.cm-2, T = 30 °C. 

For a further validation of the hypothesised photodegradation of enzyme-bound 

flavin, we also illuminated some enzymes with blue light and determined their 

residual activity (Table 3.1). For this, two flavin-dependent enzymes and two 

enzymes not containing a flavin prosthetic group were incubated in the presence 

and absence of blue light. 
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Table 3.1. Residual activity of some biocatalysts in the presence of blue light. 

Enzyme Contains 
flavin 

Half-life time in 
the dark [h] 

Half-life time 
under illumination 
[h] 

Half-life time decrease 
due to illumination 
[%] 

ADH-A
[a]

 No 8.5 7.4 13 
CbFDH

[b]
 No 6.5  4.0 38 

3HB6H
[c]

 Yes 0.3 0.1 60 
ScOYE2

[d]
 Yes 10.7 3.7 65 

[a] Alcohol dehydrogenase from Rhodococcus ruber DSM 44521 48, 49 [b] Formate dehydrogenase from Candida 
boidinii 50-52 [c] 3-Hydroxybenzoate-6-hydroxylase from Rhodococcus jostii RHA1 53-55 [d] OYE2 from 
Saccharomyces cerevisiae.56, 57. 

Hence, photochemical degradation of both, the enzyme-bound FMN and the 

external (photocatalytic) FMN can be assigned as the major factors limiting the 

robustness of the photoenzymatic reduction of conjugated C=C-double bonds. 

Still, in the course of our experiments we also frequently observed a precipitate, 

which we believed to be denatured YqjM. SDS-PAGE gel analysis revealed a loss 

of soluble protein under blue light illumination. Furthermore, circular dichroism 

analysis of the illuminated enzyme pointed towards some loss in the integrity of the 

tertiary structure of the enzyme. Size exclusion chromatography of a light treated 

sample of YqjM showed an aggregation of enzymes overtime. We also performed 

a proteolytic digest of the illuminated and native YqjM using trypsin and analysed 

the resulting peptides by mass spectrometry for degradation products. This 

revealed that in the illuminated YqjM, two methionine residues (M14 and M134) 

were oxidised to the corresponding sulfoxides (Figure 3.7). Although some 

oxidation of another methionine was observed already for the non-illuminated 

protein, the degree of sulfoxidation increased very significantly after exposure to 

light. Interestingly enough, illumination of the YqjM samples occurred under 

anaerobic conditions (using a stream of N2 gas) which makes H2O2 a rather 

unlikely oxidant for this reaction. Possibly, photoexcited flavins can directly oxidise 

methionine via a so far unknown mechanism and electron sink. It is also worth 

mentioning that this analysis did not cover the entire YqjM polypeptide, therefore, 

at present time we cannot exclude further modifications of the protein to account 

for the decreasing stability under illumination. As these amino acids are at the 

surface of the protein, oxidation of these amino acids may well account for the 

protein aggregation and precipitation observed. Similar effects have been already 
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described for oxidative stress related biological aging and degradation.
58

 Future 

experiments with YqjM mutants devoid these methionine residues will show if such 

mutants exhibit higher robustness under the photochemical reaction conditions.
59

 

 

Figure 3.7. Crystal structure of YqjM (pdb: 1z48) with the oxidised amino acids marked in red. 

3.4. Conclusions 

Overall, we have confirmed that direct, NAD(P)H-independent regeneration of 

YqjM can productively be achieved using photoregenerated, reduced FMN 

photocatalysts/mediators.  

The main limitation of the current setup lies with the poor photostability of the 

enzyme-bound, as well as the free FMN cofactor. Consequently, comparably low 

turnover numbers (TN= molProduct × molCatalyst
-1

) in the range of 2000 and 30-40 for 

YqjM and FMN, respectively, were observed. While these numbers are in the range 

of state-of-the-art OYE reactions
3, 60, 61

 they are orders of magnitude too low for 

economical synthesis of non-highly value-added products.
62

 Therefore, further work 

will have to concentrate on increasing the robustness of the photoenzymatic 

reaction. Particularly we will focus on photocatalysts/mediators such as methylene 

blue and its derivatives,
63

 exhibiting an absorption maximum in the (infra)red range. 

This way, the photodegradation of OYEs can be minimised. Ideally, these 

photocatalysts/mediators exhibit more efficient interaction with the enzyme active 
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site to accelerate the electron transfer from the reduced mediator to the oxidised 

enzyme-bound flavin.
64
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Chapter 4:  

 

Metals in biotechnology: Cr-driven-stereoselective 

reduction of conjugated C=C-double bonds 

 

 

Elementary metals are shown to be suitable sacrificial electron donors to drive 

stereoselective reduction of conjugated C=C-double bonds using old yellow 

enzymes as catalysts. Both, direct electron transfer from the metal to the enzyme 

as well as mediated electron transfer is feasible, though the latter excels by higher 

reaction rates. The general applicability of this new chemoenzymatic reduction 

method is demonstrated as well as current limitations are outlined. 
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4.2. Introduction 

In recent years, so-called Old Yellow Enzymes (OYEs) have attracted significant 

attention as catalysts for the stereoselective reduction of conjugated C=C-double 

bonds.
1
 To maintain their catalytic cycle, OYEs depend on a continuous supply 

with reducing equivalents, which classically originate from the natural nicotinamide 

adenine dinucleotide cofactors NAD(P)H. In addition to these, a range of 

alternative regeneration approaches have been developed
1j, 2

 Such alternate 

hydride sources range from synthetic nicotinamide mimics
3
 to electrochemical 

supplies.
4
 

Elementary metals represent another, potentially useful source of reducing 

equivalents to drive OYE-catalysed reduction reactions. To the best of our 

knowledge, apart from some pioneering works by Schwaneberg et al.,
5
 this 

approach has not been explored further in redox biocatalysis.  

 

Scheme 4.1. Metal-driven regeneration of OYE via either a) direct electron transfer to the enzyme-bound 
prosthetic group or b) indirectly using a low-molecular-weight mediator. 
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We therefore decided to explore the potential of elementary metals to promote 

OYE-catalysed reduction reactions (Scheme 4.1). Principally, two mechanisms can 

be imagined for the electron transfer from the metal to the enzyme-bound flavin 

prosthetic group. Either direct electron transfer occurs or, since the prosthetic 

group is usually buried deeply within the protein, indirect electron transfer via a low-

molecular weight mediator is established. 

4.2. Material and methods 

4.2.1. Chemicals 

Unless stated otherwise all chemicals were purchased from Sigma-Aldrich and TCI 

and were used without further purification. Columns and column material for 

enzyme purification were purchased from GE Healthcare.  

4.2.2. Enzyme preparation.  

Recombinant expression and purification of YqjM from Bacillus subtilis was 

performed following a previously described procedure.
6c

 

4.2.3. Chemoenzymatic reactions.  

Each reaction was carried out under strict anaerobic conditions (glovebox) in 1.5 

mL glass vials with a working volume of 400 µL. Stirring bars were used for 

suspending the metals in the reaction. Reactions with mediators were protected 

from light with aluminium foil. 

4.2.4. XPS analysis.  

The used XPS was a Thermofisher K-Alpha. The X-ray gun uses an AI Kα source 

with an energy of 1486 eV. The (nominal) spot size was set to 400 µm. During the 

measurements a flood gun was used for charge compensation, setting the 

pressure to approx. 5.10
-7

 mbar. 
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4.3. Results and discussion 

As a model enzyme we chose the OYE homologue from Bacillus subtilis (YqjM).
6
 

For this, we evaluated pathway a, i.e. direct electron transfer by incubating purified 

YqjM in the presence of a metal and recording UV spectra of the reaction mixture 

overtime. Particularly, elementary zinc and chromium gave positive results (Figure 

4.1). The disappearance of the characteristic peak around 450 nm for the oxidised 

flavin prosthetic group served as analytical signal to detect electron transfer. 

 

Figure 4.1. Direct reduction of YqjM using Zn (A) or Cr (B) as reductant. Conditions: [purified YqjM] = 50 µM in KPi 
buffer 100 mM pH 6.5, 65 mg/mL of zinc powder <10 µm or 50 mg/mL of chromium powder <45 µm, 21 °C. 
Spectra were recorded at intervals (A): 0 min (yellow), 10 min (blue), 20 min (red), 30 min (green) and after 
reoxidation (purple); B: 0 h (yellow), 6 h (blue), 23 h (red) and after reoxidation (purple, note that the FMN 
spectrum is overlaid by the presence of Cr2+). 
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Interestingly, whereas YqjM was fully reduced within minutes in the presence of Zn, 

(Figure 4.1A), it took several hours to fully reduce YqjM with Cr (Figure 4.1B). The 

exact reason for this is unclear but the lower particle size of the Zn metal used here 

may account for this. Interestingly, the standard redox potential does not seem to 

have a decisive influence (E° (Zn/Zn
2+

) = -0.76 VNHE, E° (Cr/Cr
2+

) = -0.9 VNHE).  It is 

worth mentioning that upon aeration the spectrum of the oxidised flavin prosthetic 

group was fully restored indicating that the reduction by the metals had no 

detrimental effect on the enzyme integrity.  

However, performing chemoenzymatic reductions of 2-methylcyclohexenone with 

Zn as sacrificial electron donor yielded only very poor optical purities of the 

products. We attributed this to a significant non-enzymatic background reduction 

yielding racemic products, which we also confirmed in the corresponding control 

reactions. Therefore, for all further reactions, we used Cr as sacrificial electron 

donor. Similar to YqjM, further OYEs such as the ScOYE2 from Saccharomyces 

cerevisiae and TsOYE from Thermus scotoductus were also reduced directly by Cr 

and catalytically reduced 2-methylcyclohexenone (Table 4.1). 

Table 4.1. Enzyme scope of the regeneration of OYEs by chromium. Conditions: [purified enzyme] = 6.9 µM in KPi 
buffer 100 mM pH 6.5, [2-methylcyclohex-2-en-1-one] = 10 mM, 50 mg/mL of chromium powder <45 µm, 21 °C. 
Data presented are an average of duplicates. 

Enzyme Product formation (mM) TF (h
-1

) 

YqjM 0.40 0.80 

ScOYE2 0.51 1.45 

TsOYE 0.16 0.45 

 

In view of the rather sluggish reduction kinetics using Cr metal alone (Figure 4.1), 

we investigated several mediators (Scheme 4.1B). As shown in Figure 4.2, all 

redox active mediators tried significantly improved the product formation 

approximately 10-fold compared with the direct, non-mediated reduction.  
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Figure 4.2. Chemoenzymatic reduction of 2-methylcyclohexenone in the presence/absence of low-molecular 
weight redox mediators. Conditions: [purified YqjM] = 6.9 µM, [2-methylcyclohex-2-en-1-one] = 10 mM,  
50 mg/mL of chromium powder <45 µm, [mediator] = 500 µM in KPi buffer 100 mM pH 6.5, 21 °C, reaction time 
of 4 hours. Data presented are an average of duplicates. 

 

 

Figure 4.3. Influence of the Cr amount used on the overall product formation. Conditions: [purified YqjM] = 6.9 
µM, [FMN] = 500 µM in KPi buffer 100 mM pH 6.5, [2-methylcyclohex-2-en-1-one] = 10 mM, chromium powder 
<45 µm, 21 °C. Data presented are averages of duplicates. 

 

We therefore performed all further experiments using FMN as mediator. In a next 

step, we investigated the influence of the amount of the reductant (Cr) on the 

overall performance of the reduction reaction. As shown in Figure 4.3, an almost 

linear relationship between amount of Cr and the final product concentration was 

observed. It must, however, be noted that a 1000-fold molar excess of Cr over the 
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starting material was necessary to attain full conversion. A plausible explanation for 

this observation may be that passivation of the metal surface prevented the bulk 

metal from being used for the reduction of FMN. Additionally, the Cr metal used in 

this study was already partially passivated as XPS analysis revealed a Cr°-surface 

content of approximately 5.5% (after a reaction this value was reduced to 1.2%).  

Table 4.2. Substrate scope of the chemoenzymatic reduction. 

 

 
 

Product Concentration (mM) Conversion (%) Yield (%) ee (%) 
 

 

8.6 81 81 65 (R) 

 

6.9 70 70 85 (S) 

 

7.3 70 70 >99 (R) 

 

6.7 77 77 - 

 

2.8 26 26 n.d 

 

0.6 85 6 >99 (2R,5S) 

Conditions: [purified YqjM] = 6.9 µM, [FMN] = 500 µM in KPi buffer 100 mM pH 6.5, [substrate] = 10 mM, 500 
mg/mL of chromium powder <45 µm, 21 °C, reaction time of 4 hours. n.d. = not determined; conversion = 
([starting material]0 – [starting material]4h)  [starting material]0

-1; yield = [product]4h  [all reagents]4h
-1.   

 

The product scope of the proposed chemoenzymatic reaction was very comparable 

to the scope determined previously.
6c, 7

 Also the enantioselectivities were 

comparable with the exception of levodione and citronellal where the enantiomeric 

excess (ee)-values of the chemoenzymatic reaction system were significantly lower 

than those obtained using NAD(P)H as reductant. Control experiments in the 
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absence of YqjM revealed a significant background activity (formation of racemic 

reduction product) which can be attributed to the direct, non-enzymatic reduction 

by the reduced mediator (Table 4.2). Similar observations have been reported by 

Scrutton and coworkers.
8
 Interestingly, no such side reaction was observed using 

Cr alone as reductant.  

The evaluation of the substrate scope (Table 4.2) also revealed the generally very 

high chemoselectivity of the proposed reaction scheme. For the reduction of 

carvone, control experiments showed that the poor chemoselectivity here can be 

attributed to the direct, non-enzymatic reduction of the non-conjugated C=C-double 

bond by the reduced mediator. Once more, no such side reaction was observed 

using Cr alone as reductant.  

Traditional, i.e. NAD(P)H-dependent, regeneration systems are challenged by poor 

selectivity as well. Especially when using crude (i.e. non-purified) enzyme 

preparations, over-reduction of the carbonyl group is frequently observed, in 

particular with conjugated aldehydes as starting materials.
9
 As the reaction system 

proposed here does not regenerate reduced nicotinamide cofactors, this undesired 

side reaction should play no role here. We therefore also tested crude cell extracts 

of recombinant E. coli cells overexpressing YqjM as biocatalyst preparation for the 

reduction of 2-methylcyclohex-2-en-1-one and citral. In both cases, the saturated 

ketone and aldehydes were observed as sole products without formation of the 

undesired alcohol by-products (Table 4.3). 

Table 4.3. Characterisation of the use of CFE YqjM. [CFE YqjM] = 6.9 µM, [FMN] = 500 µM in KPi buffer 100 mM 
pH 6.5, [substrate] = 10 mM, 500 mg/mL of chromium powder <45 µm, 21 °C, reaction time of 4 hours. Data 
presented are an average of duplicates. 

Expected product Product concentration (mM) Yield (%) ee (%) 

2-methylcyclohexanone 

 

4.4
 

42 93 (R) 

Citronellal 

 

1.5 16 n.d. 

Yield = [expected product] / [substrate]0 

n.d. = not determined. 
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4.4. Conclusions 

Overall, in this contribution we have demonstrated that elementary metals can 

serve as sacrificial reductants to promote OYE-catalysed C=C-bond reductions. 

Though the direct, non-mediated electron transfer to the enzymes was feasible, it 

was greatly accelerated by the application of redox mediators. The high 

chemoselectivity of nicotinamide-independent regeneration systems was 

preserved. This approach may particularly prove useful for substrate screening 

campaigns. 

The current system, apparently, needs further improvements in order to become 

truly practical. First and foremost, using Cr as stoichiometric reductant does not 

appear to be a truly green method, especially considering the need for high molar 

surpluses and the release of questionable metal ions into the reaction medium. We 

envision that mixed valence state oxides or sulphides may be more practical 

alternatives to elementary metals as here the release of metal ions into the reaction 

medium may be avoided. Also, the particles can principally be recharged 

electrochemically and re-used. 
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Chapter 5:  

 

Peroxygenase-catalysed epoxidation of styrene 

derivatives in neat reaction media 

 

 

Biocatalytic oxyfunctionalisation reactions are traditionally conducted in aqueous 

media, limiting their production yield. Here we report the application of a 

peroxygenase in neat reaction conditions reaching product concentrations of up to 

360 mM. 
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M.C.R. Rauch, F. Tieves, C.E. Paul, I.W.C.E. Arends, M. Alcalde, F. Hollmann, 
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5.1. Introduction 

Epoxides are important building blocks in organic synthesis. The ring opening of 

epoxides leads to useful ɑ- or β-substituted alcohols.
1 

As a result, a broad range of 

catalytic methods for the epoxidation of C=C-double bonds have been 

established.
2
 Compared to this variety, only few biocatalytic methods are known. 

The chemoenzymatic epoxidation of alkenes using lipase-borne peracids for 

example is receiving tremendous interest but yields racemic products.
3
 Amongst 

the stereospecific epoxidation methods the use of flavin-dependent styrene 

monooxygenases
4
 and P450 monooxygenases

5
 are most prominent.  

The latter approaches rely on reductive activation of molecular oxygen using 

reduced nicotinamide cofactors (NAD(P)H) as source of reducing equivalents. This 

not only implies complicated and vulnerable electron transport chains but also, due 

to the exclusive water-solubility of the cofactors, largely limits these processes to 

aqueous reaction media. 

The majority of the alkenes of interest are however hydrophobic, limiting the final 

product titres to the lower millimolar range. This is inacceptable from an economic 

and an environmental point-of-view. Current solutions focus around two-liquid-

phase-system approaches (2LPS)
6 

 
Scheme 5.1. Comparison of biocatalytic epoxidation reactions. 
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Ideally, (bio)catalytic epoxidation reactions should occur in organic media (even 

neat) to enable high product concentrations. In this respect, peroxygenases 

represent a promising solution.
7 

Peroxygenases are heme-thiolate enzymes 

enabling P450 monooxygenase-like oxyfunctionalisation reactions. In contrast to 

monooxygenases, peroxygenases do not rely on (water-soluble) redox partners but 

on (organic) peroxides, enabling their potential application in non-aqueous media. 

Pioneering works by Pu, Wang and Zhang
8
 and Hofrichter

9
 have established 

peroxygenase-catalysed epoxidation reactions using hydrogen peroxide or organic 

hydroperoxides as oxidants, albeit in aqueous reaction media thereby limiting the 

reagent concentration to the lower millimolar range. 

Klibanov and coworkers reported peroxidase-reactions under non-aqueous 

conditions.
10 

Unfortunately, these contributions have not yet found widespread 

attention in biocatalysis. We therefore set out to establish peroxygenase-catalysed, 

selective oxyfunctionalisation reactions in neat reaction media. 

5.2. Material and methods 

5.2.1. Chemicals 

Unless stated otherwise all chemicals were purchased from Sigma-Aldrich and TCI 

and were used without further purification. Columns and column material for 

enzyme purification were purchased from GE Healthcare.  

5.2.2. Analytics 

1
H-NMR spectroscopy: 

All measurements were recorded on an Agilent 400 (400 MHz) in CDCl3.
 

Gas chromatography (GC) analysis: 

GC measurements were performed on a Shimadzu GC-14A equipped with either:  

5.2.3. Enzymes 

The PaDaI variant of the unspecific peroxygenase (rAaeUPO) from Agrocybe 

aegerita was expressed in Pichia pastoris as described previously. 
9
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5.2.4. Synthesis of racemic styrene oxide derivatives 

 

 
Scheme 5.2. Synthesis of racemic styrene epoxide derivatives 

The synthesis of several racemic epoxides was carried out according to the 

following procedure
2
: the styrene derivative (2 mmol) was diluted in CH2Cl2 (10 mL) 

and mixed with distilled water (10 mL) containing NaHCO3 (1 g). Then, m-CPBA 

(2.2 mmol) was carefully added. The reaction mixture was stirred at room 

temperature for 3 hours. To quench the reaction, aqueous Na2SO3 (1.3 g in 10 mL) 

was added and left to stir for 20 min. The aqueous phase was then extracted with 

CH2Cl2 (2 x 10 mL). The combined organic phases were washed with NaHCO3 (2 x 

25 mL) and distilled water (25 mL). The organic phase was dried over anhydrous 

MgSO4, filtered and evaporated under reduced pressure to afford the product. The 

compounds produced with this methods are: α-methylstyrene oxide 2b, trans-β-

methylstyrene oxide 3b, cis-β-methylstyrene oxide 4b, 4-bromostyrene oxide 5b, 3-

bromostyrene oxide 6b, 2-bromostyrene oxide 7b, 4-chlorostyrene oxide 8b, 3-

chlorostyrene oxide 9b, 2-chlorostyrene oxide 10b, 4-fluorostyrene oxide 11b, 3-

fluorostyrene oxide 12b, 4-methylstyrene oxide 13b, 3-methylstyrene oxide 14b, 

p,α-dimethylstyrene oxide 15b, 4-methoxystyrene oxide 16b, 1,2,3,4-

Tetrahydronaphthalene-1,2-oxide 17b, indene oxide 18b. GC and GC-MS analyses 

were in agreement with those published in the literature.
11 
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5.2.5. Immobilisation of rAaeUPO (PaDaI) on Immobeads                

(IB-COV-1) from ChiralVision  

10 g Immobeads (IB-COV-1) from ChiralVision were washed 3 times with 30 mL 

100 mM potassium phosphate buffer pH 7.0. After mixing thoroughly with a spoon, 

wash was carried out at 22 °C for 5 min using overhead rotation (C2 10 rpm). The 

buffer was completely removed and 27.5 mL crude (44.1 µM) rAaeUPO (PaDaI) 

was added to IB-COV-1 (50 mL falcon tube). After mixing thoroughly with a spoon, 

immobilisation was carried out at 22°C for 5 h using overhead rotation (C2 10 rpm). 

After 5 h, the immobilisation mixture was stored at 6 °C for 12 h without stirring or 

shaking. 

After overnight incubation, the supernatant was removed and the beads 3 times 

washed with 10 mL 100 mM potassium phosphate buffer pH 7. The washing 

fractions were pooled. Samples were stored at 4 °C. 

The peroxygenase concentration was determined via CO difference spectra in the 

supernatant and the washing fraction to calculate the amount of immobilised 

peroxygenase. 

The CO difference spectrum was performed at 25 °C using 100 mM potassium 

phosphate buffer pH 7.0 and 50 mM sodium dithionite. Samples were bubbled with 

CO for 60 sec (1-2 bubbles per sec). The CO difference spectrum was recorded 

between 400 nm and 500 nm. From the absorbance difference between 445 nm 

and 490 nm, the peroxygenase concentration was calculated using an extinction 

coefficient of ɛ445-490 = 107 mM
-1

 cm
-1

 (AaeUPO-PaDaI).  

PaDaI was successfully immobilised on Immobeads (IB-COV-1) from ChiralVision. 

Under the chosen conditions, 72.8% of the applied PaDaI AaeUPO was 

immobilised on IB-COV-1. This corresponds to an enzyme load of 56.2 nmol/g 

(2.867 mg/g). The covalent immobilisation of enzymes on COV-1 enables their use 

in neat conditions via epoxide and butyl functional groups. 

To estimate the catalytic activity of the immobilised rAaeUPO, an activity assay 

was performed using a two-liquid-phase approach: 75 µL of ethyl benzene were 

added to a 300 µL of a buffered solution (20 mM Tris/HCl buffer, pH 7) containing 

0.5 µM of rAaeUPO (either as dissolved enzyme or immobilised). Each 30 min, 2.6 
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mM of 
t
BuOOH were added. The reaction mixtures were mixed in an overhead 

rotator for 4 hours at ambient temperature and analysed by GC. While in case of 

the free enzyme more than 17 mM of product (TF(rAaeUPO) >2.4 s
-1

) were 

measured, the immobilised enzyme produced only 0.53 mM of the product under 

otherwise identical conditions. Only 3% of the immobilised enzymes recovered 

activity. 

5.2.6. Enzymatic reaction conditions 

 
Figure 5.1. Picture of the reaction setup 

The reactions were performed in GC-vials of 1.5 mL at room temperature, under 

ambient atmosphere. Immobilised rAaeUPO was first weighed in the vial according 

to the concentration of enzyme wanted, and then pure substrate was added to the 

vial. Before each sample was taken, the vial was weighed in order to estimate the 

loss of substrate by evaporation. 
t
BuOOH (5.5 M in decane) was added in the vial 

via a tube connected to a syringe pump (0.91 µL/h). The system was closed to 

avoid evaporation as much as possible. An overhead rotator from neoLab was 

used for the reactions at a speed of 20 rpm. At different time points, the reactions 

were stopped by addition of ethyl acetate containing dodecane (5 mM) as internal 

standard. After extraction and centrifugation, the organic phase was dried with 

magnesium sulfate and analysed via gas chromatography. All concentrations 

reported, are based on calibration curves obtained from authentic and synthesised 

standards.  
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5.3. Results and discussion 

As model peroxygenase we chose an evolved recombinant peroxygenase from 

Agrocybe aegerita (rAaeUPO)
12

 to catalyse the epoxidation of styrene and its 

derivatives.
9
 As oxidant, we chose tert-butyl hydroperoxide (

t
BuOOH) due to its 

high solubility in hydrophobic media. 

To employ rAaeUPO in neat reaction media, we first immobilised it covalently on 

an epoxide-modified polyacrylic matrix (Immobead IB-COV-1). Under non-

optimised conditions, 72.8% of the enzyme was immobilised. The remaining 

catalytic activity however was only 3%. Further development will have to focus on 

optimised immobilisation procedures yielding higher activity yields. 

Nevertheless, having the immobilised enzyme in hand, we first explored its 

substrate scope (Table 5.1). Pleasingly, all of the styrene derivatives tested were 

converted with satisfactory to excellent turnover numbers for the biocatalyst. In 

accordance with previous reports
9, 13

 wild-type rAaeUPO converted the majority of 

styrenes non-stereoselectively giving (near racemic) epoxides, one notable 

exception being cis-ß-methylstyrene, which was converted highly stereoselectively 

into (1R,2S)-cis-β-methylstyrene oxide. It is also interesting to note that in some 

cases, the desired epoxide was not stable and spontaneously rearranged into the 

corresponding carbonyl compound. 

Nevertheless, very significant product concentrations of up to 100 mM were 

achieved. The catalytic performance of rAaeUPO in terms of turnover numbers   

(TON = amount of product divided by the amount of enzyme, [mol mol
-1

]) was 

excellent.  
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Table 5.1. Substrate scope of the epoxidation of styrene derivatives with immobilised rAaeUPO. Data are an 
average of duplicates and corrected from potential substrate evaporation. 

 

Substrate Epoxy product (mM) ee (%) Carbonyl product (mM(%))[a] Time (h) TON[b] 

 
1a 16 12 2 (12) 42 3203 

 
2a 80 30 47 (37) 86 22598 

 
3a 9 35 1 (11) 86 1779 

 
4a 36 >99 2 (4) 21 6762 

 
5a 59 9 21 (26) 60 14235 

 
6a 24 50 102 (81) 62 22420 

 
7a 10 39 90 (90) 49 17794 

 
8a 8 12 22 (73) 62 5338 

 
9a 16 17 12 (43) 42 4982 

 
10a 15 15 22 (59) 22 6584 

 
11a 11 15 25 (69) 42 6406 

 
12a 3 42 1 (23) 42 712 

 
13a 14 -c 60 (81) 62 13167 

 
14a 36 28 59 (62) 97 16904 

 
15a 4 6 25 (86) 49 5160 

 
16a none - - - 0 

 
17a 136 42 147 (52) 108 50356 

 
18a none - 33 (100) 69 5872 

Reaction conditions: [rAaeUPO] = 5.62 µM, tBuOOH dosing rate = 5 mM/h, 20 °C, 20 rpm in overhead rotator. 
[a] The concentrations of carbonyl product were calculated using the calibration curves of the epoxides. Carbonyl 
products are aldehyde or ketone in β position from the ring opening of the epoxides 
[b] TON = [product]/[enzyme]. 
[c] n.d. = not determined 
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To identify parameters influencing the productivity of the reaction, we 

systematically varied the biocatalyst loading and the 
t
BuOOH feeding rate in the 

epoxidation of cis-β-methylstyrene (Figure 5.2). The initial rate of the epoxidation 

reaction correlated directly with the dosing rate of 
t
BuOOH. This however did not 

necessarily translate in higher product titres. Most probably, increasing feed rates 

of the oxidant also increased the undesired oxidative inactivation of the enzyme’s 

active site.
14

 This is supported by the observation that the robustness of the 

reactions (i.e. the duration of product accumulation) inversely correlated with the 

t
BuOOH feed rate. 

 
Figure 5.2. Characterisation of tBuOOH feeding rate and enzyme concentration comparing the initial reaction 
rates (black diamonds) and final product concentrations (grey squares). General conditions: room temperature, 
20 rpm in overhead rotator. Data presented are an average of duplicates and corrected from potential substrate 
evaporation. 

As mentioned above, epoxides are versatile building blocks for the synthesis of a 

broad range of products. Amino alcohols, for example, are common structural 

motifs in many pharmaceutically active ingredients.
15

 We therefore envisioned a 

chemoenzymatic cascade reaction comprising the rAaeUPO-catalysed, 

stereoselective epoxidation of cis-β-methylstyrene followed by the chemical 

oxirane-opening with methyl amine yielding (pseudo)ephedrine (Scheme 5.3). 
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Scheme 5.3. Envisioned chemoenzymatic cascade to obtain (pseudo)ephedrine from cis-β-methylstyrene. 

The epoxidation reaction was performed on a 10 mL scale with gradual 
t
BuOOH 

feed (Figure 5.3). Although a conservative 
t
BuOOH feed rate of 5 mM h

-1
 was 

applied, inactivation of the biocatalyst represented a major challenge for the 

reaction, necessitating further provision of the reaction with fresh enzyme 

(indicated by arrows in Figure 5.3). It is also interesting to note that in contrast to 

previous experiments using rAaeUPO in aqueous reaction media using H2O2,
16

 the 

peroxide utilisation efficiency was only approximately 50%. It will be interesting to 

further investigate this increased catalase activity of rAaeUPO. 

 
Figure 5.3. Time-course of the rAaeUPO-catalysed epoxidation of cis-β-methylstyrene. Conditions: 10 mL cis-β-
methylstyrene, [rAaeUPO@IB-COV-1]total = 41.8 µM (added in equal portions at the times indicated by the 
arrows), room temperature. tBuOOH was added continuously according to the feed profile shown as a dashed 
grey line. 

From this experiment, 360 mM of (1R,2S)-β-methylstyrene oxide were obtained. 

The turnover number of the enzyme was more than 8500. Next to the desired 

product, the reaction mixture also contained some benzaldehyde, originating from 

rAaeUPO-catalysed C=C-bond cleavage.
17

 To avoid negative influences of this by-

product, the desired product was purified chromatographically and subjected to 
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chemical ring-opening with methylamine resulting in pseudoephedrine (58.2%), 

ephedrine (7%) and isoephedrine (34.8%) (Scheme 5.4). 

 

Scheme 5.4. Summary of the synthesis of pseudoephedrine via the ring opening of cis-β-methylstyrene oxide using 
30 equivalents of methylamine. Percentages were determined by NMR analysis. 

5.4. Conclusions 

Overall, with this contribution we have demonstrated that peroxygenase-catalysed 

epoxidations can be performed under neat reaction conditions. This opens up new 

possibilities for the preparative scale-application of this promising class of 

enzymes. Product concentrations of up to 360 mM have been achieved 

representing one of the highest product titres obtained with oxidoreductase 

catalysis
18

 and certainly the highest product concentration with isolated enzymes.
6a, 

6b, 19
 

Nevertheless, some issues remain to be solved en route to a truly preparatively 

useful system. First and foremost, more active immobilisates of rAaeUPO need to 

be found. The activity recovery of the peroxygenase needs to be improved to 

obtain more active catalysts.
20

 We are confident that from the wealth of 

immobilisation methods available today,
21

 a suitable method will be found in our 

ongoing research. Also, more enantioselective rAaeUPO variants are highly 

desirable to broaden the scope of the reaction. 
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Biocatalysed redox reactions are gaining interest from synthetic organic chemists. 

Because of their regio-, chemo- and stereoselective properties, protective groups 

are not necessary and thus the number of reaction steps leading to the final 

products can be reduced. Moreover reactions catalysed by enzymes can be carried 

out under mild conditions. Now that the number of enzymes that become available 

is increasing, the number of applications of in vitro enzymes is also increasing. 

However, as mentioned in the introduction, enzyme-catalysed reactions also have 

limitations, that need to be addressed. In this thesis, we studied three biocatalytic 

systems within the purpose of bringing them to preparative scale. The main 

challenge tackled is coupled to the dependency of oxidoreductases on cofactors. 

Advantages and disadvantages of the oxidoreductase systems studied in 

terms of upscaling 

Expensive nicotinamide cofactors are commonly consumed by oxidoreductases. 

Chapter 2 gives an approach for the in situ regeneration of NAD(P)
+
 with light. 

Current regeneration systems for the oxidised nicotinamide cofactors require 

generally another enzyme and a sacrificial substrate, such as acetone and alcohol 

dehydrogenase
1-4

 or oxygen and NAD(P)H oxidase
5-8

. In comparison, our system 

requires only a mediator, such as FMN and a LED light source. It allows for a 

reduction of the costs compared with the usual cofactors regeneration systems. 

Obviously, the use of catalytic amounts of NADH makes this system attractive on 

preparative scale from an economical point of view. The novelty of this system is 

the use of the cheap LED light source. Besides being less energy intensive, the 

significant advantage thereof, compared to the conventional white light bulb is that 

no real temperature control is required due to small thermal effect.  

In Chapter 3, we circumvented the need of cofactors by directly regenerating the 

flavoprotein. This system has been reported before with a white light bulb as light 

source
9
. By using blue LEDs, we improved and up scaled the photoregeneration of 

OYEs using flavins and a sacrificial electron donor. As in Chapter 2, the application 

of LEDs leads to lower the costs because of the absence of a thermal effect. This 

oxidoreductase system, completely independent of NADPH is highly valued for its 
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preparative potential. To the best of our knowledge, from the cofactor-independent 

systems reported in literature, ours has the higher product concentration (36 mM). 

The reaction is time limited due to the degradation of the enzymes, we therefore 

further characterised the photoregeneration of flavoproteins and determined that 

the well-known photodegradation of FMN is also occurring in flavoproteins. 

To circumvent the photodegradation of enzymes with light, Chapter 4 reports a 

novel regeneration system for Old Yellow Enzyme using metals as reductants. 

Metals are used since decades in organic chemistry as reductant in redox 

reactions. In our system, we used zinc and chromium for the activation of flavins 

and flavoproteins. The activity of OYE is not declining overtime in presence of 

these metals. Nevertheless, some issues still need to be dealt with. High amount of 

metals are required in order to reach high conversions. Moreover metals like zinc 

display a high background activity for the reduction of substrates. Advantageously, 

as for the photoregeneration of Old Yellow Enzymes, cell-free extract (CFE) can be 

used instead of purified enzymes. No disturbance by side reactions from the 

ketoreductases present in the cells was observed. This is because ketoreductases 

are not regenerated in this system. The fact that cell-free extract can be employed 

is an economical advantage as purification steps are expensive. 

Working in neat organic solvent, using exclusively the substrate as medium, would 

be ideal for applied enzymatic processes. But as cofactors are mainly water 

soluble, water is used as reaction medium. Only a few biocatalytic reactions have 

been reported to be active under these conditions
10-11

. Peroxygenases accept 

organic cofactors, such as tert-butyl hydroperoxide that are soluble in organic 

solvents. Consequently, we applied the peroxygenases in Chapter 5 under neat 

reaction conditions. With immobilised enzymes, high product concentrations (up to 

360 mM) and high turnover numbers are reached in this way. In our case, (chiral) 

epoxides were synthesised for their value as pivotal building blocks for follow-up 

reactions. Notably, their ring opening with an amine can lead to amino alcohols. In 

our case, (pseudo)ephedrine was obtained, which is a valuable pharmaceutical 

drug.  
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E-factor comparison of the different biocatalytic systems studied 

Table 6.1. Comparison of the systems presented in this thesis 

 
Max product 

formation 
(mM) 

Enzymatic reaction 
challenge overcome 

Limitations 
E 

factor
a
 

Chapter 2: 
HLADH/FMN/lightb 

9 Low cofactor 
concentration 

Acidification of the 
reaction due to 

hydrolysis of 
lactones 

885 

Chapter 3: 
OYE/FMN/lightc 

36 No need of cofactors Inactivation of 
enzyme overtime by 

light 

259 

Chapter 4: 
OYE/FMN/Crd 

10 No need of cofactors High excess of metal 
needed 

1434 

Chapter 5: 
UPO in organic 

solvente 

360 High enzyme 
robustness toward 

organic solvent due to 
immobilisation 

Poor enzyme 
recovery 

31 

a The E factor is the weight of all the wastes (water, salt, chemical reagents and remaining substrate) divided by 
the weight of the actually formed product. 
b Conditions: 100 mM glycine-NaOH buffer pH 9 100 mM, [diol]0 = 10 mM, [NADH]0 = 1 mM, [FMN] = 100 µM, 
[HLADH] = 7.4 µM 
c Conditions: 100 mM potassium phosphate buffer (pH 6.5), [2-methylcyclohex-2-en-1-one] = 50 mM; [FMN] = 0.2 
mM, [YqjM] = 6.9 µM, [EDTA] = 50 mM 
d Conditions: [purified YqjM] = 6.9 µM, [FMN] = 500 µM in KPi buffer 100 mM pH 6.5, [2-methylcyclohex-2-en-1-
one] = 10 mM, 625 g/L of chromium powder <45 µm, 21 °C 
e Conditions: 10 mL cis-β-methylstyrene, [rAaeUPO@IB-COV-1]total = 41.8 µM 

Table 6.1 gives a comparison of the systems presented in this thesis based on 

product formation, challenges overcome, limitations and the E factor. The E factor 

is the weight of all the wastes divided by the weight of the actually formed product.  

The E-factor values of the different systems therefore results in a ranking in terms 

of environmental sustainability. It is seen in Table 6.1 that there is a correlation 

between the product concentration and the E factor. The system with the highest 

product formation (Chapter 5, peroxygenase in organic solvent), is characterised 

by an E factor as low as 31. The other extreme is Chapter 4 with an E factor of 

1434. In this case, OYE is directly regenerated by chromium. Because this is not a 

catalytic system and stoichiometric amounts of metal are required, a lot of (heavy) 

chromium waste is produced. In all these systems, water – used as solvent – is 

classified as waste after the reaction. When comparing the use of OYE in chapters 
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3 and 4, the photoregeneration of OYE in chapter 3 is better in an environmental 

point of view, even though the enzymes are rapidly inactivated. 

The system of Chapter 2 seems to be a green alternative due to the regeneration 

of cofactors by light. But its low product concentration – and consequently high 

amounts of waste water, in the end is not very environmentally friendly. A higher 

product concentration is thus required. 

From these four systems, the epoxidation in neat organic solvent in Chapter 5 

seems to be the best one. The advantage of using organic solvents lies in the 

simplification of the downstream and purification processes. A simple distillation 

step enables the recovery of the solvent while water treatment is more complex. 

According to Sheldon and the E factor,
12

 this system is classified as reasonable 

due to its value (31), without obligatory consequent improvements, when compared 

to systems in pharmaceutical industry. It is good to note that in all these systems, 

the E factor of the enzyme production was not included. In reality this will lead to 

even higher values. The range of required productivity from Woodley
13

 also 

confirmed this comparison. 

Additional comments and recommendations 

In conclusion, it is clear that all systems have significant potential for synthetic 

application. However, we are not there yet. Below detailed suggestions are made 

for further studies for every individual system. 

Chapter 2 

In this chapter, increasing the substrate load caused an acidification of the reaction 

due to the hydrolysis of the lactone. To minimise or prevent this side reaction, 

controlling the pH with a pH-stat and extracting in situ the lactone would greatly 

improve the system. 

The limitations of this system that should also be mentioned are the slow oxygen 

transfer rate and the light penetration. We aimed to increase the oxygen 

concentration in the reaction with O2-filled balloons, but increasing the surface 
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between the liquid and the gas phases or working under higher pressure would 

definitively improve the oxygen concentration in the reaction. The system used will 

also need to be improved for its quantum efficiency. As the light is coming from 

outside the reaction, photons have to penetrate several layers of glassware and 

liquid to reach the reaction. A direct light illumination, i.e. light coming from inside 

the reaction is the solution of this limitation. With these recommendations, it should 

be possible to reach higher product concentrations. 

Chapter 3 

In the study of the enzyme’s inactivation by light, we analysed by MS the 

flavoprotein after light illumination. We discovered that some methionine amino 

acids were oxidised. This later discovery suggests the presence of reactive oxygen 

species (ROS), probably because the system was not strictly anaerobic. In fact, 

photoexcited flavin will react with molecular oxygen and form the so-called ROS, 

hydrogen peroxide, hydroxyl radicals and singlet oxygen. The anaerobic conditions 

were chosen to avoid loss of reactivity due to this side reaction with oxygen. We 

degassed our reaction with N2 to remove oxygen and kept a slight overpressure 

with N2-filled balloons. However, we believe that this procedure was not sufficient, 

and still residual oxygen was left. Performing the reaction in a glovebox will 

probably lead to lesser deactivation of the flavoprotein. Another solution to improve 

this system for larger scale application is to develop a setup in which the enzyme is 

separated from the light source. 

Finally, this study demonstrated that also flavin-independent enzymes such as 

formate dehydrogenase from Candida boidinii are light sensitive. The reason 

thereof is not clear, and needs to be further investigated. With these results in 

mind, we became more careful with light, even with sunlight, while handling 

enzymes. 

Chapter 4 

The system of chapter 4 is a funky proof-of-concept of the metalloregeneration of 

Old Yellow Enzymes. The principle is interesting from a scientific point of view but 
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so far not viable for large scale application. High excess of chromium is needed for 

the reaction to reach full conversion due to the natural oxidation of the surface of 

the metal by oxygen. As metals are becoming a rare element, they are also 

expensive and need to be recycled after the reaction. More research will be 

needed to improve the economic aspects of this system, such as using 

nanoparticles to enable higher surface interaction. The reduction of the flavoprotein 

by zinc, although not very selective, can be explored further by using a two-liquid 

phases system where the zinc can be separated from the substrate and product for 

avoiding most of the chemical reduction.  

Chapter 5 

Peroxides are cosubstrates of peroxygenases. They are cheaper than nicotinamide 

and flavin cofactors, but have the disadvantage to be toxic to enzymes. In our neat 

organic solvent study, we fed the reaction system overtime with organic peroxides 

to avoid inactivation of enzymes. However, this addition of peroxides can still 

generate hot spots in the reaction which cause denaturation of the enzymes. That 

is why, for future prospects, in situ generation of organic peroxide is highly 

desirable. So far though, we are unaware of possibilities that are compatible with 

an enzymatic reaction. A second advantage of this in situ generation is that the 

working volume would stay constant and therefore no further dilution of our product 

occurs. 

In this system, the enzyme’s immobilisation should also be improved. The low 

catalytic activity remaining after immobilisation and therewith the impossibility to 

regenerate the enzyme, are important drawbacks. 

As overall conclusion we want to state that, compared with chemical reactions, the 

substrate loading remains low in biocatalysis. Simply showing high conversions in 

a biocatalytic reaction is not enough. For future studies more attention needs to be 

paid to reach higher substrate loadings. 

As to photobiocatalysis a main observation is that enzymes can be quite vulnerable 

to the light. A recent interesting study by the group of Hyster
14

 showed that 
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photochemistry with enzymes could be used to create radicals, leading to new 

reactions. This is a noteworthy development that could well lead the way for 

photochemistry in biocatalysis. 
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