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Abstract 

Peroxygenases represent a class of versatile heme-thiolate enzymes capable of cat-
alysing highly selective oxyfunctionalisation reactions, particularly the hydroxylation of 
non-activated C-H bonds. This transformation, which poses substantial challenges in 
conventional organic synthesis, underscores the potential of peroxygenases in green 
chemistry applications. While cytochrome P450 monooxygenases have long been the 
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primary focus for such biocatalytic transformations, their industrial adoption has been 
limited due to complex electron transfer chains and cofactor requirements. In con-
trast, peroxygenases bypass these limitations by directly utilising hydrogen peroxide 
(H2O2) to activate the catalytic heme site, thereby circumventing the oxygen dilemma 
typically encountered in P450 catalysis. Key milestones in peroxygenase research 
include the identification of chloroperoxidase from Caldariomyces fumago and 
the subsequent discovery of unspecific peroxygenases, such as those from Agrocybe 
aegerita, which exhibit broad substrate specificity and high catalytic efficiency. Here, 
we explore the mechanistic pathway of peroxygenase-catalysed reactions, empha-
sising the formation and decay of Compound I and the catalytic cycle’s various 
functional outcomes. Critical aspects such as in situ H2O2 generation to mitigate 
enzyme inactivation, substrate loading strategies for practical applications, and the 
role of enzyme and reaction engineering in enhancing regio- and stereoselectivity are 
examined. Additionally, we address challenges in reaction scalability and operational 
stability for preparative-scale applications, offering insights into innovative protocols 
involving immobilised enzymes and non-aqueous reaction media. This review high-
lights recent advancements in the peroxygenase field and underscores the enzyme’s 
promising role in sustainable oxyfunctionalisation reactions. 

1. Introduction to peroxygenases 

Peroxygenases (EC 1.11.2.1) are a group of heme-thiolate enzymes 
performing oxidation and oxyfunctionalisations that are of great impor-
tance for organic synthesis. Especially the selective hydroxylation of non- 
activated C-H bonds represents a transformation that is notoriously difficult 
for classical organic chemistry. 

To address this issue, for a long time, cytochrome P450 mono-
oxygenases have been in focus of biocatalysis research. However, after four 
decades of intensive research, the impact of P450 monooxygenases on 
organic synthesis, except for the pharma context, has been rather limited. 
Several factors may account for this. On the one hand, the complex 
electron transport chain and the dependency on costly cofactors but also 
costly stoichiometric cosubstrates may impede their broader application. 
On the other hand, also the so-called Oxygen Dilemma (Fig. 1) complicates 
P450-catalysed reactions on a preparative scale. 

Peroxygenases share with P450 monooxygenases the prosthetic group 
(a heme cofactor attached to the enzyme via a cysteine as distal ligand). 
However, in contrast to the latter, peroxygenases efficiently use hydrogen 
peroxide and some organic hydroperoxides to form the catalytically active 
compound I (CpdI) (Fig. 1). 
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The first peroxygenase was reported by Hager and coworkers already in 
the 1960s (Morris & Hager, 1966) and subsequently received considerable 
interest as simple oxyfunctionalisation catalyst (van Rantwijk & Sheldon, 
2000). Interestingly, this enzyme still today is most widely known as 
Chloroperoxidase (CPO, from Caldariomyces fumago, now Leptoxyphium 
fumago). Unfortunately, CPO turned out to be efficient (for a discussion on 
efficiency in the context of catalysis vide infra) as sulfoxidation catalyst 
whereas its performance on C-H bonds is somewhat disappointing (van 
Rantwijk & Sheldon, 2000). 

The next milestone in peroxygenase catalysis was the discovery of the 
so-called unspecific peroxygenase from Agrocybe aegerita (AaeUPO) by 
Hofrichter and coworkers (Ullrich, Nüske, Scheibner, Spantzel, & 
Hofrichter, 2004). Interestingly again, this enzyme was first described as 
haloperoxidase even though its halide oxidation activity has receded into 
the background recently making place for a myriad of selective oxyfunc-
tionalisation applications (Beltrán-Nogal et al., 2022; Hobisch et al., 2021; 
Monterrey, Menés-Rubio, Keser, Gonzalez-Perez, & Alcalde, 2023). The 
development of a recombinant expression system (Molina-Espeja, Ma, 
Mate, Ludwig, & Alcalde, 2015) and an engineering platform (Molina- 
Espeja et al., 2014; Molina-Espeja, De Santos, & Alcalde, 2017) by the 
Alcalde group enabled the spreading of AaeUPO to a wider community. 
Also based on these developments, the number of newly described per-
oxygenases from different origins is increasing rapidly in the past years 
(Beltrán-Nogal et al., 2022; Monterrey et al., 2023). 

Fig. 1 Comparison of the Compound I-formation mechanisms of P450 mono-
oxygenases and peroxygenases. The catalytic mechanism of P450 monooxygenases 
comprises the involvement of single electron transfers (SET) to the heme Fe-ion. These 
SET steps, however, are prone to direct electron transfer to dissolved O2 resulting in 
superoxide (and eventually H2O2). 
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2. Mechanism of peroxygenases 

The catalytic mechanism of peroxygenases basically comprises the so- 
called hydrogen peroxide shunt pathway known for P450 monooxygenases 
(Hrycay, Gustafsson, Ingelmansundberg, & Ernster, 1975). However, in 
contrast to the latter, peroxygenases exhibit much higher catalytic activity 
with H2O2. 

In the first steps of the peroxygenase mechanism H2O2 binds to the 
resting state of the enzyme forming the so-called compound I (CpdI) in a 
sequence of deprotonation/reprotonation and water elimination. The acid- 
base pair Glu/Arg is believed to play a major role in these steps (Fig. 2). 
Once formed, CpdI can undergo various reactions. The classical hydro-
xylation mechanism comprises a hydrogen abstraction step from the bound 
starting material followed by rapid recombination of the Fe-bound OH 
group with the carbon radical. In case, the initial radical is relatively stable, 

Fig. 2 Schematic representation of the peroxygenase mechanism. Left: Overall cata-
lytic cycle with a focus on Compound I (CpdI) formation and right: the various reaction 
pathways for CpdI. Step 1: From the resting state, the catalytic cycle is initiated by 
replacement of the water ligand by H2O2. In steps 2 and 3, the primary adduct is 
deprotonated/re-protonated facilitating water elimination and formation of CpdI. In 
step 4, CpdI decays via substrate oxidation back into the resting state. Depending on 
the enzyme and/or substrate, step 4 can proceed via H-atom abstraction from a 
bound organic substrate. Depending on the stabilisation of the radical species 
formed, either a fast rebound of the Fe-coordinated OH to the radical yields an alcohol 
product (step 4′). In case of stabilised (conjugated) radicals with a higher life-time, the 
radical can also leave the enzyme active site making place for another substrate to be 
converted. This reaction yields two radical species per H2O2 equivalent. In the pre-
sence of halides, also a halide oxyfunctionalisation can occur (step 4″’). 
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it also can leave the active site making space for another substrate molecule 
to be converted into a radical (peroxidase reaction). Some peroxidases also 
exhibit a haloperoxidase activity forming hypohalites. Finally, also the 
catalase activity of peroxygenases is worth mentioning (Fig. 3). 

3. In situ H2O2 generation 

Heme enzymes including peroxygenases are irreversibly inactivated by 
H2O2. Hofrichter and coworkers have proposed a malfunction of the cat-
alase mechanism of peroxygenases to form hydroxyl radicals which even-
tually degrade the porphyrin moiety and thereby account for the irreversible 
inactivation (Fig. 3) (Karich, Scheibner, Ullrich, & Hofrichter, 2016). In 
essence, the catalase mechanism of heme enzymes comprises a hydrogen 
abstraction from an additional H2O2 molecule bound to CpdI. The resulting 
CpdII mostly decomposes into the resting state and O2. Sometimes, how-
ever, it also can decompose into CpdIII which then liberates highly reactive 
hydroxyl radicals responsible for the heme degradation. 

Fig. 3 Proposed inactivation mechanism of heme-containing enzymes by H2O2. 
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It has yet to be demonstrated whether this highly undesirable side 
reaction can be avoided or alleviated through protein engineering. However, 
a solution lies in reaction engineering. By maximising the reaction of CpdI 
with the desired substrate and minimising its reaction with H2O2, both the 
catalase activity and the harmful malfunction can be reduced. Therefore, 
controlling the in situ concentration of H2O2 can significantly improve the 
operational stability of peroxygenases. Two viable approaches to achieve this 
control are defined external addition of H2O2 or its in situ generation via the 
reduction of molecular oxygen. 

External dosing of H2O2 is very straightforward but goes hand in hand 
with a continuous dilution of the reaction mixture, which may not always 
be desirable. This issue is circumvented by in situ H2O2 generation. This 
approach, however necessitates additional reducing equivalents for the 
reductive activation of O2. Table 1 summarises a range of recent in situ 
H2O2 generation methods. 

Additionally, supplying O2 to the reaction medium can present a 
challenge. Achieving high productivity requires efficient O2 delivery, but 
the phase transfer rate of O2 from the gas phase quickly becomes a lim-
iting factor (Anderson, Bommarius, Woodley, & Bommarius, 2021; 
Birmingham et al., 2021; Dias Gomes et al., 2019; Lindeque & Woodley, 
2020). This issue is particularly critical in small-scale reactions (<10 mL), 
where careful attention is needed. The rate of shaking, stirring, or bub-
bling can not only affect the O2 transfer rate but may also lead to enzyme 
inactivation and, in the case of volatile reagents, create issues with mass 
balance. 

4. Increasing the substrate loading 

Many, if not most substrates of interest are poorly soluble in water, 
which is why the majority of peroxygenase reactions is still performed with 
low (<10 mM) substrate concentrations (Wu, Paul, & Hollmann, 2024). 
While such conditions are certainly suitable for proof-of-concept studies, 
they are not sustainable both from an environmental nor economic per-
spective. Consequently, increasing the reactant loading is of utmost impor-
tance if preparative or even industrial applications are envisaged (Van Schie, 
Spöring, Bocola, Dominguez de Maria, & Rother, 2021). 

One possibility is to use water-soluble cosolvents such as ethanol, 
acetone, acetonitrile, DMSO, etc. Particularly the peroxygenase variant 
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PaDa-I from Agrocybe aegerita has been shown to be remarkably resistant to 
such cosolvents (Hilberath, Van Troost, Alcalde, & Hollmann, 2022) and 
product concentrations of up to 300 mM have been achieved with this 
approach (Hilberath et al., 2023). It remains to be shown if this high 
solvent tolerance is unique for PaDa-I or a general feature of perox-
ygenases. Another issue to keep in mind when using water miscible 
cosolvents is their possible transformation by peroxygenases (e.g. alcohols 
are frequently oxidised to their carbonyl pendants) and possible difficulties 
in downstream processing (e.g. if the boiling points of the different com-
ponents are too close and/or if azeotropes are being formed). 

Another possibility is to make use of so-called multiphase reaction 
setups. Particularly popular are two-liquid phase-systems (2LPSs) in which 
a hydrophobic, water insoluble solvent serves as substrate reservoir and 
product sink. When deciding for such reaction systems, issues of interfacial 
inactivation of the biocatalyst(s), phase transfer rate limitations and also the 
undesired oxyfunctionalisation of the organic solvent have to be taken into 
account. 

Finally, also non-aqueous reaction media are worth to be mentioned. 
Immobilised peroxidases have been shown as early as the 1980s by 
Klibanov and coworkers to operate under non-aqueous conditions 
(Dordick, Marletta, & Klibanov, 1986; Dordick, Marletta, & Klibanov, 
1987; Zaks & Klibanov, 1984, 1985). It is important to note that aqueous 
H2O2 is not suitable for these conditions. Organic hydroperoxides repre-
sent a doable alternative (Shen et al., 2024). 

5. Selectivity issues 

Various selectivity issues can arise in peroxygenase-catalysed reac-
tions. In particular, stereo- and regioselectivity challenges can generally be 
addressed through enzyme engineering (de Santos et al., 2023; Münch 
et al., 2023, 2024; Gomez de Santos et al., 2023). However, some issues 
can also be tackled through reaction engineering. For example, in arene 
hydroxylation, undesired peroxidase activity (Fig. 2) is observed. In this 
case, the phenol product formed undergoes further conversion into a 
phenoxy radical, which may subsequently undergo spontaneous oligo-/ 
polymerisation (Fig. 4). 
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6. Protocols 

6.1 Preparation of AaeUPO PaDa-I (Tieves et al., 2019b) 
6.1.1 Materials 
Basal salts media composition: Phosphoric acid (85 %): 26.7 mL; 
Potassium sulphate: 18.2 g; Magnesium sulphate-7H2O: 14.9 g; Calcium 
sulphate: 0.93 g; Potassium hydroxide: 4.13 g; Glycerol: 40.0 g; Water: To 
a final volume of 1 L. 

Trace salts solution (PTM1): Copper sulphate (5H2O): 6.0 g; 
Sodium iodide: 0.08 g; Manganese sulphate-H2O: 3.0 g; Zinc chloride: 
20.0 g; Ferrous sulphate-7H2O: 65.0 g; Cobalt chloride: 0.5 g; Sodium 
molybdate-2H2O: 0.2 g; Boric acid: 0.02 g; Biotin: 0.2 g; Sulphuric acid: 
5.0 mL; Water: To a final volume of 1 L. 

Fermentation vessel: A 10 L glass fermenter filled with 6 L of basal 
salts media was autoclaved, and the pH was adjusted to 5.0 using ammo-
nium hydroxide (29.5 %). PTM1 trace salts (4.35 mL/L) and antifoam C 
emulsion (20 % v/v, 1.0 mL/L) were added. 

Fermentation Process. 
Pre-culture: Grown overnight in BMGY medium with 25 μg/mL of 

Zeocin at 140 rpm and 30 °C. 
Inoculation: The fermenter was inoculated with 800 mL of Pichia 

pastoris pre-culture. 

Fig. 4 Peroxygenase-catalysed arene hydroxylation. Step 1 represents the desired 
peroxygenase activity, which however often is coupled to the (undesired) peroxidase 
activity (step 2). The resulting radicals are prone to spontaneous radical polymerisa-
tion, which can be avoided by re-reduction of the phenoxy radical e.g. with ascorbate 
(step 3).   
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Temperature and Agitation: The fermentation was carried out at 
30 °C with constant agitation at 600 rpm and 5 L/min airflow. 

Feeding Strategy: (1) Glycerol feeding phase: After the initial glycerol 
batch phase (lasting about 28 h), the glycerol feed was started. A 50 % glycerol 
solution (containing 12 mL/L PTM1 trace salts) was fed at a rate of 22–25 g/h 
keeping the dissolved oxygen (DO) concentration above 20 %. 

(2) Methanol feeding phase: After 48 h, the glycerol feed was 
stopped, and 0.5 % (v/v) methanol was added to switch to methanol as 
carbon source and induce expression of AaeUPO. The methanol feed rate 
was adjusted between 5–17 g/h to maintain the DO level at around 30 %. 

By the end of the fermentation, a cell wet weight of 165 g/L was 
achieved, and the final AaeUPO activity reached 172  ±  7 U/mL with a 
total activity of approximately 1,350,000 U in the bioreactor. 

Notes: Oxygen is required for the first step of the methanol catabolism. 
Maintaining the DO during the methanol feeding phase above 20 % is 
important to ensure growth on methanol and reach high level of AaeUPO 
but may be difficult depending on the oxygen transfer rates of the fer-
menter used. To keep the DO above 20 %, 0.1–0.3 liter of O2 per liter 
culture volume per min (vvm) is needed. At a constant airflow of 5 L/min, 
good growth and maximum expression levels were accomplished by gra-
dually increasing the feeding rate by 5 % of the actual feeding rate when 
DO reached >35 % and reducing it by 5 % when DO reached <25 %. 

6.2 Purification of AaeUPO 
Clarification: After the fermentation, the culture broth was clarified via 
centrifugation to remove cell debris. 

Concentration and Buffer Exchange: The supernatant was con-
centrated and the buffer was exchanged to 20 mM Tris/HCl (pH 7.0) using 
ultrafiltration. This yielded 304 mL of crude AaeUPO. 

Anion Exchange Chromatography: Further purification was 
achieved using a Q Sepharose FF anion exchange column. After equi-
libration and an isocratic column wash, proteins were eluted using a 
linear gradient of NaCl (from 0.02 M to 0.2 M) in Tris/HCl buffer 
(20 mM, pH 7.0). 

Desalting: Fractions containing AaeUPO were pooled and desalted 
using HiTrap Desalting columns. 

Storage: The purified enzyme was stored at −20 °C. 
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6.3 Enzyme activity and concentration determination 
Activity: AaeUPO activity was measured via an ABTS assay at 25 °C. The 
assay involved monitoring the oxidation of ABTS at 420 nm in a sodium 
citrate buffer (50 mM, pH 4.4) with 2 mM H2O2. 

Concentration: The enzyme concentration was determined using its 
molar extinction coefficient at 420 nm (ε = 115 mM−1 cm−1). Additional 
methods, like CO difference spectra, were used for more precise con-
centration determination in non-purified samples. 

CO difference spectra were recorded at 25 °C using Tris/HCl buffer 
(20 mM, pH 7.0) and sodium dithionite (50 mM). Samples were bubbled 
with CO for 60 s. The CO difference spectrum was recorded between 
400 nm and 500 nm. The concentration was determined by absorbance 
difference between 445 nm and 490 nm (ɛ = 107 mM−1 cm−1). 

6.4 Preparative-scale hydroxylation of cyclohexane to a 
mixture of cyclohexanol and cyclohexanone (Hilberath 
et al., 2023) 

6.4.1 Materials used 
Enzyme: lyophilised AaeUPO (PaDa-I variant) from Agrocybe aegerita. 

Reaction Volume: 11 L in a 35 L jacketed glass reactor. 
Solvent: 50 % (v/v) acetonitrile (ACN) in 100 mM potassium phos-

phate buffer at pH 6. 
Substrate: Cyclohexane (600 mL) was the substrate at an initial con-

centration of 500 mM. 
Oxidant: H2O2 as 12.75 M stock solution. 
Analytics: GC-FID (Achiral CP-Wax 52 GB column), Quantofix 

peroxide 100 test strips. 

6.5 Procedure 
Enzyme Addition: 260 g of lyophilised AaeUPO (containing approxi-
mately 450 µmol of enzyme) was dissolved in 5 L of buffer and added into 
the reactor. UPO-concentrations from rehydrated concentrated super-
natants are previously determined via CO-difference spectra using the 
extinction coefficient at 445 nm of ε445 = 107 mM−1 cm−1 (Tieves et al., 
2019b). The final UPO-concentration should be 20 µM. 

Substrate and Solvent Addition: 5.5 L of acetonitrile and cyclo-
hexane were pumped into the reactor at a flow rate of 0.5 L/min. The 
mixing speed was set to 225 rpm. Reaction Initiation: The reaction was 
initiated by pumping the H2O2 solution at 120 mL/h, which sustained the 
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oxidation process. The reaction was monitored over 4 h. Monitoring: 
5 mL samples are taken every 15 min to measure H2O2 levels via Quantofix 
peroxide test strips and a photometric H2O2 quantification assay such as the 
Pierce quantitative peroxide assay kit (Thermo Scientific Pierce, Rockford, 
IL, USA). Every hour, samples were extracted with ethylacetate and pre-
pared for GC-FID analysis to quantify the products cyclohexanol and 
cyclohexanone. 

6.6 Notes: Maximising AaeUPO robustness 
The inactivation of AaeUPO represents a major issue for the robustness of 
the process. Therefore, making H2O2 the overall rate-limiting substrate is 
highly recommended. As the ‘optimal’ H2O2 addition rate depends on the 
reaction conditions (substrate, substrate concentration, enzyme concentra-
tion, (co-)solvents etc.) individual optimisation is necessary. We recommend 
starting with a H2O2-feed rate to less than 50 % of the expected maximal 
conversion rate (CR): 

CR mMh k s c UPO mM[ ] 3600 [ ] (Aae )[ ]cat
1 1= × ×

e.g. Cyclohexane-hydroxylation: kcat = 72 s−1 (Peter et al., 2014). 
The reagents are volatile, which is why mass balance issues are to be 

expected. We highly recommend NOT to base the analysis on relative 
GC-responses but to determine absolute concentrations based on calibra-
tion curves using internal standards. 

6.7 AaeUPO-catalysed oxyfunctionalisation reactions using 
formate oxidase-catalysed in situ H2O2 generation (Tieves 
et al., 2019a; Willot et al., 2020) 

Expression of AoFOx: Expression System: Heterologous expression in 
Escherichia coli BL21 (DE3) using a pET21c(+) plasmid. Culture Conditions: 
The cells were cultured in Terrific Broth (TB) medium, supplemented with 
ampicillin (100 μg/mL). The main culture was inoculated to an OD600 of 
approximately 0.05 from the pre-culture and grown at 37 °C, 180 rpm. 
When the OD600 reached 0.6, IPTG (0.1 mM) was added to induce the 
expression of AoFOx. Post-induction, the culture was incubated for an 
additional 6 h at 20 °C, 180 rpm. 

Harvesting and Preparation: Harvesting: After the 6-hour induc-
tion, the cells were harvested by centrifugation and the cell pellets were 
washed and suspended in potassium phosphate buffer (50 mM, pH 7.5) 
containing PMSF (0.1 mM) to prevent proteolytic degradation. Cell lysis: 
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The cells were disrupted using a multi-shot cell disruption system to release 
the AoFOx enzyme. Clearing the lysate: The lysate was clarified by 
centrifugation to obtain the supernatant containing the soluble formate 
oxidase enzyme. 

Purification of AoFOx: Affinity chromatography: The supernatant 
was applied to a HisTrap FF column for purification using a Biorad NGC 
system. Equilibration: The column was equilibrated with potassium 
phosphate buffer A (50 mM, pH 7.5, 0.5 M NaCl). Elution: A three-step 
gradient of potassium phosphate buffer B (50 mM, pH 8.3, 0.5 M NaCl, 
0.5 M imidazole) was used for elution: 5 % buffer B, 27 % buffer B, 36 % 
buffer B. 

Concentration and Desalting: The fractions containing AoFOx 
were pooled and concentrated using Amicon filters (30 kDa cut-off). The 
enzyme was desalted with HiTrap Desalting columns using potassium 
phosphate buffer (25 mM, pH 7.5). 

Analysis: Protein Concentration: The protein concentration of AoFOx 
was determined by a BCA assay, with a result of 17.3  ±  0.8 mg/mL. Purity: 
The purity of AoFOx was determined to be 67.6 % using SDS-PAGE. 
Enzyme Activity: AoFOx activity was measured using an ABTS-assay 
with horseradish peroxidase. The assay was performed in acetate buffer 
(50 mM, pH 4.5) with ABTS (1 mM), HRP (10 U), and sodium formate 
(100 mM). The change in absorbance was followed at 420 nm. The specific 
activity of the preparation was 94.7 U/mg and the volumetric activity was 
1642  ±  26 U/mL. 

6.7.1 Semi-preparative hydroxylation of ethyl benzene 
Reaction Setup: The reaction was carried out in 80 mL potassium phos-
phate buffer (100 mM, pH 6.0). Substrate: Ethylbenzene (5 mL, equivalent 
to 100 mM concentration). Enzymes: AaeUPO: 1.6 µM, AoFOx: 166 nM. 
Co-substrate: Sodium formate (200 mM). pH Control: A pH STAT 
titration system (Metrohm) was used to maintain pH 6.0 throughout the 
reaction. Sulphuric acid (1 M) containing sodium formate (200 mM) was 
titrated to maintain the pH. 

Product Isolation: The reaction mixture was extracted with ethyl 
acetate. The organic phase was concentrated to obtain the final product. 
The total amount of (R)-1-phenylethanol obtained was 434 mg, with 
approximately 13 % of the byproduct acetophenone. The purity of the (R)- 
1-phenylethanol was determined by 1H NMR to be 97.5 % enantiomeric 
excess (ee). 
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6.8 Aromatic hydroxylation and counteracting radical 
polymerisation with ascorbate (Brasselet et al., 2024) 

6.8.1 Fed-batch fermentation of Pichia pastoris X-33::pPICZA_AbrUPO 
A fed-batch fermentation of P. pastoris X-33::pPICZA_AbrUPO was 
carried out in a 7.5 L bioreactor (Infors, Bottmingen, Switzerland) con-
taining 3 L of basal salt medium supplemented with trace elements and 
biotin. The culture was inoculated to an OD600 of 0.5 from a preculture 
grown overnight in BMGY medium containing Zeocin™. The fermen-
tation was maintained at pH 5.0, with the temperature initially set to 30 °C, 
while stirring at 800 rpm and supplying 3 L/min oxygen. 

Upon glycerol depletion, 0.5 % (v/v) methanol containing 12 g/L 
PTM1 solution was introduced as a carbon source and inducer for gene 
expression. The temperature was reduced to 25 °C, and 10 μM hemin was 
added for efficient loading of AbrUPO. Automated methanol feeding 
was regulated by dissolved oxygen spikes. After 9 days of fermentation, cells 
were harvested by centrifugation. Volumetric activity towards ABTS, 
OD600, and protein concentration were measured at various time points 
during the fermentation process. 

6.8.2 Biotransformation protocol    
1. Materials and Reagents:  

• AbrUPO:  

• Sodium ascorbate: (50 mM final concentration, 5 equivalent excess 
to substrate).  

• Phenolic substrate: (e.g., trimethylphenol, 10 mM).  

• H2O2: Prepared freshly from a commercial 30 % (v/v) solution.  

• Potassium phosphate buffer (KPi): 100 mM, pH 6.0.  

• Acetonitrile: Solvent (10–15 % (v/v) in reaction buffer).  

• GC-FID system: For product analysis.  
2. Reaction Setup:  

• Buffer Preparation: Dissolve potassium phosphate buffer to a final 
concentration of 100 mM, adjust pH to 6.0.  

• Prepare Substrate Solution: Dissolve the phenolic substrate in 
acetonitrile, diluting it to a final concentration of 10 mM in the buffer 
solution. The acetonitrile content should be between 10 and 15 vol%. 
The substrate has a low solubility in aqueous systems and should not 
crystallise in the reaction mixture.  

• Enzyme Addition: Add AbrUPO enzyme to the solution at a 
concentration of 0.8–4.1 µM. 
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• Radical Scavenger Addition: Add sodium ascorbate at a final 
concentration of 50 mM to the reaction mixture.  

• Hydrogen Peroxide Dosing: Initiate the reaction by adding 
hydrogen peroxide to the mixture at a controlled rate of 5 mM/h. 
Continuous addition can be maintained using a syringe pump or 
manual titration. Ensure that the reaction mixture is well-agitated at 
600 rpm during H2O2 addition.  

• Reaction Conditions: Temperature: Maintain the reaction at 
25 °C using a Eppendorf thermoshaker. Reaction Time: Maximum 
product concentrations are typically obtained after 5 h, with regular 
sampling for product analysis.  

• Sampling and Product Analysis: Sampling: Take aliquots at 1- 
hour intervals to monitor the reaction progress. Quench samples by 
addition and shaking with ethyl acetate. GC-FID Analysis: Analyse 
samples using gas chromatography (GC) equipped with a flame 
ionisation detector (FID). Use n-dodecane as an internal standard and 
quantify substrates and products with calibration curves made priorly 
with authentic standards. 

NOTES: Due to the peroxidase activity of AbrUPO towards substrate 
and products producing multimeric polymerisation products, reagent 
concentrations need to be based on calibration curves with authentic 
standards prepared under the same conditions the reaction is performed. 
Hydroquinones are O2-labile compounds especially when no radical sca-
venger is present. Thus, storage and handling after product isolation should 
be handled under N2-atomsphere. 

6.9 Immobilisation of peroxygenase and application under 
non-aqueous conditions (Wang et al., 2023) 

6.9.1 Enzyme immobilisation 
Materials:   

• AaeUPO (80 μM stock solution)  

• Amino resin (LXTE-700): 1 g  

• Phosphate buffer (pH 8.0, 50 mM)  

• Glutaraldehyde (8 % v/v aqueous solution)  

• Thermal shaker (set at 25 °C)  

• Centrifuge 

Protocol: 1. Preparation of Amino-Resin: Wash 1 g of the LXTE- 
700 resin three times with 50 mM phosphate buffer (pH 8.0). Filter the resin 
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and set aside. 2. Activation of Resin: Add 320 μL of 8 % glutaraldehyde to 
the washed resin along with 3.68 mL of phosphate buffer. Incubate the 
mixture on a thermal shaker at 22 °C, 220 rpm for 1 h. Wash the resin three 
more times with phosphate buffer to remove excess glutaraldehyde. 3. 
Enzyme Immobilisation: Add 400 μL of the UPO solution (8 μM) to the 
activated resin along with 3.6 mL of phosphate buffer. Shake the mixture on 
the thermal shaker at 25 °C for 3 h. After incubation, remove the supernatant 
and wash the resin three times with phosphate buffer. Storage: The wet 
pellet of immobilised AaeUPO (can be used directly for catalysis or stored at 
4 °C for short-term use). Enzyme Loading Efficiency: Measure the 
enzyme concentration before and after immobilisation by recording UV-Vis 
absorbance at 420 nm. Calculate the binding efficiency. Typically, the 
binding efficiency of AaeUPO on the resin is 37.5 %, corresponding to an 
enzyme loading of 12 nmol/g of resin. 

6.10 Biotransformation 
6.10.1 Materials    
• Immobilised AaeUPO (prepared as described above)  

• Substrate (e.g., thioether)  

• tert-Butyl hydroperoxide (tBuOOH) in decane (5.0 M)  

• Decane: Organic solvent  

• Phosphate buffer (50 mM, pH 8.0)  

• Thermal shaker  

• Syringe pump 

Protocol: 1. Reaction Setup: Add 100–400 mg of immobilised AaeUPO 
to a glass vial. Introduce 0.5 mL of the substrate (neat) into the vial. Prepare a 
solution of tBuOOH in decane (1.5 M) and set up a syringe pump to deliver the 
solution at a rate of 6–15 mM/h (equivalent to 5 μL/h relative to the reaction 
volume). Incubate the reaction mixture in a thermal shaker at 30 °C, 800 rpm. 
Maintain the reaction for 0–72 h depending on the desired level of conversion. 
Monitoring Reaction Progress: At regular intervals, withdraw aliquots and 
analyze the reaction mixture via GC or HPLC to determine conversion rates 
and enantiomeric excess (ee) of the products. Reaction Termination and 
Product Isolation: At the end of the reaction, filter the mixture to remove the 
immobilised enzyme. Extract the organic phase (containing the product) with 
dichloromethane (DCM) and dry the organic layer over sodium sulphate 
(Na2SO4). Concentrate the organic phase under reduced pressure and purify the 
product using silica column chromatography. 
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