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A B S T R A C T   

In the present work we propose a bienzymatic cascade for the oxyfunctionalisation of cycloalkanes to cyclic 
alcohols/cyclic ketones. By combining a H2O2-dependent peroxygenase with a O2-consuming and H2O2-pro
ducing alcohol oxidase an overall aerobic oxidation system was established. A convincing proof-of-concept is 
presented and some current limitations are outlined.   

Introduction 

The oxidation of cyclohexane to cyclohexanol and cyclohexanone 
represents an essential step in the production of caprolactam and adipic 
acid, intermediates in the manufacture of nylons [1]. This trans
formation is performed at large industrial scale by various companies 
using catalytic aerobic oxidation. The reaction products, however, are 
significantly more reactive than the hydrocarbon starting material, 
leading to the formation of considerable amounts of undesired 
by-products. Therefore, industrial transformations of cyclohexane are 
generally run until not more than 5% conversion to minimise the un
desired side-reactions [1]. 

Enzymes are alternative catalysts e.g. for the hydroxylation of 
cyclohexane, holding the promise of more selective transformations 
[2–3]. Indeed, biocatalytic oxidations of cyclohexane to cyclohexanol 
have been reported using so-called P450 monooxygenases. Enzyme 
stability issues as well as their dependency on nicotinamide cofactors 
and complex electron transport chains limit their practical applicability 
[4–9]. The product titres of these monooxygenase-based reaction sys
tems tend to be low (in the lower milimolar range). Partially, this can be 
attributed to the complex molecular architecture of monooxygenases 
[10]. Preparative industrial applications of such systems remain highly 
challenging. 

Recently, peroxygenases have emerged as robust alternatives to 
existing P450 monooxygenases to catalyse the challenging hydroxyl
ation of non-activated alkanes such as cyclohexane [11–13]. Very 
promisingly, using the peroxygenase from Agrocybe aegerita (AaeUPO), 

highly chemoselective transformation of cyclohexane into cyclohexanol 
was observed with only cyclohexanone as sole by-product even at high 
cyclohexane conversions. Just like any other peroxygenase AaeUPO 
relies on the stoichiometric supply with H2O2 as oxidant. It is highly 
advisable not to provide H2O2 all at once at the beginning of the 
transformation as H2O2 is a known inactivator of enzymes, particularly 
of heme-dependent enzymes [14]. Therefore, a range of in situ H2O2 
generation systems have been developed in the past decade comprising 
the in situ reduction of O2 to H2O2 at the expense of a sacrificial 
reductant [14]. While enabling robust peroxygenase reactions, these 
methods suffer from the need for a stoichiometric reductant as well as 
the formation of a stoichiometric by-product. 

To alleviate this issue, we conceived a bienzymatic cascade in which 
an oxidase-catalysed follow-up oxidation of the peroxygenase-reaction 
produces H2O2 as by-product, which in turn can be used as oxidant for 
the peroxygenase reaction (Scheme 1). Overall, an aerobic oxidation of 
cyclohexane to cyclohexanone was envisioned. 

As alcohol oxidase performing the second oxidation step (and 
providing the first step with the H2O2 needed) we chose a variant of the 
previously reported alcohol oxidase from Phanerochaete chrysosporium 
(PcAOx) [15]. A single point mutation of this enzyme (F101S) had 
shown some activity towards cyclohexanol [16] but not sufficiently high 
to be of preparative interest. Therefore, we chose a further engineered 
variant (PcAOx-R61E-Y407F-W560M-N604H, PcAOx-EFMH) with 
increased activity towards cyclohexanol for this study [17]. For the first 
hydroxylation step we chose the well-known peroxygenase from Agro
cybe aegerita (AaeUPO) [18–21]. 
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Materials and methods 

Chemical reagents and materials 

All chemicals were purchased from Sigma-Aldrich, TCI, Oxoid Ltd 
(UK), Sanland Chemical Co., Ltd or Aladdin in the highest purity 
available and were used without further purification. E. coli BL21 (DE3) 
was used for the production of the biocatalyst and E. coli TOP10 was 
used for constructing PcAOx and its mutants. Water was purified with a 
Millipore (Bedford, MA) Milli-Q water system. 

Construction and expression of the mutant PcAOx-EFMH 

The mutant was constructed using the wild-type plasmid of AOx as 
the template. The mutation was completed by site-specific mutation kit 
and sent to Shanghai Biotech for sequencing. The samples correctly 
sequenced were carried out for the next experiment. Cells containing 
target plasmid were cultured to an OD600 of 0.7 - 0.8 in 5 mL LB medium 
containing 50 μg/mL kanamycin at 37 ◦C and 220 rpm. Then, the cells 

were used to inoculate 500 mL TB medium containing 1% glucose, 
cultured at 37 ◦C until OD600 ≈ 0.8 - 0.9, and induced at 20 ◦C with 0.5 
mM IPTG for 20 h. The cells were collected by centrifugation at 6000 
rpm at 4 ◦C for 30 min and stored at − 80 ◦C for later use. 

Enzyme purification for alcohol oxidase mutant PcAOx-EFMH 

Cells containing recombinant mutant PcAOx-R61E-Y407F-W560M- 
N604H (PcAOx-EFMH) were re-suspended in lysis buffer (50 mM po
tassium phosphate pH 7.5, 400 mM NaCl, 100 mM KCl, 40 mM imid
azole, 100 μM FAD) and were ultrasonically broken at 4 ◦C for 20 min. 
the ultrasonic pulsed on-time and off-time was 2 s and 3 s, respectively. 
The cell extract was centrifuged at 4 ◦C, 11,000 × g for 30 min, and the 
supernatant was pre-balanced using Ni column with lysis buffer solu
tion. After loading, an imidazole gradient of 40 - 500 mM was used to 
elute the enzyme. Active fractions were collected and desalted using a 
desalting column. SDS-PAGE was used to show the enzyme purity. Pure 
protein was stored at − 80 ◦C for the next experiment. 

Scheme 1. The envisioned bienzymatic cascade for the aerobic oxidation of cyclohexane to cyclohexanone.  

Fig. 1. Influencing factors of UPO cascade PcAOx reaction. ( ) cyclo
hexanol, ( ) cyclohexanone. (a) Effect of concentration of AaeUPO on 
reaction. (b) Effect of radio of AaeUPO and PcAOx-EFMH on the cascade 
reaction. (c) Effect of concentration of H2O2 on the cascade reaction. (d) 
Effect of concentration of cyclohexane (dissolved in DMSO) on the cascade 
reaction. (e) Effect of pH on cascade the reaction. (f) Effect of temperature 
on the cascade reaction. General reaction conditions, unless indicated 
otherwise: 2 U AaeUPO, 4 U PcAOx, pH 7.5, 30 ◦C, 24 h.   
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Preparation of UPO 

The unspecific peroxygenase from Agrocybe aegerita (AaeUPO) used 
in this study was obtained from a previous pilot-scale production of this 
enzyme [18]. 

Gas chromatography analysis 

The GC-FID analysis was performed on an Agilent 7890B GC system 
(Agilent Technologies, Palo Alto, CA, USA) outfitted with a 19091J-413 
HP-5 column (30 m length × 0.32 mm I.D. × 0.25 μm film thickness), 
and an FID detector. Injection volume: 1 μL; injection temperature: 
280 ◦C; split ratio: (20:1); detector temperature: 280 ◦C; initial tem
perature of the column, 50 ◦C for 2 min, then increased to 150 ◦C for 3 
min at 8 ◦C/min; then to 280 ◦C at 15 ◦C/min, and maintained for 10 
min. 

Investigation of factors affecting the cascade reaction 

In this cascade reaction, factors affecting the catalytic efficiency of 
the reaction were investigated, including the amount of UPO (1, 1.5, 2, 
3 U), AOx (1, 2, 4, 6 U) and H2O2 (5, 10, 15, 20 mM) added, the amount 
of substrate (20, 30, 50, 100 mM) added, temperature (20, 25, 30, 35 ◦C) 
and pH (6, 7, 7.5, 8, 9). To facilitate the solubility of the hydrophobic 
starting materials in the aqueous reaction mixture 5% (v/v) of DMSO 
was used. Add all components into a 4 mL reaction flask and fully mix 
them after 30 s of flushing with O2, then tighten the cap of the bottle and 
then put it into the constant temperature magnetic stirring reaction pot 
for reaction. The total volume of the reaction system was 1 mL, and the 
reaction time was 24 h. After the reaction was completed, an equal 
volume of ethyl acetate was used to extract the products, and the sam
ples was quantified by gas chromatograph. All experiments were con
ducted in three parallel groups. The blank reaction was performed using 

the same volume of buffer instead of enzyme solution. 

Results and discussion 

Investigation of influencing factors of cascade reaction 

In a first set of experiments we investigated to which extend the 
peroxygenase catalyst (AaeUPO) itself catalysed the individual steps of 
the cascade (i.e. hydroxylation of cyclohexane to cyclohexanol and the 
further oxidation to cyclohexanone). We therefore tested the conversion 
of cyclohexane using different AaeUPO concentrations under otherwise 
identical conditions. As shown in Fig. 1a, increasing the concentration of 
AaeUPO generally increased the cyclohexanol yield (from 14 mM to 23 
mM corresponding to 47 and 77% conversion, respectively). The 
optimal dosage of AaeUPO was 2 U. Interestingly, in none of these ex
periments significant amounts of cyclohexanone were detectable. 

Therefore, we continued and set-up the bienzymatic cascade for the 
‘through-oxidation’ of cyclohexane to cyclohexanol by combining 
AaeUPO and PcAOx-EFMH. Already under arbitrarily chosen reaction 
conditions (AaeUPO:PcAOx-EFMH = 1:2 (i.e. AaeUPO: 2 U mL− 1, 
PcAOX-EFMH: 4 U mL− 1)) a significant accumulation of cyclohexanone 
was observed; also the total amount of product formed (16 mM) 
exceeded the amount of H2O2 added to the reaction system indicating 
that indeed the proposed in situ H2O2 generation (Scheme 1) occurred. 
Next, we systematically varied the ratio of both enzymes while main
taining the original AaeUPO concentration (Fig. 1b). Increasing the 
concentration of PcAOx-EFMH not only increased the concentration of 
cyclohexanone but also positively influenced the cyclohexanol accu
mulation. This trend may indicate that the PcAOx-EFMH-catalysed 
oxidation of cyclohexanol and concomitant H2O2 formation was overall 
rate-limiting. 

Next, we investigated some other factors influencing the efficiency of 
the proposed cascade reaction. The initial concentration of H2O2 plays 

Fig. 2. Time course of the conversion from cyclohexane to cyclohexanone, ( ) cyclohexane, ( ) cyclohexanol, ( ) cyclohexanone, ( ) H2O2. (a) The lid was not 
lifted throughout the reaction, (b) Oxygen-filled balloons are used to provide oxygen throughout the reaction. (c) 2 U of AaeUPO were added after 12 h. (d) 4 U of 
PcAOx-EFMH were added after 12 h. Reaction conditions: [cyclohexane] = 50 mM (dissolved in DMSO), [H2O2] = 15 mM, pH 7.5, 2 U AaeUPO, 4 U PcAOx- 
EFMH, 30 ◦C. 

B. Wu et al.                                                                                                                                                                                                                                      



Molecular Catalysis 547 (2023) 113396

4

an important role in the overall reaction. On the one hand, the higher the 
kick-starting H2O2 concentration, the faster cyclohexanol is formed and 
can be further oxidised to cyclohexanone. On the other hand, H2O2 is 
detrimental to (heme) enzymes and too high concentrations presumably 
negatively affect the robustness of the reaction. Under the present re
action conditions, an initial H2O2 concentration of 15 mM appeared to 
represent the optimal value (Fig. 1c). Likewise, increasing the initial 
starting material concentration (cyclohexane) positively influenced the 
overall product concentration. E.g. starting with 20 mM cyclohexane 
(Fig. 1d) resulted in the formation of 10 and 6.5 mM of cyclohexanol and 
cyclohexanone, respectively (corresponding to 82.5% cyclohexane 
conversion). Staring with a cyclohexane concentration of 50 mM) the 
final product concentrations were 23.9 and 18.3 mM (corresponding to 
84% cyclohexane conversion). 

Increasing the reaction temperature above 30 ◦C negatively influ
enced the overall reaction (Fig. 1e). Possibly, this observation can be 
attributed to a combination of decreasing O2 solubility in the reaction 
medium and decreased robustness of one or both of the biocatalysts. 
Similar to temperature also the reaction pH is also an important factor 
affecting biocatalytic reactions. Interestingly, no clear pH optimum was 
observed and the overall product formation increased with increasing 
pH (Fig. 1f). Since the optimal pH value for AaeUPO lies in the acidic 
range[18] this indicates that the PcAOx-EFMH-catalysed oxidation of 
cyclohexanol was overall rate-limiting. 

Identification of the overall limitation of the bienzymatic cascade 

A typical time course of the UPO-AOx cascade reaction is shown in 
Fig. 2a. During the initial phase, mostly cyclohexanol formation was 
observed indicating that the rate of the second oxidation reaction was 
comparably low. After 4 h of reaction, the concentration of cyclohexanol 
remained basically unchanged, while the concentration of cyclohexa
none was still increasing slowly. We assume that in this phase both re
actions (AaeUPO-catalysed hydroxylation and PcAOx-EFMH-catalysed 
formation of cyclohexanone) proceeded at the same rates. Finally, after 
12 h of reaction, the overall product formation ceased while there was 
still some starting material present. As this trend was generally 
observed, we further investigated possible factors limiting the long-term 

robustness of the reaction. We hypothesised that either O2-depletion or 
inactivation of one (or both) of the catalysts may account for the rather 
poor robustness of the overall reaction. Experiments ensuring additional 
aeration by means of O2-filled balloons (Fig. 2b) did not result in a 
significant prolongation of the reaction. Likewise, further addition of 
AaeUPO after 12 h (Fig. 2c) had only a minor effect. However, addition 
of further PcAOx-EFMH (Fig. 2d) resulted in almost complete conversion 
of the remaining cyclohexanol. Hence, the robustness of PcAOx-EFMH 
represents the overall limitation of the proposed bienzymatic cyclo
hexane oxidation scheme. At present we can only speculate about the 
molecular reason for this apparent instability of PcAOx-EFMH. Prob
ably, a poor intrinsic stability of PcAOx-EFMH under process conditions 
seems most likely [18]. However, also a contribution of the H2O2 pro
duced cannot be ruled out at this point. Further investigations will 
clarify this question. 

Preliminary scope of cycloalkanes 

Encouraged by the above-presented results, we further investigated 
the substrate scope of the proposed bienzymatic cascade (Table 1). Also 
some cyclohexane homologs, cyclopentane, cycloheptane and cyclo
octane were converted considerably by the proposed cascade. The dif
ferences in conversion and ratio of alcohol to ketone most likely 
originate from different kinetic properties of both enzymes for the 
starting materials. Further kinetic investigations on both enzymes will 
enable an in-depth understanding. 

Conclusion 

Overall, with the present study we demonstrate that a biocatalytic 
cascade comprising a peroxygenase and an alcohol oxidase may repre
sent a convenient approach for the aerobic oxidation of (cyclo)alkanes to 
the corresponding ketones such as the conversion of cyclohexane to 
cyclohexanone. The preliminary results obtained so far (almost 95% 
conversion of the starting material into cyclohexanol and cyclohexa
none) are very promising. Further debottlenecking of limitations in the 
reaction and use of further engineered biocatalysts will demonstrate the 
potential of this cascade for the benign synthesis of e.g. polymer 

Table 1 
Oxyfunctionalisation of cycloalkanes catalysed by the proposed AaeUPO/PcAOx-EFMH cascade.  

Reaction conditions: [cyclohexane] = 50 mM (dissolved in DMSO), [H2O2] = 15 mM, pH 7.5, 2 U AaeUPO, 8 U (4 U/12 h) PcAOx-EFMH, 30 ◦C, 30 h. 
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precursors from simple starting materials. The focus here will lie on 
understanding the molecular reason for the poor oxidase stability and, 
based on this, enhancing its robustness under process conditions. 

Nevertheless, already at this early stage of development the effi
ciency of current self-sufficient cycloalkane oxidation cascade compares 
well with previously reported redox-neutral oxidation cascades 
comprising NAD(P)H-dependent P450 monooxygenases and NAD(P)H- 
regenerating dehydrogenases (Scheme 2) [8,9]. 

Hence, we are convinced that, upon further characterisation and 
optimisation, the here proposed reaction system bears a significant po
tential for synthetic application. 
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