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Enzyme Catalysis

Preparative-Scale Biocatalytic Oxygenation of N-Heterocycles with a
Lyophilized Peroxygenase Catalyst

Balázs Pogrányi, Tamara Mielke, Alba Díaz-Rodríguez, Jared Cartwright,

William P. Unsworth,* and Gideon Grogan*

Abstract: A lyophilized preparation of an unspecific

peroxygenase variant from Agrocybe aegerita (rAaeU-

PO-PaDa-I-H) is a highly effective catalyst for the

oxygenation of a diverse range of N-heterocyclic com-

pounds. Scalable biocatalytic oxygenations (27 prepara-

tive examples, ca. 100 mg scale) have been developed

across a wide range of substrates, including alkyl

pyridines, bicyclic N-heterocycles and indoles. H2O2 is

the only stoichiometric oxidant needed, without auxil-

iary electron transport proteins, which is key to the

practicality of the method. Reaction outcomes can be

altered depending on whether hydrogen peroxide was

delivered by syringe pump or through in situ generation

using an alcohol oxidase from Pichia pastoris (PpAOX)

and methanol as a co-substrate. Good synthetic yields

(up to 84 %), regioselectivity and enantioselectivity (up

to 99% ee) were observed in some cases, highlighting

the promise of UPOs as practical, versatile and scalable

oxygenation biocatalysts.

Introduction

The oxygenation of non-activated carbon atoms remains one

of the most important reactions in synthetic chemistry, for

the synthesis of bulk chemical precursors and the prepara-

tion of late-stage oxygenated intermediates and drug

metabolites.[1,2] As toxic reagents and/or harsh reaction

conditions often needed when using abiotic oxidants, oxy-

genase enzymes are of significant interest, particularly for

the functionalization of complex molecules with high regio-

and enantioselectivity.[3–6] Cytochromes P450 (P450s) are

known to catalyze the selective oxygenation reactions of a

range of substrates[7–9] including bulk chemicals such as

alkanes[10] and aromatics,[11] as well more complex molecules

like steroids,[12] terpenes[13] and pharmaceuticals.[14]

Despite considerable research on recombinant P450s

expressed in heterologous hosts, their use in preparative

scale oxygenation is limited, with only a few industrial

examples having been developed.[15–17] This is due to

challenges associated with the heterologous expression of

P450s (particularly eukaryotic P450s), poor turnover rates,

low stability, and the mode of electron transport to the

active site heme in P450s, which requires a nicotinamide

cofactor (NAD(P)/H) and auxiliary redox proteins (e.g.

cytochrome P450 reductases and ferredoxin reductases/

ferredoxins).

The development of alternative enzyme systems for

hydroxylation that avoid these disadvantages is therefore

important. In 2004, Hofrichter and co-workers reported the

discovery of heme-dependent unspecific peroxygenases

(UPOs) in fungal species, such as the enzyme from Agro-

cybe aegerita (AaeUPO).[18–20] This new class of oxygenase

enzymes can catalyze the oxygenation of a range of

unactivated carbon atoms in alkanes,[21] alkenes[22]

aromatics[20] and drug molecules,[23, 24] but crucially, at the

expense only of the hydrogen peroxide as the stoichiometric

oxidant, without the need for NADPH or auxiliary electron

transport proteins. Recently developed heterologous systems

for the expression of UPOs[25–28] have facilitated the

application of both AaeUPO and other enzymes to the

oxygenation of a number of substrates, including a

115 mmol-scale production of butanol from butane in a

bioreactor.[29] These practically simpler hydroxylation bio-

catalysts can be considered much more suitable than P450s

for scalable applications.

This study is focused on exploring the oxygenation of N-

heterocyclic compounds (Scheme 1). N-heterocycles feature

heavily in pharmaceutical compounds, and have been the

target of biocatalytic oxygenations by various alternative

systems.[30–33] The oxygenation of N-heterocycles, like

pyridine derivatives 1 and 3, were identified as reactions of

interest (Scheme 1A), and hence their oxygenation was

explored using AaeUPO, in addition to a much wider array

of N-heterocyclic systems including alkyl pyridines, bicyclic

N-heterocycles and indoles (Scheme 1B). The results show

that, in contrast to cell-free P450-based systems, AaeUPO

can be readily applied to the hundreds-of-milligrams scale
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synthesis of oxygenated N-heterocyclic intermediates, with

remarkable promiscuity, when applied as an easy-to-use cell

free lyophilized powder. Significantly, the method was used

successfully in 27 preparative scale examples (30–810 mg).

As expected, reaction yields and selectivities varied depend-

ing on the substrate; nonetheless, with moderate-to-good

isolated yields generally observed (up to 84 %), and high

regioselectivity and enantioselectivity (up to 99% ee) in

several cases, AaeUPO clearly has much promise as a

practical, versatile and scalable oxygenation biocatalyst.

Results and Discussion

Prior to this study, the expression of useful amounts of

AaeUPO in E. coli had not been reported. Therefore,

recombinant production of the enzyme was carried out using

the yeast host Pichia pastoris. The gene encoding the 9-point

mutant of AaeUPO, described by Alcalde and co-

workers[25,26] was cloned into a modified pPICZα vector and

equipped with a C-terminal histidine tag to give a variant

rAaeUPO-Pada-I-H as described previously.[34] This mutant

sequence was chosen as the wild-type AaeUPO was reported

not to express well in P. pastoris.[25,26] 19 L of fermentation

in Pichia resulted in culture supernatant that was concen-

trated and lyophilized to give 138 g of powdered enzyme.

Oxygenation of Alkylpyridines

rAaeUPO-Pada-I-H was then used in a first screen with a

range of alkylpyridines. Thus, alkylpyridines 5 to 16 (10 mM

in 5 mL of 50 mM KPi buffer pH=7.0) were reacted with

the enzyme (Scheme 2) with slow addition of two equiv-

alents of hydrogen peroxide by syringe pump at a rate of

0.08 eqh�1 (Supporting Information Section 4 Method 1). 4-

Alkylpyridines 5–8 were not transformed by rAaeUPO-

Pada-I-H, which we propose may be because of coordination

of the unhindered N-atom in these substrates to the heme

iron of the enzyme. Similarly, 3-picoline 9, 2-picoline 13,

2,4,6-trimethylpyridine 18 and 3-methoxy-2-picoline 19 were

not transformed. Interestingly the behaviour with 9 contrasts

with that reported for wild-type AaeUPO, in which a

mixture of products with oxygenation at both the the methyl

group and the N atom was observed35] although the substrate

concentration was in that case was much lower (500 μM).

However, alkylpyridines with more shielded N-atoms gave

more acceptable conversions. For example, 3-ethylpyridine

10, was converted into a 9 : 1 mixture of the (R)-enantiomer

of alcohol 20 with >98 % ee and the corresponding ketone

21, in 98 % conversion overall. 2-Ethylpyridine 14 was also

transformed, albeit with only 3% conversion into alcohol 22

under these conditions. 3-Isopropyl pyridine 12 and 2-

isopropyl pyridine 16 were transformed into tertiary alcohols

24 and 25 with 17 % and 3% conversions respectively. 3-n-

Propylpyridine 11 and the 2-n-propyl isomer 15 were

converted to benzylic alcohols 26 (4 %) and 27 (15 %).

Finally, 2-methoxy 5-methyl pyridine 17 was transformed

into alcohol 28 and aldehyde 29 with 30% and 70 %

conversion respectively. The enantioselectivity of most of

the transformations that afforded chiral products was not

recorded at this point, although as is shown later in the

manuscript, the enantioselectivity was very high in all cases

measured.

AaeUPO is known to be deactivated by hydrogen

peroxide[36] and in our hands rAaeUPO-Pada-I-H lost 50%

of activity even at 1 mM H2O2, measured using the veratryl

alcohol peroxygenase assay (Supporting Information, Sec-

tions 5 and 6; Figure S1).[23] In an attempt therefore to

Scheme 1. A) Exemplar biocatalytic hydroxylation of N-heterocycles 1
and 3. B) Oxygenation of N-heterocycles using a lyophilized peroxyge-
nase catalyst. Scheme 2. Alkylpyridine substrates used and products identified in a

first screen using rAaeUPO-PaDa-I-H.
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reduce the peroxide stress on the UPO, a system for in situ

generation of peroxide was evaluated, using alcohol oxidase

from Pichia pastoris (PpAOX) and methanol, based on the

method previously described by Hollmann and co-

workers.[36] Three different amounts of PpAOX (0.3, 1.0 and

3.0 UmL�1) were tested for each substrate (Supporting

Information Section 4, Method 2), as it was observed that

different substrates required different amounts of PpAOX

for high conversions. PpAOX demonstrated no activity

towards these or other substrates when applied without

rAaeUPO-PaDa-I-H. The best results showed that superior

conversions could be achieved in many cases using in situ

peroxide generation with selectivity conserved. In this

manner, 3-isopropyl pyridine 12 was now transformed into

24 with 80 % conversion and 2-ethylpyridine 14 was

hydroxylated to form the (R)-benzyl alcohol 22 and ketone

23 with 36 % and 29 % conversion respectively.

The low conversion with 4-alkylated substrates e.g. 4-

ethylpyridine 6 compared to their 2- and 3-ethyl isomers,

such as 14 and 10, was investigated by comparing the

inhibition of rAaeUPO-Pada-I-H with these compounds

using a competition-based format of the 5-nitro-1,3-benzo-

dioxole assay for UPOs described previously (Figure 1, see

Supporting Information Section 7 for further details).[37] In

this way, IC50 values for each of substrates 14, 10 and 6 were

obtained (Supporting Information Section 7, Table S1). The

very low value of 0.016 mM recorded for 6 is reflective of

the strong binding of the available nitrogen in this substrate

to the heme iron, militating against productive binding for

oxygenation.

Oxygenation of Bicyclic Substrates

The screening approach was extended to the rAaeUPO-

Pada-I-H catalyzed biotransformation of bicyclic compounds

such as 1, 3 and a range of bicyclic N-heterocycles 30–36

(Scheme 3) using either syringe pump addition of hydrogen

peroxide or in situ generation using PpAOX (Supporting

Information Section 8).

Products were identified by GC-MS analysis and com-

pared with authentic standards. Scale-up of several of the

reactions later (see below) also allowed additional verifica-

tion of product identities by various characterisation

methods. First, 2,3-cyclohexenopyridine 3 was transformed

into 5-hydroxy product 4 with 75 % conversion using slow

addition of H2O2. 5,6,7,8-tetrahydroisoquinoline 30 was

transformed into a mixture of three regioisomeric alcohols

(37a–c, approximately 1 :1 : 1 ratio) with a combined con-

version of 64%, also using slow addition of H2O2. Lower

selectivity was revealed in the transformation of 1,2,3,4-

tetrahydro(iso)quinoline derivatives 31 and 32, with several

unstable products (e.g. 38 and 39) formed with either mode

of peroxide delivery, which were later found to lead to the

formation of oligomers upon scale-up. Quinoline 33 was

oxidized at various positions in its benzenoid ring, yielding

epoxide 41, its ring-opened derivative 42 and dihydroxy

epoxide 43 with 81% combined conversion with slow

addition of H2O2. The same conditions also saw isoquinoline

34 converted into N-oxide 44 with high selectivity. In

contrast, quinaldine (2-methylquinoline) 35 was oxidized on

the aromatic ring to form a phenolic product (unknown

regioisomer, 32 % conversion) and at the benzylic position,

to form 45 with 10 % conversion. Oxidation of 3-meth-

ylisoquinoline 36 yielded N-oxide 46 as the major product

(82%) and aldehyde 47 as a minor product (8 %), each

again using syringe pump addition of peroxide. The

formation of N-oxides from both 34 and 36 is likely

indicative of the greater availability of the nitrogen atom for

oxidation in isoquinolines.

Figure 1. Inhibition of rAaeUPO-PaDa-I-H by 2-ethylpyridine (14, blue),
3-ethylpyridine 10 (green) and 4-ethylpyridine (6, red). IC50

14=29.5 mM, 10=0.7 mM, 6=0.016 mM.

Scheme 3. Bicyclic substrates used and products identified in a first
screen using rAaeUPO-PaDa-I-H.
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Transformation of Indoles

Three indole derivatives 48, 49 and 50 were also tested, and

each was converted smoothly into 2-oxindole products; 51,

52 and 53 were formed in 100 %, 85 % and 85 % conversions

respectively, using slow addition of H2O2 in the case of 48

and 50, and PpAOX in the case of 49 (Scheme 4).

Scaleable Oxygenations Using rAaeUPO-Pada-I-H

To optimize the rAaeUPO-Pada-I-H/PpAOX system for

scaleable N-heterocycle oxygenation, a design of experi-

ments (DoE) approach was applied to the transformation of

pyrindan 1 into chiral alcohol 2 (Supporting Information

Section 9). Notably, 2 is a key intermediate in the synthesis

of patented Ghrelin O-acetyltransferase inhibitors,[38] which

underlines the utility of AaeUPO in the production of useful

chiral feedstock molecules. As input factors, the substrate

concentration (5–50 mM), the temperature (20–40 °C), the

rAaeUPO-H loading (1–10 UmL�1), and the rAaeUPO-H to

PpAOX ratio (20 : 1–5 :1) were chosen. Ten reactions were

run using the factors described (Table S2) containing two

centre-points for reproducibility and eight factorial points,

with a combination of factors. As responses, the GC-based

conversion to the desired hydroxylated product 6,7-dihydro-

5H-cyclopenta[b]pyridin-5-ol 2 and the GC-based conver-

sion to by-products (54–56) were chosen. The results for the

ten runs are shown in Table S3. Analysis of the DoE

experiments suggested that the best results for obtaining 2

would be obtained at a 40 mM concentration of 1 at 20 °C

using 10 UmL�1 UPO at a 5 :1 ratio to PpAOX (2 UmL�1).

Informed by this result, a scale-up reaction using 40 mM of 1

on a 300 mg scale was performed using 10 UmL�1 rAaeU-

PO-PaDa-I-H at a 5 :1 ratio with PpAOx, at 20 °C. After

115 h, GC analysis suggested that products 2, 54 and 55 were

formed with 63%, 4 % and 17 % conversion, as well as a

small amount (2 %) of the product 56, with hydroxylation in

the 6-position (Scheme 5). Following purification using flash

chromatography (R)-2 was isolated in 34 % yield and with

88 % ee.

Following the success of this approach, the rAaeUPO-

PaDa-I-H/PpAOX system was then applied to other prepa-

rative scale reactions, starting with the oxygenation of alkyl

pyridines 10, 14, and 15 on scales ranging between 100–

810 mg of substrate (Table 1, and Supporting Information

Section 10). All yields quoted refer to isolated material

following column chromatography. It was not always

possible to fully separate the products in cases where

mixtures of products were obtained, with full details of the

isolated materials for all preparative scale reactions included

in the Supporting Information.

First, 3-ethyl pyridine 10 was tested, and it was trans-

formed into the (R)-alcohol 20 in 35 % isolated yield (>

99 % ee), along with ketone 21 (50%), resulting from further

oxidation. In the same way, 2-ethylpyridine 14 was con-

verted into (R)-alcohol 22 and the N-oxide 57 in 19% (>

99 % ee) and 16% isolated yield respectively. 2-n-Propylpyr-

idine 15 was converted into a mixture of regioisomeric

alcohols (27 in 32 % yield, >99% ee and 58 in 14% yield),

but the major product was the N-oxide 59 (51%).

Next, a range of disubstituted alkyl pyridines was tested,

in order to explore substituent and electronic effects

(Table 2). 2-Methoxy-5-methylpyridine 17 was converted

into primary alcohol 28 and aldehyde 29 with 31 % and 47%

isolated yields respectively. These results confirm that the

biocatalyzed oxygenation method can be applied to methyl

pyridines as well as ethyl pyridines. Pyridine 60, which

contains both an ethyl and methyl group, was oxygenated

primarily on the ethyl benzylic position to form 61a in 73%

yield, with a low (3 %) yield of 61b. Dimethyl pyridine 62

showed clear selectivity for oxygenation on the meta- rather

than ortho-methyl group, affording oxidised products 63a–c

in 84% combined yield. 3,5-Dimethyl pyridine 64 afforded a

mixture of two oxidised products 65a,b.

2,5-Disubstituted pyridines were the most effective

substrates tested: for example, electron rich substrate 66

affording alcohol 67a in high ee, alongside over-oxidised

ketone product 67b in good combined yield. Electron

deficient 2,5-disubstituted pyridines also proved to be

effective substrates, with ethyl pyridines 68–71 all being

selectively converted into secondary alcohols 72–75 in good

isolated yields (54–84 %) and with excellent ee (up to

>99 %) in all cases measured.

The preparative oxygenation of various bicyclic N-

heterocycles was then examined on scales ranging from 30–

530 mg. In these cases, a relatively high amount of PpAOX

was generally required to reach synthetically useful yields

when using this H2O2 generation mode (H2O2 method A).

This prompted us, in most instances, to perform reactions

Scheme 4. Indole substrates used and products identified in a first
screen using rAaeUPO-PaDa-I-H.

Scheme 5. Oxidation of pyrindan 1 by rAaeUPO-Pada-I-H on a 300 mg
scale.
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with slow H2O2 addition (H2O2 method B), with superior

products yields usually observed using this method; for

example, substrate 3 was hydroxylated predominantly at the

5-position to give (R)-alcohol 4 (>99 % ee) in both cases,

but in either 28 % or 82% isolated yield using PpAOX or

slow H2O2 addition respectively. Interestingly, the identity

of the side products formed was different depending which

peroxide source was used, as the 6-hydroxy product 76 was

formed (although in only 2% yield) when using PpAOX,

whereas the 7-hydroxy compound 77 was formed (in 13%

isolated yield) when slow addition of H2O2 was employed

(Scheme 6).

A range of other bicyclic N-heterocycles was also

examined in preparative scale reactions (Table 3). In the

case of tetrahydroisoquinoline 30, the enzyme was selective

for oxygenation to form alcohol products, albeit with

relatively low regioselectivity; benzylic isomers 37a and 37c

and the 7-hydroxy compound 37b were recovered in similar

yields of 12 %, 22 % and 15% respectively. Oxidation of

quinoline 33 gave the epoxide 41 and the dihydroxy epoxide

42 in 60% and 21 % isolated yields respectively. The

oxidation of isoquinoline 34 on the same scale

gave the N-oxide 44 and dihydroxy compound 78 in

34 % and 20 % yields, respectively. These results contrast

with the hydroxylation of quinoline 34 by P450BM3 variants,

which furnished only aromatic hydroxylation products.[33] N-

oxide formation was also the major reaction pathway when

methyl-substituted isoquinoline 36 was tested, with N-oxide

46 and aldehyde 47 obtained in 59 % and 12 % yield

respectively.

Attention then turned to electronically diverse tetrahy-

droquinoline substrates. Substrates 79, 81 and 83 (which all

contain electron poor 2-substitutents) were selectively oxy-

genated (with no apparent over-oxidation to ketones), but

with modest regioselectivity, forming alcohol products (80a–

c, 82a–d, 84a–c). In contrast, the analogous methoxy-

substituted substrate 85 was hydroxylated with complete

regioselectivity, affording alcohol 86 as a single regioisomer.

Comparable regioselectivity was not conserved when switch-

ing to 3-substituted substrates 87 and 89, with regioisomeric

mixtures 88a–c and 90a–c formed, although the selectivity

for oxygenation to form alcohol over ketone products was

again high.

Finally, preparative scale indole oxygenation reactions

were performed (Table 4). Indoles 48 and 49 were converted

into 2-oxindole derivatives 51 and 52 in 60 % and 75 % yield

respectively. In addition, 3-methyl-2-oxindole 50 was oxi-

dized to 2-oxindole 53 in 50 % yield, but also formed 3-

hydroxy derivative 63 in 29 % yield. This chiral alcohol

product was found to be racemic, which may indicate that

Table 1: Preparative biotransformation of simple alkylpyridine substrates using rAaeUPO-PaDa-I-H.

Substrate Scale/
time

H2O2 method Products
Isolated Yield; ee

100 mg
10 mM
24 h

A

10 (R)-20, 35%; 98% ee
21, 50%

810 mg
20 mM
24 h

A

14 (R)-22, 19%; >99% ee
57, 16%

120 mg
20 mM
24 h

A

15 (R)-27, 32%; >99% ee
58, 14% n.d.; 59, 51%

A: 50 mM KPi (pH=7.0), 10% v/v MeCN, 400 mM MeOH, PpAOX H2O2 generation; B: 5 mM KPi (pH=7.0), 10% v/v MeCN, H2O2 slow
addition; see Supporting Information Section 9 for details of both methods; n.d.=ee not determined.

Scheme 6. Oxidation of 2,3-cyclohexenopyridine 3 by rAaeUPO-Pada-I-
H using H2O2 generation methods A and B. Isolated yields following
column chromatography. 24 h (A) and 25 h (B) reaction times.
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oxidation proceeds through epoxidation of the enol tauto-

mer of 53 (i.e. a 2-hydroxyindole), followed by epoxide

opening to form a cation at the indole 3-position and

trapping by water, thus eroding any enantioselectivity

imparted during the epoxidation.

Conclusion

In summary, a lyophilized rAaeUPO-PaDa-I-H has been

shown to be an effective and promiscuous biocatalyst for the

practical oxygenation of a wide range on N-heterocyclic

substrates, showcased by 27 preparative scale biotransforma-

tions (30–810 mg). Various reactivity/selectivity trends have

been identified, isolated yields are moderate-to-good in

most cases, and enantioselectivity is generally excellent.

These oxygenation reactions offers several advantages in

terms of selectivity and sustainability over conventional

chemical methods. When comparing rAaeUPO-PaDa-I-H

with established P450 oxygenations, it is true that P450s can

offer superior selectivity in some cases, especially where

mutant libraries give scope for improvements.[39,40] However,

this must be considered against the requirement for the

nicotinamide cofactor and electron transport proteins when

using P450s. The results in this report certainly suggest that

UPOs offer major advantages with respect to scalability, and

furthermore it is anticipated that selectivity may be

improved through reaction engineering as we learn more

about this enzyme class; e.g. by optimising the mode and

rate of hydrogen peroxide delivery (as demonstrated here-

in), as well as through mutational engineering of the UPOs,

which has been used to improve selectivity and performance

Table 2: Preparative biotransformation of disubstituted alkylpyridine substrates using rAaeUPO-PaDa-I-H.

Substrate Scale/
time

H2O2 method Products
Isolated Yield; ee

115 mg
10 mM
30 h

B

17 28, 31%; 29, 47%

30 mg
10 mM
13 h

B

60 <61a, 73%, n.d; 61b, 3%

40 mg
10 mM
13 h

B

62 63a, 48%; 63b, 20%; 63c, 16%

33 mg
10 mM
13 h

B

64 65a, 24%; 65b, 13%

30 mg
10 mM
13 h

B

66 (R)-67a, 36%; >99% ee; 67b, 49%

30 mg
10 mM
13 h

B

68, X=Cl
69, X=CN
70, X=CONH2

71, X=SO2Me

(+ )-72, X=Cl, 73%; n.d.
(R)-73,[a] X=CN, 84%; >99% ee
(R)-74, X=CONH2, 54%; >99% ee
(R)-75, X=SO2Me, 71%; 92% ee

A: 50 mM KPi (pH=7.0), 10% v/v MeCN, 400 mM MeOH, PpAOX H2O2 generation; B: 5 mM KPi (pH=7.0), 10% v/v MeCN, H2O2 slow
addition; see Supporting Information Section 9 for details of both methods; n.d.=ee not determined.[a] 5 h reaction time.
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Table 3: Preparative biotransformation of bicyclic N-heterocycles using rAaeUPO-PaDa-I-H.

Substrate Scale/
time

H2O2 method Products
Isolated Yield

270 mg
10 mM
25 h

B

30 37a, 12%; 37b, 15%
37c, 22%; 37d, 5%

130 mg
10 mM
25 h

B

33 41, 60%; 42, 21%

130 mg
10 mM
25 h

B

34 44, 34%; 78, 20%

43 mg
10 mM
25 h

B

36 46, 59%; 47, 12%

30 mg
10 mM
25 h

B

79 80a, 53%; 80b/80c, 11%/9%

33 mg
10 mM
25 h

B

81 82a, 24%; 82b, 31%
82c, 16%; 82d, 7%

130 mg
10 mM
25 h

B

83 84a, 43%; 84b, 14%; 84c, 4%

130 mg
10 mM
25 h

B

85 86, 44%

30 mg
10 mM
25 h

B

87 88a, 19%; 88b, 40%
88c, 17%

30 mg
10 mM
25 h

B

89 90a, 42%; 90b, 17%
90c, 15%

A: 50 mM KPi (pH=7.0), 10% v/v MeCN, 400 mM MeOH, PpAOX H2O2 generation; B: 5 mM KPi (pH=7.0), 10% v/v MeCN, H2O2 slow
addition; see Supporting Information Section 9 for details of both methods. ee was not determined in this series. Ms=CH3SO2.
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in related biotransformations.[29,41] The simplicity of the

reaction systems overall is another advantage, as is our

ability to generate large amounts of a robust, easy-to-use

lyophilised biocatalyst. Taken together, these features all

point towards an extremely promising future for UPO

catalysis for use in the scalable, biocatalytic oxygenation of

industrially relevant molecules.

Acknowledgements

B. P. and T. M. were recipients of studentships from the

industrial affiliates of the Centre of Excellence for Biocatal-

ysis, Biotransformation and Biomanufacture (CoEBio3).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available

from the corresponding author upon reasonable request.

Keywords: Biocatalysis · Cytochromes P450 · Oxygenation ·
Peroxygenase · Unspecific Peroxygenase (UPO)

[1] D. J. Abrams, P. A. Provencher, E. J. Sorensen, Chem. Soc.

Rev. 2018, 47, 8925–8967.

[2] J. Genovino, D. Sames, L. G. Hamann, B. B. Touré, Angew.

Chem. Int. Ed. 2016, 55, 14218–14238; Angew. Chem. 2016, 128,

14430–14451.

[3] D. Holtmann, M. W. Fraaije, I. W. C. E. Arends, D. J. Opper-

man, F. Hollmann, Chem. Commun. 2014, 50, 13180–13200.

[4] J. J. Dong, E. Fernández-Fueyo, F. Hollmann, C. E. Paul, M.

Pesic, S. Schmidt, Y. Wang, S. Younes, W. Zhang, Angew.

Chem. Int. Ed. 2018, 57, 9238–9261; Angew. Chem. 2018, 130,

9380–9404.

[5] Y. Liang, J. Wei, X. Qiu, N. Jiao, Chem. Rev. 2018, 118, 4912–

4945.

[6] R. Fasan, ACS Catal. 2012, 2, 647–666.

[7] G. Grogan, JACS Au 2021, 1, 1312–1329.

[8] J. A. McIntosh, C. C. Farwell, F. H. Arnold, Curr. Opin. Chem.

Biol. 2014, 19, 126–134.

[9] G. D. Roiban, M. T. Reetz, Chem. Commun. 2015, 51, 2208–

2224.

[10] M. W. Peters, P. Meinhold, A. Glieder, F. H. Arnold, J. Am.

Chem. Soc. 2003, 125, 13442–13450.

[11] Q. S. Li, J. Ogawa, R. D. Schmid, S. Shimizu, Appl. Environ.

Microbiol. 2001, 67, 5735–5739.

[12] M. Szaleniec, A. M. Wojtkiewicz, R. Bernhardt, T. Borowski,

M. Donova, Appl. Microbiol. Biotechnol. 2018, 102, 8153–8171.

[13] I. Pateraki, A. M. Heskes, B. Hamberger, Adv. Biochem. Eng.

Biotechnol. Vol. 148, Springer, Cham, 2015, pp. 107–139.

[14] J. K. Kulig, C. Spandolf, R. Hyde, A. C. Ruzzini, L. D. Eltis, G.

Grönberg, M. A. Hayes, G. Grogan, Bioorg. Med. Chem. 2015,

23, 5603–5609.

[15] C. J. Paddon, P. S. Covello, D. Eng, D. Diola, K. W. Ellens,

J. D. Keasling, D. W. Reed, B. Lieu, A. Main, J. Lievense, R.

Vazquez, Y. Zhang, D. J. Pitera, L. F. Westblade, D. Melis,

K. K. Reiling, T. Iqbal, H. Jiang, T. Geistlinger, L. Xu, H.

Tsuruta, G. Dang, D. Dengrove, J. Galazzo, K. H. Teoh, M.

Hepp, S. P. Gaucher, A. Tai, P. J. Westfall, D. R. Polichuk, R.

Henry, G. Dorin, S. Bajad, K. Benjamin, T. Horning, M. Fleck,

S. Secrest, M. D. Leavell, K. Fisher, D. McPhee, M. Yu, S.

Fickes, T. Treynor, L. Zhao, L. Kizer, N. S. Renninger, J.

Lenihan, R. Regentin, J. D. Newman, N. Moss, Nature 2013,

496, 528–532.

[16] K. J. McLean, M. Hans, B. Meijrink, W. B. Van Scheppingen,

A. Vollebregt, K. L. Tee, J. M. Van Der Laan, D. Leys, A. W.

Munro, M. A. Van Den Berg, Proc. Natl. Acad. Sci. USA 2015,

112, 2847–2852.

[17] I. Kaluzna, T. Schmitges, H. Straatman, D. Van Tegelen, M.

Müller, M. Schürmann, D. Mink, Org. Process Res. Dev. 2016,

20, 814–819.

[18] R. Ullrich, J. Nuske, K. Scheibner, J. Spantzel, M. Hofrichter,

Appl. Environ. Microbiol. 2004, 70, 4575–4581.

Table 4: Preparative biotransformation of indoles using rAaeUPO-PaDa-I-H.

Substrate Scale/
time

H2O2 method Products
Isolated Yield

60 mg
10 mM
13 h

B

48 51, 60%

50 mg
10 mM
20 h

A

49 52, 75%

130 mg
10 mM
25 h

B

50 53, 50%; 91, 29% (racemic)

A: 50 mM KPi (pH=7.0), 10% v/v MeCN, 400 mM MeOH, PpAOX H2O2 generation; B: 5 mM KPi (pH=7.0), 10% v/v MeCN, H2O2 slow
addition; see Supporting Information Section 9 for details of both methods.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202214759 (8 of 9) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 1
5

2
1

3
7

7
3

, 2
0

2
3

, 5
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/an

ie.2
0

2
2

1
4

7
5

9
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
0
/0

1
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se

https://doi.org/10.1039/C8CS00716K
https://doi.org/10.1039/C8CS00716K
https://doi.org/10.1002/anie.201602644
https://doi.org/10.1002/anie.201602644
https://doi.org/10.1002/ange.201602644
https://doi.org/10.1002/ange.201602644
https://doi.org/10.1039/C3CC49747J
https://doi.org/10.1002/anie.201800343
https://doi.org/10.1002/anie.201800343
https://doi.org/10.1002/ange.201800343
https://doi.org/10.1002/ange.201800343
https://doi.org/10.1021/acs.chemrev.7b00193
https://doi.org/10.1021/acs.chemrev.7b00193
https://doi.org/10.1021/cs300001x
https://doi.org/10.1021/jacsau.1c00251
https://doi.org/10.1016/j.cbpa.2014.02.001
https://doi.org/10.1016/j.cbpa.2014.02.001
https://doi.org/10.1039/C4CC09218J
https://doi.org/10.1039/C4CC09218J
https://doi.org/10.1021/ja0303790
https://doi.org/10.1021/ja0303790
https://doi.org/10.1128/AEM.67.12.5735-5739.2001
https://doi.org/10.1128/AEM.67.12.5735-5739.2001
https://doi.org/10.1007/s00253-018-9239-3
https://doi.org/10.1016/j.bmc.2015.07.025
https://doi.org/10.1016/j.bmc.2015.07.025
https://doi.org/10.1038/nature12051
https://doi.org/10.1038/nature12051
https://doi.org/10.1073/pnas.1419028112
https://doi.org/10.1073/pnas.1419028112
https://doi.org/10.1021/acs.oprd.5b00282
https://doi.org/10.1021/acs.oprd.5b00282
https://doi.org/10.1128/AEM.70.8.4575-4581.2004


[19] R. Ullrich, M. Hofrichter, FEBS Lett. 2005, 579, 6247–6250.

[20] E. Aranda, M. Kinne, M. Kluge, R. Ullrich, M. Hofrichter,

Appl. Microbiol. Biotechnol. 2009, 82, 1057–1066.

[21] S. Peter, A. Karich, R. Ullrich, G. Gröbe, K. Scheibner, M.

Hofrichter, J. Mol. Catal. B 2014, 103, 47–51.

[22] S. Peter, M. Kinne, R. Ullrich, G. Kayser, M. Hofrichter,

Enzyme Microb. Technol. 2013, 52, 370–376.

[23] M. Poraj-Kobielska, K. Scheibner, G. Kayser, M. Kinne, K. E.

Hammel, M. Hofrichter, R. Ullrich, Biochem. Pharmacol.

2011, 82, 789–796.

[24] P. Gomez de Santos, F. V. Cervantes, F. Tieves, F. J. Plou, F.

Hollmann, M. Alcalde, Tetrahedron 2019, 75, 1827–1831.

[25] P. Molina-Espeja, E. Garcia-Ruiz, D. Gonzalez-Perez, R.

Ullrich, M. Hofrichter, M. Alcalde, Appl. Environ. Microbiol.

2014, 80, 3496–3507.

[26] P. Molina-Espeja, S. Ma, D. M. Mate, R. Ludwig, M. Alcalde,

Enzyme Microb. Technol. 2015, 73–74, 29–33.

[27] J. Carro, A. González-Benjumea, E. Fernández-Fueyo, C.

Aranda, V. Guallar, A. Gutiérrez, A. T. Martínez, ACS Catal.

2019, 9, 6234–6242.

[28] P. Püllmann, M. J. Weissenborn, ACS Synth. Biol. 2021, 10,

1360–1372.

[29] F. Perz, S. Bormann, R. Ulber, M. Alcalde, P. Bubenheim, F.

Hollmann, D. Holtmann, A. Liese, ChemCatChem 2020, 12,

3666–3669.

[30] Z. Wang, L. Zhao, X. Mou, Y. Chen, Org. Biomol. Chem.

2022, 20, 2580–2600.

[31] K. Li, J. X. Wang, K. L. Wu, D. J. Zheng, X. J. Zhou, W. Y.

Han, N. W. Wan, B. D. Cui, Y. Chen, Org. Biomol. Chem.

2017, 15, 3580–3584.

[32] D. R. Boyd, N. D. Sharma, P. L. Loke, J. G. Carroll, P. J.

Stevenson, P. Hoering, C. C. R. Allen, Front. Bioeng. Bio-

technol. 2021, 8, 619175.

[33] Y. Li, L. L. Wong, Angew. Chem. Int. Ed. 2019, 58, 9551–9555;

Angew. Chem. 2019, 131, 9651–9655.

[34] H. E. Bonfield, K. Mercer, A. Diaz-Rodriguez, G. C. Cook,

B. S. J. McKay, P. Slade, G. M. Taylor, W. X. Ooi, J. D.

Williams, J. P. M. Roberts, J. A. Murphy, L. Schmermund, W.

Kroutil, T. Mielke, J. Cartwright, G. Grogan, L. J. Edwards,

ChemPhotoChem 2020, 4, 45–51.

[35] R. Ullrich, C. Dolge, M. Kluge, M. Hofrichter, FEBS Lett.

2008, 582, 4100–4106.

[36] Y. Ni, E. Fernández-Fueyo, A. G. Baraibar, R. Ullrich, M.

Hofrichter, H. Yanase, M. Alcalde, W. J. H. van Berkel, F.

Hollmann, Angew. Chem. Int. Ed. 2016, 55, 798–801; Angew.

Chem. 2016, 128, 809–812.

[37] M. Poraj-Kobielska, M. Kinne, R. Ullrich, K. Scheibner, M.

Hofrichter, Anal. Biochem. 2012, 421, 327–329.

[38] A. Bandyopadhyay, M. U. I. Cheung, S. Eidam Hilary, H.

Joshi, D.-S. Su, US patent 1132709 B2, 2021.

[39] J. B. Y. H. Behrendorff, W. Huang, E. M. J. Gillam, Biochem.

J. 2015, 467, 1–15.

[40] G. D. A. Santos, G. V. Dhoke, M. D. Davari, A. J. Ruff, U.

Schwaneberg, Int. J. Mol. Sci. 2019, 20, 3353.

[41] A. Knorrscheidt, J. Soler, N. Hünecke, P. Püllmann, M.

Garcia-Borràs, M. J. Weissenborn, ACS Catal. 2021, 11, 7327–

7338.

Manuscript received: October 10, 2022

Accepted manuscript online: December 1, 2022

Version of record online: December 22, 2022

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202214759 (9 of 9) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 1
5

2
1

3
7

7
3

, 2
0

2
3

, 5
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/an

ie.2
0

2
2

1
4

7
5

9
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
0
/0

1
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se

https://doi.org/10.1016/j.febslet.2005.10.014
https://doi.org/10.1007/s00253-008-1778-6
https://doi.org/10.1016/j.molcatb.2013.09.016
https://doi.org/10.1016/j.enzmictec.2013.02.013
https://doi.org/10.1016/j.bcp.2011.06.020
https://doi.org/10.1016/j.bcp.2011.06.020
https://doi.org/10.1016/j.tet.2019.02.013
https://doi.org/10.1128/AEM.00490-14
https://doi.org/10.1128/AEM.00490-14
https://doi.org/10.1016/j.enzmictec.2015.03.004
https://doi.org/10.1021/acscatal.9b01454
https://doi.org/10.1021/acscatal.9b01454
https://doi.org/10.1021/acssynbio.0c00641
https://doi.org/10.1021/acssynbio.0c00641
https://doi.org/10.1002/cctc.202000431
https://doi.org/10.1002/cctc.202000431
https://doi.org/10.1039/D2OB00200K
https://doi.org/10.1039/D2OB00200K
https://doi.org/10.1039/C7OB00151G
https://doi.org/10.1039/C7OB00151G
https://doi.org/10.1002/anie.201904157
https://doi.org/10.1002/ange.201904157
https://doi.org/10.1002/cptc.201900203
https://doi.org/10.1016/j.febslet.2008.11.006
https://doi.org/10.1016/j.febslet.2008.11.006
https://doi.org/10.1002/anie.201507881
https://doi.org/10.1002/ange.201507881
https://doi.org/10.1002/ange.201507881
https://doi.org/10.1016/j.ab.2011.10.009
https://doi.org/10.1042/BJ20141493
https://doi.org/10.1042/BJ20141493
https://doi.org/10.3390/ijms20133353
https://doi.org/10.1021/acscatal.1c00847
https://doi.org/10.1021/acscatal.1c00847

