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Review of research on unspecific peroxygenases (UPOs)
LAI Mingyuan, WEI Jian, XU Jianhe, YU Huilei
(State Key Laboratory of Bioreactor Engineering, East China University of Science and Technology, Shanghai 200237, China)

Abstract: The selective insertion of oxygen species through unactivated C—H bonds is one of the most challenging
tasks in organic synthesis. Fungal unspecific peroxygenases (UPOs) are a class of highly glycosylated thioheme
enzymes that catalyze reactions including hydroxylation of unactivated C—H bonds in n-alkanes, epoxidation of
alkenes and aromatics, oxidation of heteroatom (N, S) compounds, ether cleavage, N-dealkylation, deacylation and one-
electron oxidation of phenols. As one of the most promising oxidases in synthetic chemistry, UPOs use H,O, as the
oxygen donor and the electron acceptor, and do not require cofactors other than heme. This paper reviews the
classification and development process of UPOs, and focuses on the heterologous expression, selectivity engineering
and H,0, in situ regeneration of UPOs. Since the first discovery of UPOs from Agrocybe aegerita in 2004, UPOs have
attracted much attention due to the advantages described above. However, the difficulties of heterologous expression
and poor selectivity of UPOs still limit their development. The difficulty of heterologous expression makes it hard to
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mine new variants of UPOs, and native UPOs are difficult to be characterized and applied in biocatalysis due to the
slow growth rate of their hosts. In the past two years, important breakthroughs have been made in the heterologous
expression of UPOs through the modification or replacement of signal peptides, revealing the important role of signal
peptides in this process. However, the specific role of signal peptides in the secretory expression and three-dimensional
structure formation of UPOs remain elusive. With the in-depth research on the mechanism of signal peptides affecting
the heterologous expression of UPOs and the development of artificial intelligence (AI) algorithms, the combination of
genome mining and signal peptide prediction will be the key for discovering new UPOs. The poor selectivity of UPOs
also hinders the development and application of UPOs. This paper reviews different types of reactions that UPOs
catalyze, and reveals the problem that UPOs have broad substrate range but poor selectivity. In-depth research on the
structure-function relationship of UPOs and the development of protein structure prediction algorithms will help the
engineering of UPOs and lay a foundation for solving the problem of poor substrate selectivity. This paper also
compares several methods for the in situ regeneration of H,0,, and concluded that the multi-enzyme cascade method is

the most economical and practical method for the in situ regeneration of H,O.,.

Heterologous expression Poor selectivity

» Molecular modification

0 » Discover new enzymes

¥» Change host

# Signal peptide modification
or replacement

In situ regeneration of H,O,
¥ Photochemical method
» Electrochemical method

» Enzymatic cascade

Keywords: unspecific peroxygenase(UPO); unactivated C—H bond; oxidation reaction; heterologous expression;
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NC-IUBMB https://iubmb.qmul.ac.uk/enzyme/EC1/)
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Tab.2 UPO that have been successfully heterologously expressed
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Peroxygenase H
(Step a—d)
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Compound 1

Cytochrome P450 monooxygenase
(Step 1—6)
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Fig. 1 Mechanism of thioheme-catalyzed oxidation

[The process of cytochrome P450 monooxygenase catalyzation consists of six steps and requires the participation of NAD(P)H and O,(Steps 1-6).

The catalytic oxidation of UPO is indicated by red lines(Steps a-d). UPO do not catalyze the reduction and activation of molecular oxygen, but directly

use hydrogen peroxide to form catalytically active ferric oxide groups, so it does not rely on the expensive NAD(P)H and has a more concise electron

transport chain.]
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Fig. 2 The general formula for the oxidation of alkanes by UPO
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© AaeUPO
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0 oo NN = OB,
HOOC
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(a)~(d) AaeUPO FAL B4 (LHE) Kike.

Wpeke; (e) AaeUPOFALMRIIR ; () MroUPO UMb IR I e A R S R 5

(g) AaeUPO. CciUPOfEALIGIT BRIk SRS (Bt 2 2 MBRIE T
Fig. 3 Oxidation of alkanes and fatty acids by UPO
(a)~(d) AaeUPO oxidizes linear (branched) alkanes and cycloalkanes; (¢) AaeUPO hydroxylates fatty acids;
(f) MroUPO oxidizes fatty acids for decarboxylation; (g) 4aeUPO/CciUPO catalyze fatty acid carbon chain shortening (removal of two carbon atom)
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UPO OH
/\/ FE—— + R /\(l
B R.)\/ 9

B4 UPO SIS B 5
Fig.4 The general formula for the oxidation of olefin by UPO

AaeUPO ™
(a) B L o
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900 1910

Bl5 UPOSMAIFMELE
(2)~(d) AaeUPO B RIE K, Ik S5 44 ) AS R xS WA 7 ) 55 3 S A 7 40 £ B 431
Fig. 5 Oxidation of Olefins by UPO
(a)~(d) AaeUPO oxidizes different olefins, and the difference in olefin structure will affect the ratio of hydroxylation products to epoxidation products

O UPO Q isomerization Q
H

E6 UPO ST IE M i

Fig. 6 General formula for the oxidation of aromatic hydrocarbons by UPO

A~ daetipo HO- -~ ., HO_ ~N . HO_ A
@ [\..;J L\_/,-, i-\ o OH HO ~
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(C] :\‘:,f. J:\ ] HOJ\“\_;_"L_T/H/

Bl7 UPOSMARTTREALAEY)

(a) AaeUPO A %, (b) AaeUPOZ%EMZE %) (¢) AaeUPO B AL EI 17

Fig.7 Oxidation of aromatic hydrocarbons by UPO
(a) AaeUPO oxidized benzene®”; (b) 4aeUPO oxidized naphthalene®™; (c) 4aeUPO oxidized flavonoids

Qo 4 5 TR0 g\ gt T By

=
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Fig. 8 Oxidation of compounds containing S, N or Br by UPO
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Fig. 9 Oxidation of aryl alkyl sulfides by 4aeUPO"
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