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Enzymes are the catalyst of choice for highly selective reactions, offering nature-inspired approaches for
sustainable chemical synthesis. Oxidative enzymes (e.g., monooxygenases, peroxygenases, oxidases, or
dehydrogenases) catalyze a variety of enantioselective oxyfunctionalization and dehydrogenation
reactions under mild conditions. To sustain the catalytic cycles of these enzymes, constant supply with
or withdrawal of reducing equivalents (electrons) is required. Being redox by nature, photocatalysis
appears a ‘natural choice’ to accomplish the electron-relay role, and many photoenzymatic oxidation
reactions have been developed in the past years. In this contribution, we critically summarize the current
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1. Introduction

Oxidation is an essential reaction for chemical synthesis.
Historically, oxidation reactions (also on an industrial scale)
utilize high-valent Cr- and Mn-salts, generating enormous
amounts of environmentally questionable wastes. In the last
decades, the research focus has shifted towards more accept-
able stoichiometric oxidants, such as O, or H,0,.' Next to
organocatalytic> and transition-metal-catalyzed® approaches,
biocatalytic oxidation methods are also gaining interest, and
a broad range of enzymes are available nowadays to perform
selective oxidation reactions under very mild reaction condi-
tions (Fig. 1).

Mechanistically, biocatalytic oxidation reactions fall either
into the ‘oxyfunctionalizing’ or the ‘dehydrogenative’ branch.*
Oxyfunctionalizing reactions have been traditionally catalyzed
by so-called monooxygenases. These enzymes reductively acti-
vate O, of which one O-atom is inserted into the starting
material while the other O-atom is used to form H,O as a final
product. More recently, ‘unspecific peroxygenases’ (UPOs) are
receiving increasing interest as alternatives to monooxygenases.
UPOs, in contrast to monooxygenases, directly utilize partially
reduced oxygen (in the form of hydrogen peroxide, H,0,).’
Dehydrogenative oxidation reactions typically imply the oxida-
tion of alcohols or amines to the corresponding ketones
(imines), also aldehyde oxidations to the corresponding
carboxylic acids fall into this category. The reducing equivalents
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liberated in these transformations are transferred either to
nicotinamide cofactors (dehydrogenases) or to molecular
oxygen (oxidases).*

As redox catalysts, all above-mentioned enzymes rely on the
supply with redox equivalents to maintain their catalytic cycles.
Counter-intuitively (at first sight) monooxygenases necessitate
supply with reducing equivalents, which are—more or less
directly—delivered to the monooxygenases' active sites from the
reduced nicotinamide cofactors [NAD(P)H].® Considering the
overall four electron reduction of O, catalyzed by mono-
oxygenases and the fact that only two electrons stem from the
starting material, this dependence on reducing equivalents,
however, becomes clear. Established enzymatic methods to in
situ regenerate the reduced nicotinamide cofactors comprise,
amongst others, formate dehydrogenase-catalyzed oxidation of
formic acid or glucose dehydrogenase-catalyzed oxidation of
glucose.

Envisioning the use of clean solar power as energy source,
photocatalysis has emerged as an alternative to the above-
mentioned enzymatic regeneration systems.”'* The promise
of photocatalytic regeneration systems lies with access to
a broader range of stoichiometric sources or acceptors of redox
equivalents and simplified reaction schemes. Many photo-
catalysts—such as organic dyes, metal nanoparticles, and
semiconductor quantum dots—have been tested to activate
redox enzymes via the transfer of photoinduced electrons. In
these systems, sacrificial electron donors [e.g., triethanolamine
(TEOA), ethylenediaminetetraacetic acid (EDTA), ascorbic acid,
or even water] have been used to recycle a cofactor (or a medi-
ator) to sustain the biocatalytic reaction cycle. The reducing
equivalents are transferred either directly to the oxidoreduc-
tase's active site or indirectly via the natural nicotinamide
cofactors.

Alternatively, in recent years, so-called peroxyzymes (i.e.,
enzymes using H,O, as a stoichiometric oxidizing agent) have

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Biocatalytic oxidation is categorized into either oxygenative (oxyfunctionalizing) or dehydrogenative reactions.

gained considerable interest in the biocatalysis community.
Particularly,  peroxygenases [E.C.  1.11.2.]  (https://
www.iubmb.qmul.ac.uk/enzyme/EC1/11/2/) are promising
alternatives to well-known P450 monooxygenases because of
the significantly simpler catalytic cycle. Nevertheless, the poor
robustness of heme-enzymes against H,O, necessitates its
provision in controlled amounts to balance stability and reac-
tivity. This offers enormous possibilities for photocatalysis to
solve this issue.

Finally, NAD(P)"-dependent oxidation reactions are also an
attractive target for photocatalysis as simple photocatalytic
NAD(P)H oxidation reactions are at hand.

More detailed information about the enzymes discussed in
this contribution (e.g., genbank/Uniprot ID, heterologous
expression conditions, and other technical details) have been
summarized in Table 1.

2. Light-driven monooxygenase
catalysis

Monooxygenases catalyze the insertion of one oxygen atom (O)
from molecular oxygen (O,) into an organic molecule. For
photochemical activation of a monooxygenase, photoinduced
electrons should be transferred directly or indirectly to the
enzyme's active site (Fig. 2). During direct transfer of photoin-
duced electrons, a photocatalyst and a monooxygenase having
a redox prosthetic group (e.g:, heme, flavin), interact in a rela-
tionship between an electron donor and an acceptor, respec-
tively. The excited state of the photocatalyst is quenched by the
oxidation of a sacrificial electron donor (e.g., EDTA, TEOA) to
sustain the turnover of the photocatalyst.

In 2007, Hollmann et al. devised and implemented experi-
mentally a light-driven catalytic scheme for flavin-dependent
Baeyer-Villiger monooxygenase (BVMO, eg PAMO-P3)*
(Fig. 2a). Photochemical reduction of free flavin molecules (a

© 2022 The Author(s). Published by the Royal Society of Chemistry

photocatalyst) using EDTA produces reduced ones, which then
transfer electrons to the FAD cofactor bound to the PAMO-P3
active site. Overall, visible light promotes direct reductive
regeneration of the PAMO-P3-bound FAD; thus, the scheme
does not require costly NADPH (or a complicated NADPH
regeneration system). Here, the light-driven platform of PAMO-
P3 for Baeyer-Villiger reactions of ketone substrates showed 48-
93% conversion of ketone substrates with excellent enantiose-
lectivity, which were comparable to conventional NADPH-based
process (albeit at reduced catalytic rates). However, already then
two major limitations had been pointed out: oxidative uncou-
pling of the regeneration reaction from enzymatic O,-activation
and the slow electron transfer between free and enzyme-
cofactors.*

A whole-cell-based, light-driven P450 platform has been
devised using eosin Y (EY) as a photocatalyst and EDTA as an
electron donor®* (Fig. 2b). EY could easily enter into the
Escherichia coli cytoplasm and then bind to the P450's heme
domain. The catalytic reaction of P450 was mediated via the
direct transfer of light-induced electrons from the photo-
activated EY to the heme domain of P450 under visible light.
Photochemical activation of the P450 catalysis has been
successfully demonstrated using many variants of CYP102A1
and human P450s for the bioconversion of various substrates. A
possible contribution of peroxygenase activity in the whole-cell
P450 photocatalysis however cannot be excluded, which needs
further investigation.

Besides, several other light-driven whole-cell systems have
been reported: (1) Rieske oxygenase using 5(6)-carboxyeosin as
a photosensitizer and MES buffer as electron donor;** (2)
photoautotrophic cyanobacterium Synechocystis expressing the
heterologous P450 (ref. 33); (3) BVMO reactions in metabolically
engineered cyanobacteria;** (4) microbial photosynthesis works
for O, generation for biocatalytic oxyfunctionalizations.*®

In addition to the photosensitizing dyes (e.g., flavin,'>**
EY*), ruthenium (Ru)*®* complexes have been used as

Chem. Sci., 2022, 13, 12260-12279 | 12261
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Fig.2 Light-driven monooxygenase catalysis via direct activation by electron transfer to active site (heme or flavin) (a and b) and indirect route by
photoregeneration of NAD(P)H (c). (a) Light-driven direct electron transfer to enzyme-bound FAD (E-FAD) of the Baeyer—Villiger mono-
oxygenase (BVMO, e.g. PAMO) using a flavin as a photosensitizer (PS) and EDTA as an sacrificial electron donor (ED).?° (b) Direct electron transfer

from activated PS [e.g., eosin Y,3* flavin,*23 Ru(1)®¢], which are made by

light and ED (TEOA, EDTA, or diethyldithiocarbamate), to P450 heme. (c)

The catalytic turnover of P450 is indirectly accomplished by photochemical reduction of NADPH through a cascaded electron delivery in
a photocatalytic system having an ED (TEQA), a PS (eosin Y), and an electron mediator M [Cp*Rh(bpy)H,O]?* .40

a photocatalyst to reduce P450 heme iron (Fig. 2b). Ru(u) has
been widely applied for single electron transfer in metal-
containing hydrogenases and photochemical enzymatic reduc-
tion of small molecules by nitrogenases.’” The Cheruzel group
attached a Ru(n)-diimine complex specifically close to the
enzyme active site of CYP102A1 via an engineered mutant
(L407C) for direct electron transfer from photoreduced Ru(i) to
the P450 heme iron using diethyldithiocarbamate as a sacrifi-
cial electron donor.* The Ru(u)-CYP102A1 platform catalyzed
light-driven reaction of lauric acid hydroxylation, with an initial
reaction rate of 125 min~ " and a total turnover number (TTN =
maximum product concentration/enzyme concentration) of
935.°¢ Furthermore, the Ru(u)-CYP102A1 platform was also
applied to the hydroxylation reaction of 10-undecenoic acid*® to
produce (R)-9-hydroxy-10-undecenoic acid and the O-deal-
kylation reaction of nitrophenolate-based substrates as chro-
mogenic substrates.*

In 2019, Le et al. reported that a flavin/EDTA/light platform
can support the catalytic activities of CYP102A1 heme domain
through direct delivery of photoexcited electrons to the P450
heme iron and indirect H,O, generation for peroxygenase activity
as well” (Fig. 2b). Without the requirement of reductase and
NADPH, the presence of only light and EDTA mediates the direct
electron transfer from reduced flavins to the heme iron. The
reduced heme can drive the hydroxylation of the organic
substrate (R-H). On the other hand, the photoreduced flavin
reacts quickly with O, to produce H,O,. Hence, again,

© 2022 The Author(s). Published by the Royal Society of Chemistry

a contribution of the H,O, shunt pathway cannot be fully
excluded.” For human CYP2E1, in contrast, the flavin/EDTA/light
system works only via direct transfer of light-induced electrons to
the P450 heme iron, not by the H,0,-mediated peroxide shunt.*

Indirect transfer of photoinduced electrons to mono-
oxygenases has been extensively accomplished through photo-
chemical reduction of biological cofactors [e.g, NAD(P)H
FADH,]. Here, the redox mediators function as a freely diffusing,
remote communicator between a photocatalyst and a mono-
oxygenase. For example, photochemical regeneration of NADPH
for CYP102A1 (Y51F/F87A variant)-catalyzed O-dealkylation reac-
tion was performed using EY as a photosensitizing dye, TEOA as
an electron donor, and [Cp*Rh(bpy)H,O] as a selective NAD(P)H
regeneration catalyst (Fig. 2c). The P450 sustainably maintained
its catalytic turnover with continuous photoregeneration of
NADPH. Thus, visible light-driven recycling of NADPH provides
a new route for P450 monooxygenase catalysis.*” Later on, natural
sunlight-driven platform for P450 catalysis has been demon-
strated at preparative scale using P450s immobilized on poly(3-
hydroxybutyrate) [P(3-HB)] scaffold. Through photochemical
regeneration of NADPH using EY as a photocatalyst, the P450-
P(3HB) complex could successfully catalyze O-dealkylation reac-
tions. In addition, a P450-catalyzed reaction was accomplished
under natural sunlight for four consecutive days using a solar-
tracking module.** This study hints at practical applicability of
natural sunlight for driving photobiocatalysis, which can be
replaced by LED light during night.

Chem. Sci., 2022, 13, 12260-12279 | 12263
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Interestingly, ferredoxin (Fd)-mediated transfer of electrons
in photosystem I (PSI) has been adopted for indirect transfer of
photoinduced electrons to P450 heme. Jensen and coworkers
demonstrated that the heme domain of plant CYP79A1, which is
involved in tyrosine oxidation, can be photochemically reduced
by the PSI using Fd as a mediator.*>** Upon photoactivation, the
Fd-mediated electron transfer chain readily provides the
required electrons to support the P450 catalysis.

In addition to abiotic photochemical and photo-
electrochemical approaches, cyanobacteria have been reported to
activate oxidative redox enzymes (e.g;, BVMO,* P450,** alkane
monooxygenase**) by producing O, gas and reducing equivalents.

3. Photobiocatalytic
oxyfunctionalization via H,0,-
dependent pathway

H,0,-Dependent pathways are recently gaining increasing
attention—instead of the above-mentioned reductive regener-
ation of the enzymes' active sites—for photobiocatalytic oxy-
functionalization. The catalytically active species in
monooxygenases contain or are derived from an intermediate
comprising activated oxygen in the oxidation state of H,O,.* The
latter has been derived from molecular oxygen via reductive

H,O,-dependent UPO and P450 peroxygenase
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activation within the enzyme active site via more or less complex
and vulnerable mechanisms.® Therefore, simplifying the cata-
Iytic mechanism and reaction schemes using already reduced
oxygen in form of H,0, is a very appealing approach. As H,0,,
however, also acts as a strong oxidative inactivator of many
enzymes, its stoichiometric application is not feasible and
photochemical in situ generation methods providing H,0, in
appropriate rates represent a promising approach.

Most prominent examples for H,O,-utilizing enzymes are
the heme-dependent P450 monooxygenases and peroxygenases
as well as the Cu-dependent lytic polysaccharide mono-
oxygenases (LPMOs). Further enzymes such as hydrolases
following the perhydrolase pathway,**® vanadium-dependent
haloperoxidases*” or artificial peroxyzymes*® are worth
mentioning but have not been used together with a photo-
chemical H,0, generation system yet.

3.1 Unspecific peroxygenases (UPOs)

UPOs catalyze a wide range of selective oxyfunctionalization
reactions on inert C-H and C=C bonds. The catalytic cycle of
peroxygenases represents the well-known H,0,-shunt shortcut
on P450 monooxygenases (Fig. 3). P450 monooxygenases are
mostly rather inefficient in utilizing the H,O,-shunt pathway,
which has been assigned to the lack of a catalytic base

NADPH-dependent
P450 monooxygenase
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Fig. 3 Comparison between the mechanism of P450s and UPOs for C-hydroxylation. The left cycle describes the H,O,-supported “peroxide
shunt” shared by UPOs and P450 peroxygenases and the right one is the “classical” NADPH-dependent P450 monooxygenase route. Both cycles
share compounds O (ferric peroxo-complex), | (oxo-ferryl cation radical complex), and Il (ferryl hydroxide complex).
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(glutamate) facilitating the conversion of Cpd-0 to Cpd-I. This
catalytically relevant amino acid is present in peroxygenases but
not in P450 monooxygenases® (Fig. 4).

The first reported peroxygenase stems from Leptoxyphium
fumago (previously Caldariomyces fumago)* and found some
popularity as oxyfunctionalization catalyst.>® However, poor
activity and difficulties in the recombinant expression of this
enzyme have limited its broad applicability in organic synthesis.
This situation changed in 2004 with Hofrichter and coworkers
reporting the UPO (initially termed as haloperoxidase) from
Agrocybe aegerita (AaeUPO).”> Later, Alcalde and coworkers
succeeded in its recombinant expression and engineering”'®
and more recently it's large-scale production.*® These pioneer-
ing contributions have paved the way to the engineering and
identification of new, promising peroxygenases.>** Even though
only a handful of UPOs have so far been functionally expressed
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and evaluated with respect to their catalytic properties, the
synthetic potential is enormous.***%

3.2 Cytochrome P450 peroxygenases

P450 monooxygenases and peroxygenases are structurally and
mechanistically related. Hence, in principle, the H,0,-shunt
pathway represents a doable alternative pathway to simplify the
catalytic mechanism of P450 monooxygenases (Fig. 3). Unfor-
tunately, however, most P450 monooxygenases exhibit very low
activity with H,O, (whereas the oxidative degradation of the
catalytic heme moiety with H,O, remains a challenge) resulting
in comparably few catalytic cycles of PA50 monooxygenases with
H,0,. Protein engineering principally offers a solution to this
issue®® which however yet remains to be fully exploited. The so-
called P450 peroxygenases (bacterial CYP152 family) represent

+ H,0,
-H,0
-H,0
-
S ~C VS
Compound |
b Val-247
- e Arg-189 & G1y-196
o0 A &~ P
Leu-244 || ¢ Val-295 . :
e > T
7 Cys-357
P450cam CfuUPO AaeUPO

Fig. 4

(a) Acid—base-catalysis as key difference between P450 monooxygenases and peroxygenases. (b) Active-site architectures of P450cam

(POB code 2CPP), CfuCPO (PDB code 1CPO) and AaeUPO (PDB code 2YP1). Adapted from ref. 49 with permission from Springer.
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a subclass of the P450 monooxygenases, which in addition to
the natural cycle also accept H,0,.”” Interestingly, these
enzymes are all involved in fatty acid metabolism.

The first reported P450 peroxygenases—CYP152B1 and
CYP152A2—hydroxylate fatty acids exclusively in a-position.'>***
In contrast, CYP152A1 shows a preference for the B-position of
fatty acids.”>*>* On the other hand, CYP152L isozymes mainly
perform oxidative fatty acid decarboxylation, producing terminal
alkenes, along with «- and p-hydroxylation reactions.®>*
CYP152N1 catalyzes oxidative decarboxylation reaction of fatty
acids to produce one-carbon shorter fatty acids.*® Thus, CYP152
peroxygenase reactions for alkene production are useful for the
production of biofuels and fine chemicals.®>**

Finally, also the decoy-molecule—dual function small
molecule—approach is worth mentioning.*> Using modified
imidazoles as decoy molecules, Cong and coworkers success-
fully introduced H,O,-reactivity with some ‘conventional’ P450
monooxygenases. The imidazole is believed to partially replace
the missing catalytic bases present in peroxygenases.

3.3 Lytic polysaccharide monooxygenases

LPMOs are key enzymes that catalyze degradation and decom-
position of recalcitrant polysaccharides (e.g., cellulose, lignin, and
chitin) by fungi and bacteria.***® Their active sites have a single
copper ion, which is coordinated by an N-terminal histidine side
chain and a further histidine residue to arrange the Cu-histidine
brace.®® LPMOs are widespread in nature and classified as seven
sequence-distinct families (i.e., 9-11 and 13-16) of the auxiliary
activities according to the Carbohydrate Active enZymes (CAZy)
database (https://www.cazy.org/Auxiliary-Activities.html).”

Mechanistically, LPMOs catalyze the reductive activation of
O, for oxidative cleavage of the glycosidic bonds of poly-
saccharides via hydroxylation at either the C1 or the C4 posi-
tion, followed by the cleavage of the scissile glycosidic bond and
the formation of aldonic acids or 4-keto sugars at the oxidized
chain ends.® In addition to using O, as an oxidant, LPMOs can
utilize H,0, as a cosubstrate to perform peroxygenation reac-
tions on polysaccharides, catalyzing similar hydroxylation
reactions with O,, which then lead to the spontaneous bond
cleavage of the polysaccharides.®®”* Details of the catalytic
mechanism remain to be fully elucidated.®®

Nowadays, LPMOs are receiving a lot of attention because of
their potential as an efficient decomposer of biomass.®*”>7*
According to Bissaro et al.,”* LPMOs prefer H,O, over O, (via
reductive activation) for hydroxylation of microcrystalline o-
cellulose substrate (i.e., Avicel). The biocatalytic performance and
stability could be controlled by regulating the supply of H,0, in
the absence of O,, suggesting that LPMOs possess more efficient
peroxygenase activity than the monooxygenase activity (Table 2).

4. Photocatalytic platforms for in situ
H,O, generation

H,0, represents a ‘double-edged sword’ enabling simplified
reaction schemes on the one hand but also, on the other hand,
inactivates enzymes. To balance both reactivities, in situ

© 2022 The Author(s). Published by the Royal Society of Chemistry
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generation of H,0, has proven suitable. Next to enzymatic,”*”*
chemical”®”’and electrochemical’®*® H,0, generation schemes,
also photo(electro)catalytic systems have been developed. The
light-driven methods require a proper photocatalyst that, when
excited by light, oxidises an electron donor and transfers the
reducing equivalents to oxygen, producing H,O,. The steady-
state H,O, concentration is intrinsically in an equilibrium
between photocatalytic generation and degradation.®* In this
section, we discuss organic or inorganic photocatalytic plat-
forms for light-driven H,O, generation and biocatalytic
oxyfunctionalization.

4.1 Flavins

Flavin molecules, such as flavin adenine mononucleotide
(FMN), flavin adenine dinucleotide (FAD) and riboflavin, can
produce H,O, photochemically at the expense of electron
donors and molecular oxygen. For example, FMN extracts an
electron from EDTA after being activated by light, then the
reduced FMN generates H,0, via O, reduction.*> The flavin-
based in situ H,O, generation strategy was first designed for
driving CfuCPO-** and AaeUPO-catalyzed®* oxyfunctionalization
reactions (Table 3). Even though in these early works, the
benefits of photochemical in situ H,O, generation could be
demonstrated, EDTA as sacrificial electron donor exhibits
several disadvantages impeding it widespread use. Particularly,
the degradation products, eventually formaldehyde and
ethylene diamine, are not desirable from a practical and an
environmental point of view. Other sacrificial electron donors
such as ascorbic acid, formate, hydrazine or phosphite can
substitute for EDTA but still need to be further explored.

Nevertheless, mostly due to its simplicity, the flavin/EDTA/
light system has also been applied for some P450 perox-
ygenase reactions including CYP152A1, CYP152A2, and
CYP152L1 (Fig. 5). The P450 fatty acid peroxygenases hydrox-
ylate (or decarboxylate) saturated fatty acids (Cjp—Cyo)'**"*
(Fig. 5a and b) The catalysis of CYP152L1 using this photo-
chemical method was also applied to the conversion of w-
hydroxylated fatty acids (Cy,, Cy5, C16), Obtained from palm
kernel oil, into the corresponding alkenols'® (Fig. 5¢). In the
flavin/EDTA/light system, a peroxygenase activity of bacterial
CYP102A1 heme domain were confirmed to catalyse the
hydroxylation of 4-nitrophenol and lauric acid** (Fig. 5d and e).

Next to waste generation, another drawback of flavins as
photocatalysts is the rather narrow wavelength spectrum of
flavins, only partially covering the spectrum of sunlight. In view
of future sunlight-driven processes Willot et al. explored
wavelength-complementary photosensitizers such as FMN
(vellow), phenosafranine (green), and methylene blue (red) to
utilize the different wavelengths of visible light more effi-
ciently.®* In these experiments, co-catalysis by formate dehy-
drogenase and the nicotinamide cofactors enabled replacement
of EDTA by formate.

Choi et al. demonstrated photoelectrocatalytic formation of
H,0, driven by flavin-hybridized single-walled carbon nanotube
(SWNT) photoelectrode'® (Table 3). Lumichrome, a flavin
derivative, was used as a photosensitizer. When flavin-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hybridized SWNTs were exposed to visible light, flavins
allowed a significant anodic shift of the O, reduction potential.
Because of flavin's high reactivity toward O,, photoactivated
flavins boost electron delivery from the SWNT cathode to O, for
more efficient H,O, production. The flavin-functionalized
SWNT photoelectrode system enabled AaeUPO to hydroxylate
ethylbenzene to (R)-1-phenylethanol at a TTN and STY of
123 900 (95% ee) and 1.0 (g L™' d "), respectively. However,
when 2-phenoxypropionic acid was used as a substrate, the TTN
and STY was only 5900 and 0.13 (g L™" d "), respectively.

4.2 Titanium dioxide

Zhang et al. reported the use of gold-loaded rutile titanium
dioxide (Au-TiO,) and methanol to drive AaeUPO-catalyzed
oxyfunctionalization of various alkane substrates® (Table 3
and Fig. 6a). Through the methanol-driven reductive O, acti-
vation, Au-TiO, provided H,O, in concentrations with which
the enzyme remained active and stable. Later, the same authors,
demonstrated that also water may serve as sacrificial electron
donor.”* Compared to the use of methanol, reaction rates and
robustness of the overall reaction were significantly impaired.
This may be attributed to higher rate of the photocatalytic
oxidation of alcohols compared to water. Furthermore, alcohols
act as radical scavengers thereby prolonging the enzyme life-
time.?” The radical inactivation of the biocatalyst by surface-
borne by hydroxyl radicals (HO") can also be alleviated by
spatial separation of the photo- and biocatalyst. Under opti-
mized reaction conditions maximum TTN for the biocatalyst of
220 000 and space time yields (STY) of 2.6 g L' d " together
with photonic efficiencies of 13.6% were achieved.

4.3 Carbon nitrides

Carbon nitrides are known to catalyse light-induced water
oxidation yielding O, and H,, they can also be used for the
oxidation of alcohols to the corresponding carbonyl groups.*®
Instead of transferring electrons obtained from water- or
alcohol oxidation to protons also O, can serve as electron
acceptor eventually yielding H,0,. Graphitic carbon nitride (g-
C;N,) for example is a good alternative to the TiO,-based pho-
tocatalysts® (Table 3 and Fig. 6a). Again, however, surface-
bourne hydroxyl radicals impair the stability of the bio-
catalyst, which can be overcome by spatial separation of the bio-
and photo catalyst. Using different wavelengths can tune the
redox potential of a carbon nitride photocatalyst (CN-OA-m) and
thereby influence the selectivity of the photoenzymatic
cascade.”®

4.4 Lignin

Lignin, a major component that accounts for 20-30% of plants,
is a heterogeneous polymer mostly consisting of aromatic
subunits. This year Kim et al. identified lignin as a multifunc-
tional photocatalyst for such as in situ H,O, formation through
H,O0 oxidation and O, reduction.” Particularly appealing is the
intrinsic hydroxyl radial-scavenging activity enabling more
robust photoenzymatic cascade reactions without the need for
spatial separation of both catalysts (Fig. 6a). This very
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promising combination will certainly yield interesting photo-
enzymatic reaction schemes.

4.5 Anthraquinone

Water-soluble anthraquinone 2-sulfonate (SAS) is a simple,
robust, and promising organo-photocatalyst enabling simpler
sacrificial electron donors than EDTA such as primary alco-
hols.®”** This H,0, generation photocatalyst has been
demonstrated with peroxygenase- and haloperoxidase-catalyzed
oxidation reactions® (Fig. 6b). The ability of SAS to also oxidize
secondary alcohols to ketones enabled a truly chemoenzymatic
reaction converting cyclohexane into cyclohexanone with the
first step being peroxygenase-catalyzed and promoted by the
H,0, obtained from the second, SAS-photocatalytic
cyclohexanol-oxidation step®” (Fig. 6¢).

4.6 y-Ray-induced H,O, formation

v-Rays induce (non-catalytic) water splitting and significant
formation of H,0, in aqueous media exposed to y-irradiation.””
This phenomenon can be exploited to promote peroxygenase-
catalysed oxyfunctionalization reactions,'®® potentially opening
up new possibilities of making use of nuclear wastes. For
example, a proper dose rate of gamma radiation (12.9 Gy min )
could provide suitable H,0, concentration (0.1 mM at steady
state with an initial rate of 0.1 mM h™" for H,O, formation) that
enables significantly increased product formation while mini-
mizing the inactivation of rAaeUPO.'® Again, inactivation of the
biocatalysts by the in situ formed reactive oxygen species repre-
sented a major impediment en route to preparative application,
which may be overcome by spatial separation of the biocatalyst
from the radiation source (e.g. in a flow chemistry setup).

5. Photoenzymatic
oxyfunctionalization: current state of
the art

The peroxygenase from Agrocybe aegerita (AaeUPO) represents
the most frequently used representative of novel peroxygenases
capable of selective oxyfunctionalization chemistry.*®>*751%
Therefore, it is not very astonishing that it also dominates the
following section of practical examples of photoenzymatic oxy-
functionalization reactions.

Table 3 and Fig. 7 summarize the current state of the art of
photoenzymatic oxyfunctionalization reactions. Whereas
possible, a particular focus was put on the TTN of the bio-
catalyst as this number also gives the reader an impression of
the biocatalyst usage. Today, still enzymes are generally
perceived as expensive, which per se is not true. The costs of
enzyme production are subject to economy of scale which
means that the price for the production of an enzyme expo-
nentially decrease with the scale of its fermentation.”® If
produced on small scale (i.e. <1 m®) production costs for an
enzyme can easily surpass 10 000 € kg~ ' or more. This is typi-
cally the case with enzymes commercialized by SMEs and
general chemical vendors and probably motivates scientists for
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Fig. 5 Photochemically driving P450 peroxygenases using FMN as a photocatalyst and EDTA as an electron donor. Hydroxylation of fatty
acids*®*-1* (3 and b) and w-hydroxylated fatty acids'®* (c) is catalyzed by CYP152 peroxygenases. CYP102A1 heme domain also shows perox-
ygenase activity towards 4-nitrophenol (d) and lauric acid (e).*?
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. ool kLo
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‘\ /

Fig. 6 Photocatalytic formation of H,O, and selective oxidation reactions catalyzed by rAaeUPO and peroxyzyme. Representative photocatalyts
include Au-TiO,,%° g-C3N4,% lignin®® (a), and anthraquinone (SAS)*71%¢ (b). (c) Photocatalytic oxidation of cyclohexane to cyclohexanone. The
SAS-catalyzed aerobic overoxidation of cyclohexanol to cyclohexanone produces H,O, as a byproduct, which itself is used to support the
rAaeUPO-catalyzed hydroxylation of cyclohexane.®”

statements like ‘enzymes are expensive’. If, however, a bio- are difficult to beat by traditional chemical catalysts (especially
catalyst is produced on large scale (i.e. >>10 m?) the production of rare transition metal catalysts or catalysts obtained from
costs drop to values in the range of 250-1000 € kg™, prices that complex multi-step syntheses).
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Fig. 7 Highest-record photobiocatalytic hydroxylation reactions of non-activated C—H bonds. All the photobiocatalysis were catalyzed by
rAaeUPO (PaDa-| mutant) except (f) which was catalyzed by wild-type AaeUPO. TTN (nmol product per nmol enzyme) and enantioselectivity
(ee%) for (R)-isoform were shown. References: (a);®¢ (b), (M), (0)—(r);?° (c)—(e), (g), ()—(1), (n);°8 (f);®* (h).*®

Furthermore, the cost contribution of an enzyme to the cost
of the desired product directly correlate with its catalytic
performance (or TTN). Hence, to attain a cost contribution of
less than 10 € molpyoquee * (acceptable for the production of
active pharmaceutical ingredients) enzymes produced at 250 or
10 000 € kgemyme_1 would have to perform at least 1200 or
50 000, respectively. Consequently, reaching a cost contribution
of less than 0.1 € molproquee ~ requires TIN of more than
120 000 or 5 000 000, respectively. Of course, many other factors
contribute to the final production costs of a chemical
compound but the TTN at least gives a first orientation about
the economic potential of an enzymatic process.

A range of photobiocatalytic oxyfunctionalization reactions,
especially using AaeUPO, have been reported (Table 3). The
reaction- and product scope attainable matches the scope of
AaeUPO reactions reported using conventional in situ H,O,
generation systems and/or simple addition of H,0,.> The same
is true concerning TNs reported for AaeUPO in these photo-
biocatalytic reactions that fall in the range of 17 500 to 372 000.
In line with the above-discussed issues limitations of P450
monooxygenases following the H,0, shunt pathway, the TNs
observed with those enzymes typically fall back by one to two
orders of magnitude behind those reported with peroxygenases
(Fig. 5 and 7).

One common feature of most photoenzymatic reactions re-
ported so far is the very low product concentrations, generally

12272 | Chem. Sci., 2022, 13, 12260-12279

being in the lower millimolar range. Obviously, this is a result of
the poor water solubility of the (mostly hydrophobic) starting
materials of interest. Such low product titres, however, signifi-
cantly impair their economic viability and also result in enor-
mous amounts of waste water."™ One possibility is to apply
water-miscible organic cosolvents to increase the solubility of
the hydrophobic reagents. Particularly, peroxygenases appear
very suitable for such harsh reaction conditions as e.g. AaeUPO
can withstand very high concentrations of typical organic
cosolvents."” Kara and coworkers recently reported g-C;N,-
adsorbed AaqeUPO in a microaqueous reaction system
comprised of cyclohexane as the main liquid phase.”® This
approach, provided it is further optimized, may address this
substrate-solubility issue at least for liquid starting materials.
Another option to increase the overall reagent concentration is
to make use of the so-called two-liquid-phase-system approach
(2LPS)."** In the 2LPS approach, a nonpolar organic phase
serves substrate reservoir and product sink as well with the
reagents partitioning between the organic layer and the
aqueous, catalyst-containing, aqueous phase. Phase transfer
limitations, as often observed in such heterogeneous reaction
media, can be alleviated by emulsion formation and thereby
maximization of the interphase area as demonstrated by
Churakova et al in the photoenzymatic sulfoxidation
thioanisol.***

© 2022 The Author(s). Published by the Royal Society of Chemistry
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6. Light-driven biocatalytic
dehydrogenation
6.1 Photo(electro)chemical oxidation of NAD(P)H

NAD(P)'-dependent dehydrogenases catalyse a range of
synthetically relevant oxidation reactions such as the regio- and/
or stereoselective oxidation of alcohols to the corresponding
aldehydes or ketones. In the catalytic cycle NAD(P)" is reduced
to NAD(P)H. For economic reasons, the latter needs to be
recycled back into its oxidised form. From a thermodynamic
point-of-view, O, is an attractive electron acceptor because the
redox potential of O, reduction [Eq(0,/O," ") = 0.33 V vs.

View Article Online

Chemical Science

normal hydrogen electrode (NHE), E,eq(O»/H,0,) = 0.27 V vs.
NHE at pH 7]***'*¢ is more positive than that of NADH oxidation
[Eox(NAD/NADH) = —0.32 Vvs. NHE at pH 7.0].""” Furthermore,
only H,0, (which can easily be dismutated into O, and H,0) or
H,O0 are formed as by-products. NAD(P)H, however, is compa-
rably stable against direct oxidation with O, necessitating
catalytic acceleration of the reaction. Amongst the enzymatic
methods, NAD(P)H oxidases have been established."*® Also non-
enzymatic catalysts such as ABTS,""° quinoids,"
flavins®***>'** or organic dyes*** such as Congo Red** have been
reported for the aerobic reoxidation of NAD(P)H. The some-
times rather sluggish NAD(P)H oxidation kinetics of these
reagents can be accelerated by illumination.

Fmoc- FF\©

H,N

o
OO -

O\s’ o

o 07
O - o
NH, Congo red

a O Q%L

Platinum

CE RE

WE (ZnO-based photoanode)

Ground state

Ex situ enzymatic assay

Fig. 8 Photo(electro)chemical regeneration of NAD(P)* for biocatalytic oxidation reactions. (a) Fmoc-FF/CR-driven NAD* recycling for bio-
catalytic oxidation of alcohol under visible light.?* (b) Photoenzymatic synthesis of cyclohexanone through coupling of flavin mononucleotide-
sensitized regeneration of NAD* and TADH-driven oxidation.?® (c) ZnO-Based photoelectrochemical oxidation of NADH to NAD*?” The
formation of NAD* was confirmed by ex situ enzymatic assay. WE: working electrode. RE: reference electrode. CE: counter electrode.
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6.2 Light-driven biocatalytic dehydrogenation reactions

The Park group reported a representative example for photo-
biocatalytic oxidation reactions,* in which B-sheet-rich amyloid
nanofibers performed NAD' regeneration in couple with enzy-
matic alcohol oxidation under an aerobic environment (Fig. 8a).
Note that in contrast to many studies on photo(electro)catalytic
NADH recycling,'?>?° the reverse reaction (i.e., NAD(P)"
production) has been rarely investigated despite the importance
of the process. A solvatochromic Congo red (CR) was hybridized
into an amyloid-derived peptide [e.g., Fmoc-diphenylalanine
(Fmoc-FF)] through m-m interaction between aromatic func-
tional groups of the Fmoc-FF and CR. This interaction made CR
photocatalytic because the CR's donor-acceptor couple in the -
sheet-rich nanostructure became highly planarized, which
restrained nonradiative relaxation via CR's twisted intra-
molecular charge-transfer. As a result, CR performed O,-fueled
regeneration of NAD" under visible light by (i) transferring CR's
photoexcited electrons (in a locally excited state) to O, and (ii)
delivering NADH's electrons to CR. The regenerated NAD'
activated alcohol dehydrogenase (ADH) from Saccharomyces
cerevisiae (ScCADH) to oxidize ethanol to acetaldehyde [ScADH's
total turnover number (TTNg apy): 57 692, TTNNapH: 3, TTNcR:
30, yield: 60%].

Another example of photocatalyst—using O, as an electron
acceptor—are flavin molecules,”®'** such as flavin mono-
nucleotide (FMN), flavin adenine dinucleotide, and riboflavin.
The Hollmann group demonstrated the use of flavins to oxidize
NAD(P)H under light conditions® (Fig. 8b). Flavin photoexci-
tation made flavin's redox potential more positive, facilitating
its NAD(P)" regeneration in the presence of O,. The flavin-
sensitised regeneration of NAD(P)" activated ADH from Ther-
mus sp. ATN1 (TADH) to catalyse the oxidation of cyclohexanone
to cyclohexanol [TTNyapu: 170, TTNgyn: 340, TTNpapy: 4359,
FMN's turnover frequency (TOFgyy): 38 h™, TOFpspy: 498 h™'].
In the photoenzymatic reaction, catalase was used to dismutate
H,0, to O, and H,0. The photocatalytic NAD" regeneration
system was also applied to make ADH from horse liver (HLADH)
catalyse the oxidation of diols e.g., 1,4-butanediol,* 1,5-penta-
nediol,*® meso-3-methyl-1,5-pentanediol™™ to enantiopure
lactones via hemiacetal intermediates [yield: 85-100%,
TTNyaph: 8.5-200, TTNpy: 85-400, TTNypapgs: 1150].

One disadvantage of O, as terminal electron acceptor is its
low solubility in aqueous media necessitating efficient external
aeration. Photoelectrochemical (PEC) systems can overcome
this issue because mechanistically (photo)anodes serve as
electron acceptors.’””'*® Ottone et al.*” reported ZnO materials
for PEC regeneration of NAD" (Fig. 8c). Dual simulated solar
irradiation (180 mW cm™?) and applied voltage (1.41 V vs. NHE
at pH 7) on porous ZnO and flower-like ZnO (ZnOF) photo-
anodes drove the oxidation of NADH to NAD" with conversions
of 34.7% and 58.7%, respectively. An ex situ enzymatic assay
using formate dehydrogenase confirmed that enzymatically
active form of NAD'—formed by the ZnOF film—was 94%, not
100%. The minor loss should originate from dimerization and/
or fragmentation of NADH due to direct oxidation. Taken
together, multiple photochemical and photoelectrochemical
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systems open up sustainable enzymatic oxidation reactions
through light-powered NAD(P)' regeneration.

7. Conclusions and perspectives

Photobiocatalytic oxidation is an emerging synthetic route but
still in infancy. For example, only a few cases of light-driven
monooxygenase catalysis have been reported,">****%¢ and
their catalytic activities are quite low (TTN < 1000). For opera-
tion of H,0,-accepting enzymes, light-driven in situ H,O0,
generation is advantageous because it uses a clean light energy
source and does not need any cofactors and additional
enzymes. But the limited number of UPOs and P450 perox-
ygenases poses an obstacle to broader applications. Genome
mining of new UPOs and heterologous expression in a suitable
heterologous host have been tried, but the number of charac-
terized UPOs remains limited. While the current target for
genome mining mostly focused on fungal sources, its range
should be expanded to other kingdoms, such as bacteria and
plants, to obtain a diverse spectrum of UPOs. For directed
evolution to achieve desired activity and stability, high-
throughput screening (HTS) system should be applied to
select mutants having the enhanced properties from the
enzyme library. Information on 3D structures of diverse UPOs
are essential for enzyme engineering, only a few structures of
UPOs are available. On the other hand, the P450 peroxygenases
(CYP152 family) catalyze only hydroxylation and decarboxyl-
ation reactions of fatty acids. More genome mining of new P450
peroxygenases is necessary for the expansion of substrate scope
and their applications.

Light-driven reaction systems compete with more traditional
approaches and today still the light-driven approaches appear
to be less efficient compared to the latter. The direct photo-
chemical regeneration of PAMO for example allowed for only
a fraction of catalytic turnovers for the enzyme as compared to
the reaction system utilizing NADPH together with an enzy-
matic regeneration system (96 TTNs as compared to 9471).>%"3
Similarly, for the CYP152L1-catalyzed oxidative decarboxylation
and hydroxylation of w-OH lauric acid, the conversion achiev-
able by a light-driven system (FMN/EDTA/light) was less than
10% of that by a secondary enzymatic system (CamAB/NADH/
FDH/formic acid).'* Obviously, direct photochemical regener-
ation systems need significant improvement in terms of activity
and robustness. Particularly, the interaction of the non-natural
redox partner with the enzyme active site has to be engineered.
Furthermore, in case of O,-dependent enzymes, the oxygen
dilemma is still pending a promising solution.® On the other
hand, for ADH-catalyzed oxidation reactions, the aerobic
regeneration of NAD' by photochemical system (FMN/light)
(TTNnap of 170)*° appeared to be comparable in terms of
cofactor recycling to the NADH oxidase system (TTNyap Of
109)."** Since most reports on light-driven biocatalytic oxidation
have focused so far on the demonstration of proof-of-concepts,
further engineering studies on the optimization of reaction
conditions should enhance their performances.

We should also consider technical issues for practical
applications of photobioreactors. TiO,-based photocatalysts

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Examples of light-driven biocatalytic oxidation in microorganisms. (a) Photoenzymatic, whole-cell biocatalyst expressing peroxygenase
genes. De novo synthesized photocatalysts (e.g., FMN, FAD) quickly react with O, to yield H,O in the presence of electron donor (ED) and light.
The peroxygenase can hydroxylate the substrate (R—H) by using H,O, as an oxygen donor. EDTA or TEOA can be used as an ED and other EDs
such as methanol, formate, or simple amino acids may serve as alternatives. (b) Photosystem-assisted monooxygenase reaction. Photosystem |l
oxidizes water for producing O, and reducing equivalents (e.g., NADH). These molecules are consumed for monooxygenase-driven catalysis

(e.g., oxyfunctionalization).

rely on a limited wavelength range (to near UV and blue light),
thus leaving a significant spectrum of solar energy unexploited.
In this context, a recent study using multiple wavelength-
complementary photocatalysts provides insight into more effi-
cient use of the polychromatic light energy.®* Regarding the
light sources, white light bulbs or light-emitting diodes (LEDs)
have been widely used for photochemically driving several redox
enzymes’ including UPOs (Table 3), P450 peroxygenases (Fig. 5),
and dehydrogenases (Fig. 8). A versatile and advanced photo-
reactor platform is desired for HTS, preparative-scale batch
reactions, and continuous processing, like the ‘Photochemistry
LED Illuminator’ that identifies the optimal wavelength and
power for specific photochemical transformation.*®

Whole cell-based approaches are attractive for the scale-up
and industrial applications of light-driven biocatalytic oxida-
tion (Fig. 9). Future efforts are needed for de novo synthesis of
photocatalysts, peroxygenase engineering through rational
design and/or directed evolution, and reaction optimization in
a one-pot cascade process. The whole-cell platform should allow
for high substrate concentration, consequently high produc-
tivities can be obtained. Therefore, engineering of strains by
integration of desired peroxygenase genes into the genome will
also accelerate the development of improved bacterial strains
for massive production of desired chemicals.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Future research should focus on preparative
functionalization chemistry of peroxygenases.
review, Dong et al.* provided guidelines to assess the catalytic
activity and productivity for the practical usefulness of enzymes
for the production of desired products. According to the enzyme
performance requirements of a given product category of
pharma, fine chemical, speciality chemical, and bulk chem-
icals, required minimal productivity (TTN) for an enzyme is
4000, 26 666, 160 000, and 800 000, respectively.*'*® Meanwhile,
minimally required STY (g L™' d~") values for fine chemical
production and pharmaceuticals are 2.4 and 0.024, respec-
tively."** Based on AaeUPO's performance by photochemically
driven UPO catalysis, the requirements up to ‘speciality chem-
ical’ (TTN of 160 000) are satisfied for some cases of UPO-
catalyzed reactions (Table 3 and Fig. 7). For wide expansion of
UPO's scope to the production of “bulk chemicals,” further
development of new UPOs, highly active and stable proteins,
and whole-cell platforms are necessary.

When combined with the given knowledge and advances of
photocatalysis, the unique catalytic activities and structures of
monooxygenases, peroxygenases, and dehydrogenases promise
a future route for greener synthesis using solar energy. Current
challenges of the limited number of redox enzymes, narrow

substrate range, and low stability are expected to be overcome

OXy-
In a recent
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by genome mining of new enzymes, protein engineering, and

the development of whole-cell biocatalysts. A sustainable pho-
tobioreactor with optimized light source, robust photocatalyst,

and waste-free electron donor is needed for driving preparative
chemistry of peroxygenases and dehydrogenases.
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