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The recent increase of interest in photocatalysis spread to
biocatalysis and triggered a rush for the development of light-
dependent enzyme-mediated or enzyme-coupled processes.
After several years of intense research on photobiocatalysis, it is
time to evaluate the state of the field in a structured manner. In
this Perspective, we suggest to group photobiocatalysis into
distinct disciplines and provide principal guidelines and stand-
ards for the reporting of photobiocatalytic research results as
well as advice on performing photobiocatalytic reactions. Over-

1. Introduction

Applying light-dependent processes in the context of biocatal-
ysis holds the promise of updating the vast reaction scope of
photocatalysis with the exquisite selectivities of enzymes, while
utilizing light as benign energy source. Due to this motivation,
photobiocatalysis has recently attracted considerable attention,
as summarized in a number of review articles."™ Within the
past years the authors of this contribution have collaborated

[a] Dr. V. Alphand

Aix Marseille Univ., CNRS, Centrale Marseille

iSm2 UMR7313, 13397 Marseille (France)

Prof. Dr. W. J. H. van Berkel

Laboratory of Food Chemistry, Wageningen University

Bornse Weilanden 9, 6708 WG Wageningen (The Netherlands)

[c] Dr. V. Jurkas, Prof. Dr. W. Kroutil, Dr. C. K. Winkler
Institute of Chemistry, University of Graz
HeinrichstraBe 28, 8010 Graz (Austria)

E-mail: christoph.winkler@uni-graz.at
Homepage: http://biocatalysis.uni-graz.at/

[d] Prof. Dr. S. Kara
Department of Biological and Chemical Engineering
Biocatalysis and Bioprocessing Group, Aarhus University
Gustav Wieds Vej 10, 8000 Aarhus (Denmark)

[e] Prof. Dr. R. Kourist
Institute of Molecular Biotechnology, Graz University of Technology
Petersgasse 14, 8010 Graz (Austria)

[fl Prof. Dr. W. Kroutil
Field of Excellence BioHealth, University of Graz
8010 Graz (Austria)

[g] Prof. Dr. W. Kroutil
BioTechMed Graz
8010 Graz (Austria)

[h] Dr. F. Mascia, Dr. J. Spasic, Prof. Dr. P. Tamagnini
i3S - Instituto de Investigagdo e Inovagdo em Satde
Universidade do Porto & IBMC
Instituto de Biologia Molecular e Celular
R. Alfredo Allen 208, 4200-135 Porto (Portugal)

[il Dr. F. Mascia, Dr. J. Spasic, Prof. Dr. P. Tamagnini
Departamento de Biologia Faculdade de Ciéncias, Universidade do Porto
Rua do Campo Alegre, Edificio FC4, 4169-007 Porto (Portugal)

[jl Prof. Dr. M. M. Nowaczyk
Department of Biochemistry, University of Rostock
Albert-Einstein-Str. 3, 18059 Rostock (Germany)

[K] Prof. Dr. C. E. Paul
Department of Biotechnology, Delft University of Technology
Van der Maasweg 9, 2629 HZ Delft (The Netherlands)

[I] Asst. Prof. Dr. S. Schmidt
Department of Chemical and Pharmaceutical Biology
Groningen Research Institute of Pharmacy, University of Groningen
Antonius Deusinglaan 1, 9713 AV Groningen (The Netherlands)

' © 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

[b

ChemPhotoChem 2023, 7, €202200325 (2 of 10)

all, we assess that the field contributes to the diversity of
biocatalytic reactions while offering the selectivity of enzymes
to photocatalysis. We foresee that the ongoing excitement for
light-dependent enzymatic processes will lead to the discovery
of novel photobiocatalytic mechanisms to complement bioca-
talysis with new bond-forming reactions and will provide
additional innovative strategies to utilize light as a possible
benign energy source.

within the framework of the Marie Skiodowska-Curie Photo-
BioCat training network to investigate key aspects of photo-
biocatalysis: the development of novel synthetically applicable
light-dependent biocatalytic reactions, the investigation of
biocatalytic applications of photosynthetic microorganisms and
the establishment of strategies to run such processes in lab-
scale and at larger scale.”! Within this Perspective, we want to
summarize the experience that we gathered during the project,
by evaluating the positioning of photobiocatalysis within the
field of preparative biocatalysis, as well as by sharing the
lessons learned and to provide an outlook towards future
developments of photobiocatalysis.

There are three fundamentally different ways to utilize
visible light for enzyme-catalyzed processes. Photoenzymes,
which constitute the first discipline (Figure 1, PE), employ light
as part of their mechanism. Apart from light-driven enzymatic
processes involved in photosynthesis, natural light-dependent
enzymes converting an organic substrate into a product are
rare (Figure 1a). (i) Photolyases are involved in DNA repair
where they resolve cyclobutene pyrimidine dimers formed
during exposure to ultraviolet light.**® (ii) Protochlorophyllide
oxidoreductases (LPORs) catalyze a light-dependent reduction
during chlorophyll biosynthesis.”® (jii) Fatty acid photo-decar-
boxylases (FAPs) catalyze the cleavage of fatty acids and other
carboxylic acids to produce the corresponding n-7 alkanes
(Figure 1a).”’ All these enzymes rely either on a chlorophyll-like
tetrapyrrole or on a flavin cofactor as a chromophore."” While
the high specificity of photolyases and LPORs prevents their
broad application in biocatalysis, FAPs have received consid-
erable attention for the synthesis of biodiesel and high-value
chemicals such as optically pure building blocks.""""* The three
truly photocatalytic enzymes (besides the enzymes involved in
photosynthesis) are complemented by enzymes that show
light-dependent, promiscuous reactivities (Figure 1b) and artifi-
cial photoenzymes (Figure 1c). The latter groups of enzymes
remain largely unexplored but hold many opportunities for
biocatalysis."®

The second discipline consists of enzymes that are
combined with photosensitizers in so-called enzyme-photo-
catalyst coupled systems (Figure 1, EPC). On the one hand, this
approach exploits the diverse reactivity of chemical photo-
catalysis with the often-outstanding selectivity of enzymes,
giving rise to highly interesting chemoenzymatic cascade
reactions (Figure 1d).”® On the other hand, photocatalysis is
used to provide reduction- or oxidation equivalents for

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 1. The three disciplines of photobiocatalysis: PE: photoenzymes, including (a) natural photoenzymes (e.g., FAP)® as well as (b) photo-promiscuous
enzymes (e.g., ERED catalyzed C—C bond formation)"'” and (c) enzymes that are linked to a photosensitizer (e.g., [2+2] cycloaddition by an enzyme with a
non-canonical amino acid),"® all requiring light in their mechanism. EPC: enzyme-photosensitizer coupled systems, that either (d) combine photocatalytic

reactions with an enzyme in a synthetic cascade (e.g., photocatalytic C—C bond formation and biocatalytic keto-reduction),

" or (e) use external

photosensitizers to provide redox equivalents for a biocatalyst (e.g., regeneration of FMNH, for EREDs).”” NPC: natural photosynthesis coupled systems, that
utilize living photoautotrophic cells, either (f) to supply redox enzymes with cofactors, electrons or oxygen, based on photosynthetic water splitting (e.g.,
reduction of C=C bonds using EREDs),?" or (g) for their ability to produce chemicals from CO, and light (e.g., production of 1-butanol from CO,).?? FAP: fatty
acid photodecarboxylase; ERED: ene-reductase; EWG: electron-withdrawing group; TBADT: tetra-n-butylammonium decatungstate; ADH: alcohol dehydrogen-

ase.

biocatalytic redox reactions and thus substitutes the organic
auxiliary co-substrates that are currently employed for enzy-
matic cofactor recycling (Figure 1e).***” A noteworthy situation
are processes that involve flavin. In case the photoactive flavin
is bound in the active site, such processes belong to the
discipline PE (e.g. Figure 1b). In this case, flavin acts as
photocatalyst and the subsequent biocatalytic reaction is not
light-dependent, the process constitutes a linear cascade and is
part of the discipline EPC (e.g., isomerization of C=C-bonds
followed by enzymatic reduction).”® Despite their elegance,
most photocatalytic systems to provide enzymes with redox-
equivalents rely on the oxidation of amines or buffer
components, whereas the coupling of oxidoreductases to
photocatalytic water oxidation in vitro is still challenging.?*="
Finally, the third discipline utilizes natural photosynthesis
(Figure 1, NPC).B'¥ Water-splitting by photosystem Il provides

ChemPhotoChem 2023, 7, €202200325 (3 of 10)

electrons in the form of reduced nicotinamides (or other
electron mediators), which can be used by oxidoreductases, as
demonstrated on heterologous EREDs (ene-reductases) in 2016
(Figure 1f),”" and many more systems since.’'*? Engineering
of the metabolism of photoautotrophic organisms allows to
use CO,, their primary carbon-source, as chemical building
block, e.g., in the production of 1-butanol (Figure 1g). The
recent expansion of the molecular toolbox for cyanobacteria
has greatly facilitated the recombinant expression of the genes
of oxidoreductases in different cyanobacterial species.?*>*

2. Challenges and Opportunities

All disciplines of photobiocatalysis are faced with a series of
challenges that need to be addressed when a new process or

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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catalyst is developed. In addition, issues such as low catalytic
turnover numbers, the need for high catalyst loadings,
substrate and/or product inhibition or the mutual deactivation
of catalysts and enzymes are not specific to photobiocatalysis
but must be considered as they may occur in any
(chemo)enzymatic reaction.

One key issue in photobiocatalysis is the well-documented
photo-lability of photoenzymes and their cofactors (e.g.
flavins) or even chemo-photocatalysts.**>? For example, when
working with FAPs (Figure 1a), the substrate must always be
present, as it has a protective effect against self-attack of the
excited cofactor onto residues in the active site.***” This is not
required for LPOR, since in this case the substrate gets excited.
A major hurdle for EPC-systems (Figure 1d) is the frequent
incompatibility of the reaction conditions (e.g., solvents, wave-
lengths, temperatures, pH, concentrations) that are required by
the applied chemo-photocatalysts and enzymes. Such issues
may be overcome by finding an optimal trade-off or via an
extended search for compatible catalysts.”® Furthermore, the
combination of oxygen-dependent enzymes with photoredox-
catalysts consistently raises the ‘oxygen dilemma’, as the
photocatalyst is quenched by the oxygen that is required for
the enzymatic reaction, i.e., the application of light leads to
uncoupling.?! In addition, while great progress has been made
in the engineering of cyanobacteria and other photoautotro-
phic organisms for NPC-systems, cloning and expression of
enzymes (in particular heterologous) are still laborious and
genetic stability remains an issue.®***” Indeed, the complexity of
the regulation of gene expression®® and the photosynthetic
electron transport chain (PETC) needs to be fully understood
and optimized for larger scales.*>*"

However, it must be emphasized that the above-mentioned
challenges are mirrored by the manifold opportunities that the
implementation of light into biocatalytic processes offers.
(Visible) light is non-toxic, generates no waste, and is
abundantly available as green energy-source.*”’ Besides this,
one of the most intriguing opportunities that photobiocatalysis
offers is its promise to enable new synthetic transformations,
sometimes even new to nature."” Hurdles of PEs have been
overcome via engineering, e.g., the often restricted substrate
and reaction scope of naturally occurring photoenzymes (Fig-
ure 1a),”*'? was successfully expanded by rational protein
design™*? or reaction engineering."” The poor photostability
of many photobiocatalytic systems however remains a prob-
lem, and solutions besides medium engineering must be
found.®’”#¥ Meanwhile, the light-dependent promiscuity of
natural enzymes, especially EREDs was broadly explored, giving
access to novel stereoselective C—C bond formation processes
(Figure 1b)."7#*3 Directed evolution of the ERED biocatalyst
allowed to improve the enzymes quantum yield.®¥

Another way to realize new non-natural chemistry is the
combination of photo- and biocatalysts, each contributing their
strengths."® This can be done either via the direct incorpo-
ration of photocatalysts in a protein scaffold (Figure 1¢),/'®'8**-%8
or in so-called photochemo-enzymatic cascade reactions (EPC-
systems; Figure 1d).[""*%%9% A5 an example of the former case,
recently, a triplet state energy transfer PE that performs [2+ 2]

ChemPhotoChem 2023, 7, €202200325 (4 of 10)

cycloadditions was constructed by incorporation of a photo-
active non-canonical amino acid into a protein scaffold,"® a
development that raises the opportunity to transfer the vast
reaction scope of triplet sensitization chemistry to biocatalysis.
In this context, also the conjugation of photocatalysts to
protein scaffolds via covalent bonds was successfully applied."

EPC-systems often combine photocatalytic bond-forming
steps to provide a scaffold for a follow-up biocatalytic reaction
(Figure 1d)." Hyster and co-workers developed strategies via
photoexcitation for forming carbon-centered radicals from
organohalides and acetates, using flavin-dependent EREDs
(Figure 2a),®" demonstrating the ability of this enzyme family
to control the stereochemical outcome of radical reactions.®?
This approach has been further expanded to an ERED-based
photoenzymatic platform capable of harnessing nitrogen-
centered radicals for C-N bond formation (Figure 2b)."*

Although the concept of using light and photocatalysts to
harness new-to-nature chemistry from an existing and often
engineered enzyme scaffold is a rather recent development in
photobiocatalysis, we believe that it will open up a new era in
sustainable organic synthesis.6664

Next to using light for catalysis, various strategies have
been developed to efficiently light-regulate enzyme activity
using natural photoreceptors or optochemical tools, that are
promising for the application in biocatalysis. While external
stimuli, such as light, have long been known to be suitable to
change the activity of ‘switchable’ enzymes,** applying light
regulation to biocatalytic problems, such as controlling cross-
reactivities in cascade reactions®®” or selectivity® offers a new
approach for realizing complex (multistep) chemical reactions.
Applying light to enzyme regulation might even allow for
controlling the activity of each enzyme in the reaction
independently from each other, therewith further highlighting
the future potential of photobiocatalysis. Note that this
approach mimics natural light-activated enzymes, such as the
blue-light activated histidine kinases.”®

In a different approach, the energy of light is made
available for biocatalysis by whole-cell autotrophic cells,*?

(a)
o o
R RB, ERED, hv R
OAc
NADPH,
=12 cofactor recycling Jn=1-2
(b) ERED-variant, Me

RB, hv N__O

0 ~ NADPH U
Me‘N Ph __ directed Ph*
| | evolution  ERED-variant, Me
LG ~_ RB hv N.__O
NADPH Lj
Ph
Figure 2. EPC-systems using enzymes for asymmetric radical reactions.
(a) EREDs catalyzing the deacetoxylation of a-acetoxyketones by using

photoexcited RB** and (b) photoenzymatic platform enabling radical C—N
bond formations.”” RB: rose bengal; LG: leaving group.
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providing reducing equivalents in the form of NAD(P)H?" or
reduced ferredoxins,“" without the need to oxidize organic
auxiliary substrates (NPC-systems). Note that this contributes to
an enhanced atom economy, as water is the only consumed
reagent. Besides EREDs that served as proof-of-concept (Fig-
ure 19,2 the versatility of light-driven whole-cell biotrans-
formations was demonstrated on alcohol dehydrogenases,”*""
imine reductases,”? heme-independent monooxygenases!'
and cytochrome P450 monooxygenases (MOs).*" Notably, in
case the target enzyme is a monooxygenase, both products of
photosynthesis, NADPH and oxygen are utilized. Using Synecho-
cystis sp. PCC6803 as host for a Baeyer-Villiger monooxygenase
(BVMO), high activities of up to 25Ugc ' were reached
(Figure 3a).**"¥ The biocatalytic application of cytochrome
P450 MOs usually requires the provision of additional enzymes
as redox partners. Within cyanobacteria, endogenous ferredox-
ins that are linked to the photosynthetic electron transport
chain can be utilized for this task (Figure 3b).""

To circumvent the challenging genetic manipulation of
cyanobacteria, efforts to shuttle the electrons for cofactor
recycling to the extracellular space headed the development of
the coupling of formate dehydrogenase to formate-exporting
cells of the microalgae Chlamydomonas reinhardtii,”’> and, quite
recently, employing acetone/isopropanol as mediators for the
export of reducing equivalents from the cyanobacterium
Synechococcus elongatus PCC 7942 to extracellularly allocated
oxidoreductases.”®
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Figure 3. The application of cyanobacterial cells (Synechocystis sp. PCC 6803)
for the synthesis of (a) lactones and (b) 158-hydroxytestosterone.*'=4>7%
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To investigate all these opportunities of photobiocatalysis,
one crucial challenge remains. Being a comparably young
discipline, well-characterized illumination equipment or photo-
bioreactors are not broadly available”” and the community still
needs to define a good practice regarding the reporting of all
experimental data that is required for the reproduction of
photo(bio)catalytic reactions (see next sections).”s”"

3. Performing Photobiocatalytic Reactions

Photobiocatalysis needs to move beyond proof-of-concept
experiments and towards more robust scalable systems. The
particularity of photochemical reactions is that they need to be
supplied with light, preferably under well-characterized and
reproducible conditions.”” Therefore, the first consideration in
the planning of a light-dependent reaction must be the way of
delivering uniform, controlled illumination to all parts of the
reaction vessel. As light is most often provided externally,
reactors with a greater surface-to-volume ratio enable more
homogenous light-distribution and deeper light penetration.””
This can be enhanced using internal light sources (e.g., wireless
light emitters).®”®? The light source can be either sunlight or
artificial light (tungsten lamps, fluorescent lamps, lasers or light
emitting diodes — LEDs).”” Artificial light sources enable tighter
control of light intensity to tune the reactivity while avoiding
effects such as light-induced degeneration of cofactors, photo-
sensitizers or the enzyme %"

An increasing number of commercial photoreactors are
available, but they often come with high price tags or low
throughputs.® For this reason, many research groups turn to
custom solutions, however, the illumination conditions of any
reactor must be well characterized, in order to guarantee
replicability and reproducibility on other equipment. As the
number of photons at a specific location in a reactor decreases
exponentially with the distance from the light source,
photo(bio)catalytic reactions are notably difficult to scale in
batch. Application of flow technology enables uniform illumi-
nation, regardless of the reactor scale.® While the transfer of
batch protocols to flow brings its own challenges,® flow
methods are likely to find applications in photo-
biocatalysis.®**®

As for any biocatalytic transformation, thoroughly charac-
terized and tailored reaction parameters are required, including
controlled temperature, agitation, light wavelength, and inten-
sity, and both time of reaction and illumination. Classically,
reaction engineering is approached via parallel screening of the
different reaction conditions, which is enabled by photo-
reactors that can handle several reactions in parallel, e.g., at
analytical scale,® or in a 96 well-plate format.*¥

Notably, the light intensity in photobiocatalysis must be
treated differently than in traditional photochemistry where the
catalyst amount is often increased to concentrations that allow
full absorption of the supplied irradiation, i.e., not wasting any
photon. This leads to high apparent quantum yields and an
efficient utilization of the supplied light (note the difference to
quantum yield, which is independent of the supplied irradiation

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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power). In contrast, biocatalysis operates at comparably low
catalyst concentrations (usually well below 0.1 mol%). This
leads to absorption of a smaller fraction of the supplied light
and to lower apparent quantum yields (<1%). Therefore,
instead of a high catalyst concentration, often a large excess
(100-fold) of photons is applied to keep the majority of the
chromophore at the excited state, i.e, not wasting any
molecule of catalyst.

Finally, reaction temperature is also an important factor
that needs to be considered, especially as it may increase due
to the heat produced by the light source.

4. Standardized Reporting of Photobiocatalytic
Reactions

Novel fields of research, such as photobiocatalysis, are often
investigated by only a hand-full of laboratories, using their own
in-house solutions to run and investigate reactions, which often
raises replicability and reproducibility issues for other research-
ers. As the field matures to broader application, it is therefore
necessary to establish standards for reporting the technical and
chemical details of photobiocatalytic reactions. As such guide-
lines proved to be important for photocatalysis”®*”? and
biocatalysis,®™ herein we highlight the parameters that are of
special interest for photobiocatalysis (Figure 4).

Light source:
« light intensity/photon flux

4.1. Light source emission spectrum and intensity

Photons are the energy input that drive photochemical
processes, and the rate of such reactions strongly correlates
with the number of absorbed photons.”®7® For this reason, it is
essential to report the provided amount of light (photon flux),
e.g., by determining it via chemical actinometry.”® Unspecific,
not-quantifiable terms such as “blue light” should be avoided
and either the emission spectrum or at least the peak wave-
length (or mean emission wavelength) and the spectrum half
width (width of the emission spectrum at half intensity) must
be reported. Specifications from commercial providers should
be mentioned.

4.2, Absorption spectrum of the photo(bio)catalyst

Not every photon hitting the reaction solution is absorbed, and
not every absorbed photon leads to catalysis. Therefore, the
extinction coefficient, and the absorption spectrum of the
photochemically active species (e.g., enzyme-cofactor complex,
charge-transfer complex or photocatalyst) at the illumination
wavelength/spectrum must be reported.”5"!

4.3. Reactor geometry
As the light intensity in the reaction vessel decreases with an

increasing distance to the light source, the minimal information
that must be reported is the exact distance of the two.”®7% The

Photoenzyme/organism/photocatalyst:
= cultivation, production, purification

+ emission wavelength/
spectrum
+ specifications

+ sequence/strain
» absorption spectrum
+ concentration/cell density

- Reaction
conditions
Reactor /
{ Vessel
; [
@ + distanceto
2 light source
Cultivation *+ exact geometry
 agitation

+ strain, genetic background

+ cultivation system, inoculumdetails
+ illumination, aeration, agitation

+ celldensities

Reaction
output

* specific activity

= conversion, yield

p » volumetric productivity (batch or fed-batch
systems)

* space-time-yield (continuous systems)

* reaction scale
o - temperature (monitoring)
* medium, co-solvents, buffer

Figure 4. Key information required for reporting photobiocatalytic reactions.
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influence of the reaction vessels shape on the outcome of
biocatalytic reactions is well established,®” and therefore,
ideally the exact reactor geometry, as well as details regarding
stirring or shaking should be reported. Applied filters, the type
of illumination (internal or external) and specifications from
commercial providers should be mentioned.””

4.4, Agitation

In line with the requirement for details on the reaction vessel,
also information regarding the form of agitation (i.e., stirring or
shaking) must be reported. This includes the stirring/shaking
form, speed and/or shaking thrust.”’*"

4.5. Reaction temperature

Temperature is a crucial reaction parameter, especially for
enzymatic reactions, that is often overlooked.®™ Due to the fact
that the light source might also significantly heat the reaction
vessel, a careful monitoring and control of the reaction temper-
ature is important for photobiocatalytic reactions. Photobior-
eactors that are well-agitated will lead to uniform temperatures
in the reactor vessel.

4.6. Details on photoenzymes (PE)

As it should be a standard in biocatalysis, details regarding the
production (cloning, expression, purification, and character-
ization) of the enzyme must be reported.® This includes the
supplied catalysts DNA sequence, genetic construct and data-
base accession number (e.g., UniProtKB).

4.7. Details on living cells as photocatalysts (NPC-systems)

Like for any whole-cell biotransformation, the correct identi-
fication of the strains/sub-strains and their genetic background
is of uttermost importance, as well as the description of the
modules utilized for their genetic engineering.®” This should
include information about the ORFs (open reading frames; e.g.,
sequence, database accession number, source organism, IUBMB
EC number, protein tag, codon optimization) and details of the
regulatory elements used (promoter, RBS, terminator, and any
additional elements). Since genetic instability might also be an
important issue, the doubling time should be noted. The
transformation method to obtain engineered strains should be
described and stated, as well as if the modules are on a self-
replicative plasmid or integrated into the genome.***7" As for
the invitro reactions, the cultivation parameters should be
accurately described, especially including the light source,®
spectrum/wavelength, intensity and regimen,”® detailed media
composition and incubation temperatures. The bioreactor
geometry and characteristics (e.g., open or closed), stirring, and
aeration (mode of supply, flow and identity of the supplied

ChemPhotoChem 2023, 7, €202200325 (7 of 10)

gas) should be stated as well.”? For inducible systems, inducer,

inducer concentration, and induction and collection time points
should be mentioned. In addition, the pre-inoculum/inoculum
details (e.g., cell densities) are important to be reported.

4.8. Further reaction conditions

Important information on the reaction conditions of photo-
biotransformations include cell density (OD,5,, chlorophyll and/
or cell dry weight), physiological state (exponential- or sta-
tionary phase, proliferating cells, resting cells) and form (free or
immobilized) in case whole photoautotrophic cells are used, or
the catalyst concentration and form (whole cells, cell-free
extracts, purified or immobilized enzyme) in case a photo-
enzyme is applied.® Furthermore, the reaction scale (volume,
substrate and product concentration)®” and the reaction
temperature, pressure, medium and applied co-solvents®™
should be reported. Especially when working with whole-cells,
toxicity issues caused by substrates or products should be
reported together with potential side reactions, including those
arising from the native metabolism of the whole-cell
biocatalyst."?

4.9, Performance indicators

Finally, standards for performance indicators of the reaction
output are required. As a minimum, parameters such as the
specific activity of whole-cell preparations (normalized per [mg
of Chl a] or [g of CDW]), conversion and product yield must be
communicated. The volumetric productivity should be reported
for batch or fed-batch systems and space-time-yield for
continuous systems. Concentrations of starting material and
products should be measured, and the used calibration curves
should be provided.

4.10. Negative results

As we believe that photobiocatalysis will contribute to the
future of sustainable organic synthesis, it is unavoidably
important to facilitate this progress by also sharing negative
results with the photobiocatalysis community so that energy,
time, and resources are saved.

Note, that reporting data following the FAIR principles
(findable, accessible, interoperable, reusable) will allow its easy
access and efficient fully automated reuse.””

5. Outlook of Using Light in Enzymatic Systems

Each discipline of photobiocatalysis offers opportunities with a
varied degree of associated challenges. Although the number
of known natural PEs (Figure 1a) is low at the moment, the
recent discovery of a new PE-class, namely FAPs®* indicates
that there might be more to come, especially as natural light-
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dependent enzymes were not in the focus of research until
recently. Such new enzymes would again trigger an avalanche
of opportunities. In this context, the exploitation of natural and
non-natural photoactive cofactors within enzymes may provide
even more options to explore.

From a synthetic point of view, using biocatalysts is most
beneficial when outstanding stereo- and regioselectivity are
required.””¥ Asymmetric organocatalysis and metal-organo-
catalysis involved in photoreactions,”~*® either linked to an
enzyme (Figure 1¢, PE) or in a chemoenzymatic cascade (Fig-
ure 1d, EPC), may here stimulate the creation of further hybrid
catalysts, as exemplified by the incorporation of a photo-
sensitizer as a non-natural amino acid in a protein.'¥ Following
such examples, chiral as well as achiral organo- and metal-
organocatalysts can be linked to protein backbones generating
novel promising catalysts for asymmetric syntheses. Current
limitations of the quantum yield and narrow absorption spectra
of photoenzymes will be improved using antennae complexes
for light harvesting.*-'%"

The possibilities that originate from the combination of
photocatalytic reactions (natural and chemical) with further
biocatalytic steps (EPC-systems, Figure 1d) can be easily
extended far beyond what is described today. Challenges
remain when the reactivities triggered by light, e.g. the
generation of excited oxygen, interferes with other reactions in
the cascade, or light induces destruction of the applied
enzymes. Better knowledge of the mechanisms of light
dependent damaging of the enzyme will help to tackle this
issue.'*?

The coupling of natural photosynthesis to redox enzymes
(NPC-systems, Figure 1f) for cofactor recycling bears the
potential to be further improved in efficiency by engineering of
the whole-cell catalysts, e.g., by the deletion of genes encoding
for competing electron sinks.®™*¥ These findings will also
stimulate the coupling of natural photosynthesis with intra-
cellular cascades for accessing molecules of interest directly
from CO, and light."®%4

As in photochemistry in general, reactions on larger scale
need special attention. In this regard, performing photobioca-
talysis is a promising option and the current first examples will
be complemented by further applications.®**®

6. Conclusion

Photobiocatalysis started with the excitement that is inherent
to new scientific topics. Now, after a few years of studies, the
conclusion is clear: Photobiocatalysis has come to stay. While
biocatalysis and biotechnology benefit from the expanded
scope of chemical transformations that photocatalysis contrib-
utes, performing photochemistry in the active sites of enzymes
benefits from the high selectivity that is enabled by the defined
environment (shape and electronics) within the biocatalyst.'™
Today, new engineering methods and the continuously grow-
ing experience with organisms that perform photosynthesis
allow their genetic manipulation and the development of
strains that couple biocatalysis with natural photo-
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synthesis.’'¥ Modern biocatalytic and biochemical methods
such as bioconjugation,"®®” the use of non-canonical amino
acids,"®*¥ and directed evolution® contribute strongly to the
development of novel and versatile photobiocatalytic processes
and only a small fraction of the available reaction space has
been investigated yet."® The open space left is continuously
populated with an increasing number of biochemically and
synthetically useful processes. However, clear standards for the
reporting of photobiocatalytic experiments”®7°®*) and access to
well-characterized affordable illumination equipment”” are
required for a broad application of photobiocatalysis. All these
developments underline the expectation that light-dependent
enzymatic processes will become a standard tool in biocatalytic
laboratories.
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