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Towards high atom economy in whole-cell redox biocatalysis:
up-scaling light-driven cyanobacterial ene-reductions in a flat
panel photobioreactor

In recombinant cyanobacteria, efficient NADPH regeneration
via photosynthesis enables ene-reduction but faces scalability
challenges due to light limitations. A flat-panel photobioreactor
facilitates enhanced illumination even at higher cell densities
enabling the conversion of 50 mM substrate within 8 hours.
Further investigation into the sustainability of cyanobacterial
biotransformations identified cultivation as the primary target
for improvement. The bioreactor is depicted in a landscape
featuring wind turbines, trees, and the sun, emphasizing the
synergy between sustainability and photobiocatalysis.
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Towards high atom economy in whole-cell redox
biocatalysis: up-scaling light-driven cyanobacterial
ene-reductions in a flat panel photobioreactor+

Hanna C. Grimm, (& *1§% Peter Erlsbacher, (2 1% Hitesh Medipally, = §?
Lenny Malihan-Yap, (2 ® Lucija Sovic, {2/ Johannes Zohrer,? Sergey N. Kosourov,
Yagut Allahverdiyeva, ® Caroline E. Paul 2 € and Robert Kourist (&) 24

Light-driven biotransformations in recombinant cyanobacteria benefit from the atom-efficient regeneration of
reaction equivalents like NADPH from water and light by oxygenic photosynthesis. The self-shading of photo-
synthetic cells throughout the reaction volume, along with the need for extended light paths, limits adequate
light supply and significantly restricts the potential for upscaling. Here, we present a flat panel photobioreactor
(1 cm optical path length) as a scalable system to provide efficient illumination at high cell densities. The genes
of five ene-reductases from different classes were expressed in Synechocystis sp. PCC 6803. The strains were
characterised in the light-driven reduction of a set of prochiral substrates. With specific activities up to 150 U
gCDW’1 under standard conditions in small-scale reactions, the recombinant strains harbouring the ene-
reductases TSOYE C25G 67T and OYE3 showed the highest specific activities observed so far in photobio-
transformations and were selected for the up-scale in the flat panel photobioreactor in 120 mL-scale. The
strain producing OYE3 exhibited a specific activity as high as 56.1 U gcpw . The corresponding volumetric pro-
ductivity of 1 g L™ h™* compares favourably to other photosynthesis-driven processes. This setup facilitated the
conversion of 50 mM over approximately 8 hours to an isolated yield of 87%. The atom economy of 88% com-
pares favourably to the use of the sacrificial co-substrates glucose and formic acid with 49% and 78%, respect-
ively. Determination of the complete E-Factor of 203 including water reveals that the volumetric yield and
water required for cultivation are crucial for the sustainability. In summary, our results point out key factors for
the sustainability of light-driven whole-cell biotransformations, and provide a solid basis for future optimisation
and up-scale campaigns of photosynthesis-driven bioproduction.

1. Our work demonstrates that cyanobacterial photobiotransformations can substitute glucose as electron donor for redox
biocatalysis, and with very high reaction rates.

2. A process conducted in a scalable flat-panel photobioreactor shows significantly improved atom economy and a reaction
mass efficiency comparable to heterotrophic microorganisms. While the high volumetric productivity stands out, our ana-
lysis indicate the relatively low substrate concentration, the water demand of the cultivation and the electricity required for
illumination as key factors for sustainability.

3. Future work will focus on achieving higher substrate concentrations and optimizing conditions of the cultivation,
aiming to provide a solid basis for a life-cycle analysis to provide quantitative evidence of the sustainability advantages of
photosynthesis-driven redox biocatalysis.
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Introduction

Ene-reductases (ERs) catalyse the reduction of activated C=C-
double bonds under ambient conditions."”” They contain a
non-covalently bound flavin mononucleotide cofactor (FMN)
which is reduced to FMNH, in the first, reductive step of the
reaction. For this, ERs accept both nicotinamide cofactors
NADH and NADPH as hydride donor but usually with a strong
preference for the phosphorylated form.>™ In the second, oxi-
dative step, the hydride is further transferred to the Cg-atom of
the C=C bond within the substrate while FMNH, is re-oxi-
dised. The stoichiometric demand for NAD(P)H requires a re-
cycling system to make ER-catalysed reactions economically feas-
ible. The most common strategies involve a second enzymatic
step that oxidises a sacrificial co-substrate and simultaneously
reduces NAD(P)'. Co-substrates such as glucose reduce the atom
economy of a process, since only few electrons of the molecules
are dedicated for cofactor recycling.® In addition, oxidised elec-
tron donors and biomass formed from the sugars are undesired
side-products which must be separated in downstream proces-
sing requiring energy and effort.” Photosynthetic organisms like
cyanobacteria harness light for the regeneration of NADPH and
ATP. This process is initiated with light-dependent water oxi-
dation by photosystem II, and the released electrons are shuttled
via cytochrome b¢f complex towards photosystem I. This complex
facilitates the light-driven reduction of ferredoxin, which then
transfers electrons to NADP" reductase for regenerating NADPH.®
Simultaneously, ATP is regenerated by a proton motive force
established across the thylakoid membrane due to photosyn-
thetic electron transfer.’

The ability of oxygenic photosynthesis allows cyanobacteria

to provide NADPH and O, for recombinant redox
reactions.’®! So far, several oxidoreductases like imine
13-19 20,21

reductases,'> monooxygenases and dehydrogenases
have been recombinantly produced in cyanobacteria and the
activity of the strains was investigated. Among them, the light-
driven ene-reduction resulted in the highest specific activities.
In 2016, Koninger et al.®* recombinantly produced the ene-
reductase YqjM from Bacillus subtilis in the cyanobacterium
Synechocystis sp. PCC 6803 (henceforth Synechocystis) and
achieved high specific activities (>123 U gcpw *). In 2020, we
showed that the reduction of 2-methylmaleimide was limited
by NADPH availability. Detailed kinetic investigation proved
the oxidation of the cofactor as the rate limiting factor.®
p-Glucose addition during photobiotransformations resulted
in mixotrophic conditions, which increased activity due to the
regeneration of NAD(P)H by glycolytic pathways.”® All these
studies indicate that YgjM operates under its Kp for NADPH
which is further supported by a recent study reporting nano-
molar concentrations for NADPH in Synechocystis.** 1t should
be noted that in such a situation, both a higher concentration
of enzyme or an enzyme with a higher specific activity
increases the reaction rate. To identify enzymes with poten-
tially higher whole-cell activity in Synechocystis (resulting from
either better functional production or from higher activity), we
investigated a set of ERs from different classes.
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According to an analysis by Bohmer et al.,'* ERs can be
classified into six classes that show differences in the origin,
substrate scope and oligomeric state. Class I and II enzymes
occur primarily as monomers or dimers and differ mainly in
their origin and substrate preferences. For instance, class II
enzymes originate exclusively from fungi. In contrast, class III
enzymes occur in tetramers or higher oligomeric states and
tend to be more tolerant towards cosolvents and temperature.”
Classes IV-VI, however, remain less explored, with only a
limited number of members characterized to date. Sequence
alignment confirmed that members of classes IV-VI share
characteristic motifs from both class I/Il and class II1.>**> We
chose members of the three best-characterized classes (I-III)
where we expected the highest likelihood of finding a highly
active enzyme suitable for our approach. Furthermore, selected
candidates should be known for an alternative substrate prefer-
ence or otherwise for an opposite or improved selectivity. With
YqjM, we already had a good class IIl candidate at hand.*® From
class Ic, GIuER from Gluconobacter oxydans was chosen which
was well described by Richter et al. in 2011.”” This enzyme was
shown to exhibit excellent selectivity and activity on substrates
like ketoisophorone (product ee >99% (R)) and citral (product ee
>99% (S)). ERs from class II like the two well-characterised OYE2
and OYE3 from Saccharomyces cerevisiae are known to be more
active on cyclic enones.”® In general, most ERs among all classes
exhibit similar enantioselectivity and stereocomplementary pairs
are rare. For example, all selected ERs are (R)-selective when con-
verting 2-methylcyclohexenone or maleimides like 2-methyl-
maleimide and 2-methyl-N-methylmaleimide. However, OYE2
and OYE3 show a preferential reduction of E-citral to form (R)-
citronellal over Z-citral leading to (S)-citronellal, whereas GIuUER
converts both E- and Z-isomers to (S)-citronellal.>® We decided to
include the variant C25G 167T*° of the class III TSOYE
(TsOYE_2M) from Thermus scotoductus in the screening, which
was reported to have similar conversions®®*' as the wild type
enzyme. Compared to the other ene-reductases, it provides oppo-
site selectivity on 2-methylcyclohexenone (product ee = 14% (S))
and (S)-carvone (ee = 88% (2S,55)).*" Additionally, it accepts
B-substituted substrates such as 3-methylcyclohexenone, with
opposite selectivity to that of OYE2.>!

Due to NADPH limitation of the process, ensuring adequate
light supply is crucial for industrial applications. While illuminat-
ing small volumes is relatively straightforward, up-scaling of
photobioreactors for efficient light distribution poses a significant
challenge. Up-scaling of photobiotransformations in different
reactor types such as a stirred tank reactor (STR)'** and a
bubble column reactor (BCR) with internal LED-illumination®?
clearly indicated the self-shading of the cells as a crucial limit-
ation. Capillary reactors***> showed higher production rates due
to the high light penetration and the high surface area to volume
ratio. However, scaling-up needs to be accomplished by parallelis-
ing reactor setups since larger diameters diminish the effect of
efficient irradiation.®® Besides light availability, oxygen accumu-
lation can cause photodamage in closed systems and the limited
supply of CO, might present additional obstacles. Flat panel
photobioreactors (FPBR) are widely used for the cultivation of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Light-driven asymmetric alkene reductions in recombinant Synechocystis sp. PCC 6803. Ene-reductases from different classes are produced
in the cyanobacterium and the substrate scope of the strains was investigated. The best producing strains were investigated in the flat panel photo-

bioreactor and the green metrics are analysed.

photoautotrophic microorganisms.®” They can be applied with
large volumes and provide an efficient geometry for external illu-
mination, which can be easily increased in volume with a low
trade-off in light availability. This system presented itself as a
practical and scalable option for up-scale of photobiotransforma-
tions (Fig. 1). Finally, we aim to analyse the sustainability of our
process by calculating atom economies and E-factors.

Results and discussion
Fine-tuning expression by rhamnose-inducible promoter

A tight control of the protein production would be advan-
tageous for enhancing reaction speed for biotransformations
and their scale-up reactions. For this purpose, we first aimed
to use the rhamnose-inducible promoter system which was
previously characterised to produce the enhanced yellow fluo-
rescent enzyme (eYFP) in Synechocystis.>® While we were able
to replicate the production of eYFP in Synechocystis (Fig. S17),
we could not detect any activity in Synechocystis strains har-
bouring YgjM under the control of the rhamnose-promoter,
neither on the self-replicating plasmid nor after genome inte-
gration. SDS-PAGE analysis revealed that no protein was pro-
duced upon rhamnose induction while eYFP production was
clearly visible (Fig. S3t). Therefore, we focused on the well-
established strong P, promoter for further work on the ERs.

Substrate scope and activity of the strains

The light-driven reduction of C=C double bonds by Syn::
P,:YqjM belongs to the fastest reactions reported in cyanobac-

This journal is © The Royal Society of Chemistry 2025

teria to date. This makes them excellent model reactions to
investigate at which extent photosynthetic electrons can be
deviated to heterologous production processes, and to identify
and overcome limitations on the way to maximal productivity.
While YgjM is undoubtedly one of the best characterised and
most active representatives of ene-reductases, we aimed for the
demonstration that Synechocystis is a proficient platform for
different ene-reductases. Belonging to class III, YqjM differs
from other members of the family in several ways such as the
substrate scope® and the oligomeric state.>® Therefore, we
chose four more ERs from different classes and successfully
produced them in recombinant Synechocystis. We tested our
strains with a set of substrates (Fig. 2A) for their activity and
selectivity. To our delight, all strains were active and specific
activities of some strains were higher compared to previously
characterised Syn::P, YqjM (Table 1 and Fig. 2B, C). With a
few exceptions, the substrate scope met the reported substrate
spectra of the isolated enzymes, showing that transport limit-
ations are not crucial for the investigated substrates.>?>*>'°

In the reduction of cyclohexenone 1a, the highest activities
were observed in Syn::P,.YqjM and Syn::P., OYE3, while the
activity of the other strains was low. In their review, Scholtissek
et al.” compared the conversion of several substrates by puri-
fied ERs from different classes. Regarding substituted cyclo-
hexenone derivatives, authors concluded that a-substituted
2-methylcyclohexenone 2a is better accepted by ERs from class
I and II which was not the case in Synechocystis. Unexpectedly,
Syn::P.,OYE3 and Syn::P.,.YqjM belonging to class II and III,
respectively, were the enzymes with the highest whole-cell
activity. After 1 h of reaction, the enantiomeric excess values (ee)

Green Chem., 2025, 27,2907-2920 | 2909
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for 2-methylcyclohexanone 2b correspond to those reported
in the literature with 92% (R)*® and 93% (R).*° However,
the enantiopurity of the product considerably decreased over
time in all reactions. A similar racemisation of o-methyl
ketone had been previously observed for levodione in
Synechocystis.*>

The intrinsic acidity of the a-C-H bond appears to lead to
racemisation under the reaction conditions in the illuminated
cell. Furthermore, reduction of 2b to the corresponding alco-
hols by intracellular Synechocystis alcohol dehydrogenases
(ADHs) was observed. This ketoreduction becomes more pro-
nounced with the reaction time and reached up to 59% (Syn::
P.,OYE3) after 24 h. As the enantiomer (R)-2b is predomi-
nantly converted by the intracellular enzymes, reduction to the
alcohol also contributed to the observed decrease of the ee. In
contrast to other strains, Syn::P,.coTsOYE_2M was (S)-selec-
tive for the conversion of 2a. Here we observed an enantio-
enrichment, albeit leading only to moderate optical purity.
The detected 14% (S) ee after 1 h increased to 50% (S) after
24 h due to the preferred reduction of (R)-2b to the corres-
ponding alcohol. Surprisingly, conversions for 3-methyl-
cyclohexenone 3a were very low (not detectable after 1 h) with
best conversions achieved for Syn::P, TSOYE_2M (13% yield
after 24 h). Although it is known that f-substituted cyclic
enones are less well accepted by ERs and not accepted by
YgjM and TsOYE,> good conversions were reported for OYE2
(up to C = 91%),® OYE3 (up to C = 43%)*® and the TsOYE
variant (up to C = 49%)>' in vitro. No visible signs of toxicity
were observed during biotransformation and reasons for this
unexpected result remain unknown. As little is known about
the facilitated transport of hydrophobic molecules into the
autotrophic cyanobacterium, transport limitations cannot be
excluded.

The substrate 4-isopropylcyclohexenone 4a is of particular
interest as it is a potential intermediate for the synthesis of
biobased polyesters. In 2017, Quilter et al. postulated a syn-
thesis route for biodegradable polymers via 4a from abundant
B-pinene as starting material (Fig. 2D).*> Chemical synthesis
steps included the ozonolysis and isomerisation of p-pinene
followed by the rhodium-mediated hydrogenation of 4a to
4-isopropylcyclohexanone 4b. Subsequently, Baeyer-Villiger
oxidation® of 4b yields the corresponding lactone to produce
4-isopropyl-e-caprolactone as monomer of biodegradable poly-
esters.’” We envisioned to replace the rhodium-mediated
hydrogenation by more sustainable light-driven bioreduction.
To our knowledge 4a was never investigated as a substrate for
ERs before and we were pleased to see that it was well accepted
by our strains. Syn::P., OYE3 completely reduced 10 mM 4a
within 1 h and the high activity of 107 U gcpw ' underlines
the efficiency of the reaction. In fact, this is the first time we
have observed such high cyanobacterial whole-cell activity for a
substrate other than maleimides. Furthermore, reduction of
4b to the corresponding alcohols cis- and trans-4-isopropyl-
cyclohexanol 4c¢ was negligible.

Our results confirm the high activity and selectivity of ERs
from all classes on maleimides like 2-methylmaleimide 5a and

2910 | Green Chem., 2025, 27, 2907-2920
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2-methyl-N-methylmaleimide 6a. Although initial rates with
Syn::P.,OYE2 and Syn:P. GIuER were considerably lower
compared to the other strains, both fully converted 5a and 6a
within 24 h.

The strains Syn::P., /OYE3 and Syn::P.coTsOYE_2M were
even more active on 5a and 6a compared to Syn:P. YQjM.
While the class I and class III enzymes showed excellent
selectivity for 5a, ee values were moderate for the investigated
class II enzymes.

Beside standard substrates for asymmetric alkene
reductions, we were interested in integrating substrates with
potential industrial relevance to our screening. Citral 7a is the
first acyclic ketone investigated in our set-up and one of the
products, (R)-citronellal (R)-7b, is a precursor to produce the
fragrance (-)-menthol.*? In particular, OYE2 exhibits the
desired selectivity and was recently applied in a cascade reac-
tion to produce (R)-7b.?° Unfortunately, light-driven reduction
of 7a was unsuccessful and could not be quantified reliably.
Obtained yields for all strains were low with Syn:P., OYE3
reaching best concentrations of 0.6 mM 7b after 1 h.
Discolouration of the cells from green to blue after 24 h of
incubation indicated toxicity of 7a as the apparent reason
(Fig. S5t). Furthermore, loss of substrate and products due to
their volatility and the appearance of side-products rendered
this substrate unsuitable for light-driven biotransformations
in Synechocystis.

For the other substrates, the remarkably high activity of
Syn::P., OYE3 can be explained by the high concentration of
OYE3 inside the cell. Western Blot analysis (Fig. S21) clearly
show highest protein levels of the soluble ERs compared to the
other strains under the same cultivation conditions. In con-
trast, the concentration of GIuER seemed significantly lower as
the band only appeared faintly. This could explain the moder-
ate activity of Syn::P.,GIuER.

It should be noted that the mass balances after 24 h do
not match the initial substrate concentration for reactions
with 2a, 4a, 5a and 7a (Fig. 2E and Fig. S6-5S10t). This was
either attributed to evaporation of compounds during
sampling (in case of 2a and 7a) or to an unknown depletion of
the product (in case of 5b). The latter can be circumvented by
stopping the reaction when full conversion is reached.
Concentration of 4b remains stable over time and both evapor-
ation and metabolisation by the cell were excluded (Fig. S127).
The reason for the 32% loss of compounds in the mass
balance remains elusive.

Up-scale of the photobiotransformation in a flat panel
photobioreactor

Adequate light availability is a main challenge for the up-
scaling of light-driven biotransformations. The absorption of
light by the cells creates a gradual decay of illumination in the
reaction vessel in the direction opposite to the light source,
also known as the self-shading effect.*® As cell densities and
the diameter of the reaction vessel increase, light penetration
decreases, causing only cells near the irradiation source to
receive adequate light.”> Under high cell density, especially in

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Substrate screening with Synechocystis harbouring different ene-reductases. (A) Reaction equations showing all possible products including
side product of the interfering ketoreduction. (B) Specific activity and (C) product formation after 1 h. 7a was excluded from both graphs because no

activity could be calculated, and no product was detected for any of the strains after 1 h. (D) Chemical reduction

40,

41

and our proposed biocatalytic

route to reduce 4a into the ketone 4b and (E) reaction progress for the conversion of 4a by Syn::P.,.OYE3. Reaction conditions for all biotransform-

ations: ¢(S) = 10 mM, cell density = 2.4 gcpw L2

cal replicates.
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the reaction volumes with a longer optical path, self-shading
leads to the formation of dark regions within the reactor and
therefore reduces the efficiency of the reaction.’* Thus far,
reactions catalysed by Syn::P.,.YqjM have been investigated in
three different reactor set ups. The bubble column reactor
(BCR) uses wireless light emitters for internal illumination.*
The highest specific activity achieved for the BCR was reported
with 65.5 U gcpw * at 1.2 gcpw L', However, with an increase
in cell density, the self-shading effects becomes prevalent, and
the specific activity decreases to approximately 33 U gcpw © at
2.4 gcpw L1 (Table 2). In comparison, the coil reactor seems
to be the best system regarding efficiency, since the 2 mm
inner diameter of the pipes allows optimal external illumina-
tion. Indeed, the cell density within the coil reactor could be
increased to 4.8 gcpw L™ without substantial loss of specific
activity.>® However, with an active illuminated volume of
<5 mL, the scale-up of the coil reactor needs to be performed
by parallelizing reactor set-ups (numbering-up) to prevent
oxygen accumulation and pH gradients.*>*® Another reactor
concept in the form of the illuminated stirred tank reactor
(STR) is unfavourable for photobiotransformations since the
high diameter of the reaction vessel limits the light availability
inside the tank. Consequently, the applied cell density on a
larger scale is restricted which results in low volumetric pro-
ductivities.*® Nevertheless, the STR was successfully used for
several oxyfunctionalisations'®®?? with product yields up to
the gram-scale. Limitations such as substrate toxicity or inhi-
bition were alleviated by utilizing a two-phase system'® to
extract the product or via substrate feeding.>>3>*

Recently, Tillinghoff et al.®>* produced 23.5 mM 6-hydroxy-
hexanoic acid within 48 h in a two-step cascade. While
3.7 Z6_ma Ecow | remains an impressive result for an oxyfunc-
tionalisation reaction, the low volumetric productivity of the
reaction indicated a strong self-shading effect in the employed
stirred-tank reactor. Hence, we designed a flat panel photo-
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bioreactor (FPBR) to achieve efficient light distribution with air
mixing. The designed template was 3D printed as a whole unit
using a transparent biocompatible photocurable resin
(Fig. 3A). The FPBR offers a compromise between a reduced
optical path (1 cm) as seen in the coil reactor and the reactor
volume of an STR or a cylindrical BCR. Due to its low thickness
and high-surface-to-volume ratio of 310 m> m™>, it enables
more effective lighting even with external illumination.

In small-scale photobiotransformation reactions, both Syn::
P, OYE3 and Syn::P;, TSOYE_2M have shown higher activity
for the conversion of maleimides 5a and 6a than the well-
characterised Syn::P.,-YqjM. Therefore, we decided to investi-
gate the reduction of 5a by all three strains in the FPBR with
two different operating cell densities (2.4 gcpw L' and
3.6 gepw L71). With up to 56.1 U gepw ', Syn::P,, OYE3 was
most active but closely followed by Syn::P., TSOYE_2M and
Syn::P.,.YqjM (Table 2). This confirms the trend observed for
small scale reactions. High yields up to >99% after 1 h for reac-
tions with 3.6 gepw L™ (Fig. 3B) and initial rates of 6.6 to
9.0 mM h™* further proved the efficiency of biotransformation
in the FPBR. Furthermore, STY close to 1 g L' h™' were
achieved for multiple strains and cell densities. This surpasses
values reported for the BCR by threefold and, to the best of
our knowledge, represents the highest STY for light-driven bio-
transformation to date for volumes exceeding 100 mL. To
further support the feasibility of our reactor system, we chose
to increase concentration of 5a to 50 mM. To mitigate the toxic
effects of 5a,” we adopted a fed-batch strategy, wherein 10 mM
of 5a were added every hour until reaching a total of 50 mM
(Fig. 3C). We opted for the setup that demonstrated the
highest performance, as determined by the rate of product for-
mation (Syn::P., OYE3, 3.6 gcpw L).

After 8 h, 52.8 mM 5b was produced with 0.6 mM of 5a left
as determined by GC-analysis. At the 21 hour mark, the reac-
tion was terminated and subjected to product isolation. The

Table 2 Upscaling of the light-driven reduction of 10 mM 5a. Data obtained from the novel flat panel reactor are compared to data in literature for
the bubble column reactor (BCR), the continuous stirred tank reactor (CSTR) and the coil reactor

Volume Cell density P [%] Initial Agpec STY
Reactor  Strain T[°C]  [mL] [gcow L] 1h rate’ mMh™]  [Ugepw '] [gL7'h™']  Ref.
FPBR Syn::P;, OYE3 RT 120 2.4 89.3 8.1 56.1 0.9 This study
3.6 >99.9 9.0 41.9 0.9
Syn::PCchqu 2.4 73.9 6.6 46.2 0.7
3.6 95.4 8.4 38.8 1.0
Syn::P;, TsSOYE_2M 2.4 87.0 7.4 51.1 0.9
3.6 89.4 7.3 33.6 0.9
BCR Syn::PCpCYq_]'M 30 200 2.4 ~42b 3.7 32.5 0.3 33
CSTR Syn::P, YQiM RT 4.7° 3.6 ~80” 6.0 28.5 4.1 34
Coil Syn::PCpCYqu 30 4.74 3.6 >99.9 21.6 99.8 14.4 34
25 3.6 >99.9 13 60.7 8.5
25 4.8 >99.9  16° 58.7 n.d.

“4illuminated, active volume. Total volume of the reactions was 15 mL and not illuminated volume stayed in a reservoir [b] values were estimated
based on graphs in the respective publications.  based on product formation, T = temperature, P = product formation, Agpec. = specific activity,

STY = space time yield, n.c. = not calculated, RT = room temperature.
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Fig. 3 Photobiotransformations in the flat panel photobioreactor (FPBR). (A) Set-up of the reactor; (B) conversion of 10 mM 5a and formation of 5b
in the FPBR by three different Synechocystis strains harbouring recombinant ene-reductases YqjM, OYE3 or TsOYE_2M; (C) conversion of 5a and for-
mation of 5b in the FPBR for the fed-batch reaction (50 mM) with an obtained yield 591.0 mg (inset) with three technical replicates and (D) light-
driven ene-reduction of 5a in recombinant cyanobacteria with associated sustainability metrics. Reaction conditions: cell concentration = 3.6 gcpw
L™, 300 MMOlghotons m~2 5! (Roleandro, HY-MD-D169-5-75W-RB LED panel), V = 120 mL, results include data of three technical replicates.

successful conversion of 50 mM resulted in 591.0 mg 5b for-
mation and a specific isolated yield of 87% after organic phase
extraction. With our reactor system, we report product concen-
tration of 4.9 ¢ L™ within 8 hours. The purity of the product
was confirmed by "H NMR (Fig. S141). Scaling-up practices for
pilot or industry scale FPBRs include increasing the height
and width of the FPBR.>” Extending the depth and thus the
light path need to be carefully weighed with deployed cell con-
centration. While we could show that molar productivities
increase accordingly with rising cell density, the efficiency,
denoted by specific activity, tends to decline as cell densities
increase. Thus, self-shading effects may still be a limiting
factor for exploiting the full potential of the FPBR.

2914 | Green Chem., 2025, 27, 2907-2920

Sustainability metrics of photobiotransformations

The sustainability of whole-cell photobiotransformations is fre-
quently highlighted, as photoautotrophic organisms require
minimal resources for growth, fix carbon dioxide, and produce
oxygen. Furthermore, photosynthesis can be used to efficiently
recycle cofactors for redox reactions as presented in this study
and others.">**?? By utilizing water as the electron donor, the
need for sacrificial cosubstrates is eliminated which improves
the atom economy and facilitates down streaming processes.
However, examples that quantify these advantages using com-
parable metrics are rare. Therefore, we decided to evaluate the
sustainability of our reaction set-up to set a benchmark value

This journal is © The Royal Society of Chemistry 2025
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for future biocatalytic processes. In particular, we here con-
sider the conversion of 5a in the FPBR which yielded 591 mg
(87%) isolated product with high purity. In the following, we
discuss three key metrics to categorise the sustainability of our
process.

The atom economy addresses the overall efficiency of a
chemical reaction by evaluating the proportion of reactants
that are incorporated into the desired product.”” An advantage
of whole-cell biotransformations is the capability of the host
organism to regenerate cofactors in situ eliminating the need
for expensive and stoichiometric addition of cofactors.”® In
contrast, cofactor recycling in heterotrophic hosts is usually
driven by the use of sacrificial co-substrates like glucose or
formate.*® This potentially reduces the atom economy of the
process, as only part of the electrons stored in the molecule
are used for NADPH recycling.® Accordingly, we calculated
atom economies reaching 49% for ene-reductions in hetero-
trophic hosts using glucose as co-substrate.’®>' The precise
measure to which electrons from glucose are directed towards
the biotransformation in whole-cell bioprocesses remains
unknown. In growing cells, it is assumed that approximately
12% of glucose is channelled through the oxidative pentose
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phosphate pathway in E. coli regenerating two NADPH per
glucose molecule.’® Furthermore, other enzymes from the tri-
carboxylic acid cycle, glycolysis and outside the central carbon
metabolism contribute to NADPH recycling. Additionally, most
ene-reductases promiscuously also accept NADH that stems
from various glycolytic pathways.> In practice, an excess
amount of glucose is typically supplied to compensate for
metabolic losses.

Another route to regenerate cofactors is to use a two-
enzyme system for whole-cell ene-reductions, e.g., employing
formate dehydrogenase.”*® The low molecular weight of
formate generally improves the atom economy reaching up to
78%.>>° While this shows a substantial improvement of atom
economies, use of water as an electron donor is even more
favourable (Fig. 4). Water splitting to generate electrons is
enabled by employing photosynthetic Synechocystis as hosts for
biotransformations.®'® Since water is abundant in the
medium, it eliminates the need for sacrificial substrates com-
pletely. As described previously, the reaction of 2-methyl-
maleimide to 2-methylsuccinimide offers an excellent atom
economy of 88%>> and the atom economies for the very
similar substrates 1a-6a range from 86%-90%. Interestingly,

This work
Synechocystis
H H
O N Y
P N
=
NADPH/H* NADP*
2H + 1,0, H,0 + hv gﬁés;é’o/
' : b
Photosynthesis E-Factor: 203
Mahler et al.
E. coli
1eq->\u-»<:\>— %%»1eq.>\m-Q—-
O NADHH* NAD* o
[¢]
AE: 78 %
1.5eq. CO 1.5 eq.
? a HJJ\O. RME™: 70 %
E-Factor®: ~26
Szczepariska et al.
E. coli
Teq (1 7ERT 1 (l
- eq.
NN N 5 NN N g fo)
NAD(P)H/H* NAD(P)* HO
Metabolism 1.9eq. HO o
HO OH AE:49 %
OH RME™: 34 %

Fig. 4 Comparison of common NADPH recycling methods using recombinant E. coli versus photosynthesis-based NADPH regeneration. Formate
dehydrogenase (FDH) based recycling system is represented by Mahler et al.>® whereas Szczepariska et al.>! shows a reaction with a glucose driven
regeneration system. Furthermore, the reaction mass efficiency (RME), atom economy (AE) and E-factor are shown. For the studies where no
product was isolated, the measured product concentration was used (RME™). In addition, we calculated the E-factor for the Mahler et al.>° reaction
(E-factor®) according to the information from their paper. For Szczepanska et al.>* no E-factor was calculated due to the possible contortion of
using a low volume (1 mL). Photosynthetic NADPH regeneration offers the highest atom economy, eliminates the need for sacrificial co-substrates
and produces O,.
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the light-driven enzymatic Baeyer-Villiger oxidation of cyclo-
hexanone as reported previously'*'®”” reaches an AE of 98%,
under the assumption that photosynthetically produced
oxygen is incorporated into the product.

Compared to atom economies, the Reaction Mass Efficiency
(RME) provides a more comprehensive assessment by account-
ing for both the stoichiometric balance and the actual yield of
the reaction.® Constable et al>® calculated RMEs for 28
different chemistries ranging from 83% for acid salt chemistry
to 27% for N-dealkylations. With an RME of 76%, our process
is among the most efficient reactions and has a slightly higher
RME compared to chemical hydrogenations (RME = 74%).%°
However, it is important to note that these hydrogenation reac-
tions typically require the use of heavy metals, which pose sig-
nificant environmental concerns, whereas enzymatic trans-
formations offer potent tools for producing compounds with
excellent stereoselectivity.®®®" We were unable to find RME
values for other whole-cell reductions in literature. Since many
studies do not focus on product isolation, we calculated the
RMEs of comparable studies®™®>® using the measured
product (RME™) (Fig. 4). In a noteworthy study, Rapp et al.>®
optimised the bioreduction of o-chloroacetophenone by using
recombinant E. coli and cyclodextrins to enhance solubility of
the substrate. We calculated an RME™ of 77% for the reaction,
slightly outperforming our reaction. However, due to unopti-
mised extraction, the actual RME of the same study dropped to
65% after product isolation. In contrast, a substantially lower
RME™ of 34% was calculated for the glucose-driven whole-cell
reduction of massoia lactone described by Szczepanska et al.
(Fig. 4).>

The E-factor, in contrast, quantifies the efficiency of a
process by comparing the mass of waste generated to the
actual mass of the product obtained.®” Thus, a process with
zero waste produced will have an E-factor of 0. Since E-factors
are additive, they can be calculated for each individual step,
facilitating the identification of primary waste contributors.®>
In industrial processes, an E-factor up to 5 is considered accep-
table for bulk chemicals, up to 20 for fine chemicals, and up
to 100 for high-value products and pharmaceuticals.®*

We were able to obtain an E-factor of 203 for our fed-batch
experiment which is, to the best of our knowledge, the first
complete E-factor reported for cyanobacterial photobiotrans-
formations (Table 3). Since the volumetric productivities of
heterologous ene-reductions in Synechocystis are among the
highest observed in cyanobacterial production, we believe, that
our E-factor sets a benchmark value for evaluating the sustain-

Table 3 E-factors for the 50 mM fed-batch experiment

SEF* E-Factor E'-Factor” CO,° (%)
Cultivation 4.3 1521 9342 84
Biotransformation 1.3 203 724 72
Total 5.6 1724 10 066 83

@ Exclusion of water. ?Inclusion of electricity usage as 242 gco, kW
h™'.%% ¢ percentage of CO, measured from the total E*-factor.

2916 | Green Chem., 2025, 27, 2907-2920
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ability of cyanobacteria as production platforms in future.
Furthermore, it shows clear directions on how to improve the
sustainability of such systems.

Strategies to improve the E-factor include reducing the
applied water amount which accounts for a major part of
waste formed. It should be noted, however, that the potential
impact on global warming associated to waste disposal can
differ considerably. In the best case, wastewater can be treated
under mild conditions in a treatment plant. However, in many
chemical processes, pre-treatment or even burning of waste-
water is necessary to prevent the release of hazardous chemi-
cals into the environment.®® In any case, the impact of waste-
water on the E-factor should not be neglected.” This is under-
lined by the simple E-factor (sEF) which excludes water and
solvents from the calculation. The comparison of the sEF of
our reaction (1.3) with the complete E-factor (203) shows the
potential room for improvement (Table 3). In future, the re-use
of immobilised cells®**>°® could reduce the amount of water
required for the cultivation considerably.

As indicated by the comparison between the E-factor and
the sEF, media components and cell weight contribute only
minimally to the overall composition of the E-factor (Table 3).

From the 3.3 g waste produced (excluding water), 0.43 g was
contributed by cells that grew autotrophically from using water
and atmospheric CO,. Therefore, only marginal improvements
can be attained by reducing the cell quantity, as the proportion
of non-water waste remains below 0.3%. Thus, the E-factor of
the coil reactor®® or the bubble column reactor®® differs negli-
gibly from the FPBR if it is adjusted for employed substrate
concentration with E-factors of 232 and 231, respectively. More
impactful improvements can be realised by increasing the rela-
tively low substrate concentration of 50 mM. For an E-factor of
20, the substrate concentration would need to be increased
about 10-fold (500 mM), and for 5 about 40-fold (2 M). Since
toxic effects of high substrate concentrations are often
observed for whole-cell biotransformations and particularly for
cyanobacteria®'*®” and in the current study (Fig. S51), reac-
tions would need to be performed as a fed-batch approach or
by using immobilised cells in a continuous system.

The positive impact of higher volumetric yields can be
clearly seen in a recent study of Mihler et al.>® where they used
a formate dehydrogenase system to regenerate the cofactor for
the reduction of 300 mM (R)-carvone in 0.7 L scale using
whole-cell E. coli harbouring an ene-reductase from Nostoc sp.
Albeit having a lower atom economy of 70%, they obtained an
E-factor of 26 which is 10 times lower than our cyanobacterial
process.

Nevertheless, we note that the rate of 616 mg h™' L
obtained in our process compares very favourably to the
65-226 mg h™" L™ that were obtained in photobiotransforma-
tions in other photobioreactors,'®**=*%® and to the
0.06-16 mg h™" L™ that were obtained in photoproduction
processes in cyanobacteria.®®””

Finally, we propose that power consumption should be con-
sidered an important metric for assessing the environmental
sustainability of processes in light-driven biotransformations.

-1
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In 2019, Tieves et al. proposed an addition to the traditional
E-factor in the form of the E'-factor which includes the electri-
city usage by converting power into CO, equivalents.”®
Currently in Europe, the production of one kW h electricity
generates an average of 242 g CO,.%® Thus, E™-factor values are
significantly higher than E-factors, primarily due to the sub-
stantial mass of CO, generated during electricity production.
We report an E'-factor of 724 for the biotransformation and an
E'factor of 10066 when cultivation is included. We were
unable to find further E'-factor values for biocatalytic redox
transformations in the literature except for a very insightful
study published by Tieves et al,”® where an E'-factor of
approximately 100 000 for the lab-scale production of unspeci-
fic peroxygenases (UPO) was reported. Similar E*-factor values
were also calculated to produce a formate oxidase in 10 r-scale
using Pichia pastoris.”®

For cyanobacterial production processes, constant illumina-
tion during biotransformations is a major source of energy
consumption. Indeed, in our fed-batch process, 8 hours of illu-
mination at 300 pmolyheons M > 8~ accounted for 94% of the
total electricity consumption during the biotransformation
(Table S51). Tullinghoff et al. (2023) recently reported the
gram-scale synthesis of lactones using an illumination of
700 pmolyhorons M~ s~ in the span of 2 days for photobio-
transformation.®” Similarly, Miao et al. reported photoproduc-
tion of 435 mg L™" isobutanol over 40 days with a light inten-
sity of 50 pmol,potons M~ > s~ . These examples illustrate that
cyanobacterial production processes often require high light
intensities or extended periods of irradiation. Therefore, we
conclude that the length and the intensity of electrical illumi-
nation are substantial factors for the sustainability of any cya-
nobacterial production process.

However, the biotransformation itself is only responsible
for 7% of the E'-factor (Table 3). The main contributor thereof
is the cultivation of Synechocystis. The growth of Synechocystis
tends to be slow and is highly dependent on the cultivation
setup (here g = 0.70 + 0.13 d™"). Our current setup in aerated
glass tubes is clearly not optimised for minimal electricity con-
sumption; therefore, we see significant potential for the up-
scaling of the cultivation conditions towards more efficient flat
panel systems which is expected to reduce electricity usage by
lowering the light intensity or omitting the use of the thermo-
stat. This needs to be carefully balanced with presumably
elongated cultivation time. On a larger scale, sunlight may in
principle substitute the need for illumination during the day.
However, this renders the process susceptible to weather fluc-
tuations and seasonal changes which in turn hinders the
overall growth rate. Recently, several fast-growing and salt-tol-
erant cyanobacterial strains have been isolated”® and present
themselves as a possible solution for this problem.

Conclusion

Light-driven biotransformations in cyanobacteria have the
potential to greatly improve the atom economy of redox bioca-

This journal is © The Royal Society of Chemistry 2025
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talysis. Here, we demonstrate the intensification of a photobio-
transformation by enzyme screening, enzyme production in
cyanobacteria and up-scale in a flat-panel photobioreactor.
OYE3 from class II turned out to be best produced in
Synechocystis and the recombinant strain was most active
reaching up to 155 U gcpw - in small scale. The substrate
2-methylmaleimide was successfully converted in a 120 mL
batch with observed activities up to 56 U gcpw '. The
efficiency was highlighted by converting 50 mM of 2-methyl-
maleimide with an isolated yield of 87%_ This marks a success-
ful process with an atom economy of 88%. An analysis of E'-
factor and atom economy led to the identification of crucial
factors for the sustainability of this reaction. The substrate
concentrations should be increased substantially to facilitate
down-stream processing and reduce formation of aqueous
waste. This will also require solutions to circumvent toxic
effects of substrates and products, a common problem in
whole-cell processes in general. Energy consumption for the
illumination of the reaction calls for short reaction times -
even in a cyanobacterial process as short as 8 h as CO, for-
mation associated to illumination was substantial. Finally, for-
mation of aqueous waste and illumination during the cultiva-
tion are important factors. We believe that the sustainability
analysis reported here will set a benchmark for assessing the
sustainability of cyanobacterial photobiotransformations and
highlights challenges that must be overcome in order to
exploit the exceptionally high atom efficiency of the approach.

Experimental
Chemicals and reagents

All chemicals were purchased with the highest available purity
from Carl-Roth GmbH (Karlsruhe, Germany), Merck
(Darmstadt, Germany) or Thermo Fisher Scientific (Waltham,
U.S.), unless otherwise stated. 2-Methylmaleimide was syn-
thesised as described in previous studies.*”

Plasmid and strain construction

All integrative vectors were cloned using FastCloning.*® The
respective templates and primers are listed in Tables S1 and
Table S2.1 The codon-optimised gene for variant TSOYE C25G
167 T (TsOYE_2 M) was ordered at Integrated DNA
Technologies. All genes for ERs contain an N-terminal His-tag.
They were set under control of the promoter P, and inte-
grated into the genome locus sir0168 by homologous recombi-
nation. Verification of gene integrations were performed by
gDNA isolation (High Pure PCR Template Preparation Kit,
Roche) and subsequent segregation check via PCR.
Furthermore, Western Blot analysis confirmed the presence of
the recombinant ene-reductases (Fig. S2t). The used primers
are listed in Table S2.7 The integration of the gene for wildtype
TsOYE into the genome of Synechocystis was not successful
even after several attempts.

The plasmid pSHDY_P,,mVenus for rhamnose-inducible
expression was designed as previously described®® and ordered
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from Addgene. The gene of the fluorescent protein was exchanged
to ygjm using Gibson cloning. Transformation of Synechocystis sp.
PCC 6803 with integrative and replicative plasmids was performed
as described in previous studies.>"*"®

Cultivation of cyanobacterial strains

Synechocystis sp. PCC 6803 wild type and recombinant strains
harbouring genes for the ene-reductases were -cultivated
Erlenmeyer flasks (300 mL) in BG11 or on BG11 agar plates
under constant white light (20-60 pmOlypoons M~ s~1) at
30 °C, 50% humidity and no additional CO, supply. BG11 for
most recombinant strains was supplemented with 50 pg mL™"
kanamycin. Only BG11 for strains harbouring the rhamnose-
inducible promoter system was complemented with 40 pg
mL ™" spectinomycin. Induction of this system was performed
with rhamnose (10 mM) at OD55, = 0.5. Cells for reactions in
the FPBR were cultivated in an aquarium as previously
reported.>® For long time storage, cells were frozen in BG11
with 10% glycerol at —80 °C.

Light-driven biotransformations

Light-driven biotransformations were performed as described
previously.'? Cells were harvested at an optical density (OD)
at 750 nm of 1.0-2.0 and concentrated to the final cell density
(OD550 = 10), 2.4 gcpw L' as determined previously.” Under
standard conditions, reactions (Vo = 1 mL, 30 °C, 130 rpm)
were performed in glass vials (4 mL) under continuous light
(150 pmOlyhotons M~ > s~ ) in a self-built photobioreactor.®' The
reactions were initiated by the addition of substrate (10 mM).
Reactions with substrates 7a and 4a contained 2% (v/v) DMSO.
Cell dry weight (CDW) and chlorophyll a (chl a) content were
determined as described previously.” Samples (100 pL) were
taken after defined time points and the reactions were
quenched with liquid nitrogen.

Flat panel photobioreactor

The FPBR with 142 ml working volume and 18 mL headspace
was 3D printed using the home-made template with 1 cm
optical path, 16 cm height, and 10 cm width to form the
working volume and headspace. The bottom part of the FPBR
was designed for efficient two-side airlift mixing within the
culture volume. The FPBR was fabricated of a transparent bio-
compatible photocurable polymer resin (BioMed Clear,
Formlabs). A BOYU air-pump (S-4000B) was used for bubbling
with an air flow rate of 0.5 L min~'. Red-blue light was pro-
vided by LED growth panels (Roleandro, HY-MD-D169-
S-75W-RB) that were covered by parchment paper to reduce
light intensity. The light intensity of 300 pmol,petons M~ s~'in
the reaction was measured by submerging the LI-COR photo-
meter (LI-250A) probe in water filled FPBR and adjusted by
altering the distance of the lights to the reactor. Reactions
(120 mL) were performed in BG11 with Synechocystis cells con-
centrated to the desired OD-s5, and initiated by the addition of
substrates (10 mM). The reaction suspension was mixed in the
dark for 1 minute, before the lights were switched on and the
first sample (¢ = 0 h) was taken.
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GC-FID analysis

Reactions with substrates 1a-4a and 7a were extracted with di-
chloromethane (300 pL) and reactions with substrates 5a and
6a were extracted with ethyl acetate (300 pL). n-Decanol or
dodecane (2 mM) were used as internal standards (IST).
Samples were centrifuged and the organic phase was dried
with anhydrous MgSO, before analysed via gas chromato-
graphy with flame ionisation detector (GC-FID). Unless other-
wise specified, the sample (1 uL) was injected (T = 230 °C, split
ratio = 20, purge flow = 3 mL min~") and nitrogen was used as
carrier gas. Detection was carried out at 320 °C with a
sampling time of 40 ms and flow rates of 40 mL min™" and
400 mL min™' for H, and synthetic air, respectively.
Information about the used columns (Table S61) and methods
as well as reference chromatograms are listed in the ESI.

Organic phase extraction for preparative-scale FPBR

The cell suspension was centrifuged (3250g, 15 min) and the
supernatant was carefully decanted from the cell pellet. A sep-
arating funnel was filled with 1.3 times the volume of ethyl
acetate compared to the reaction suspension (160 mL). The
separating funnel was vigorously shaken to allow for the parti-
tioning of the organic compounds into the ethyl acetate phase.
The extraction process was repeated three more times and sub-
sequently, the organic phase was dried with anhydrous
MgSO,. After filtering, the organic phase was transferred to a
round bottom flask and vaporised by rotary evaporation under
vacuum. To aid in the drying process, a few millilitres of di-
chloromethane were added to the flask. The evaporation
process was repeated until the product was sufficiently dry.

Electricity usage for E*-factor calculations

Electricity was measured by BEARWARE Power Meter (Model:
302717) taking the average electricity power usage after a 24 h
measurement.
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