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Light-driven biotransformations in recombinant cyanobacteria have been explored in recent years for the production of

chiral compounds and platform chemicals. In particular, cyanobacteria harboring oxidoreductases proved to be sustain-

able hosts providing and recycling reducing equivalents and improving the atom economy of the reactions. However, the

provision of light in photobioreactors is considered to be the major bottleneck for up-scaling. In this review, genetic tools

for generating recombinant cyanobacterial strains and up to date cyanobacterial biotransformations including redesigning

of the photosynthetic electron transport chain to increase specific activities are presented. Finally, several photobioreactor

geometries to circumvent the light limitation are discussed and some future perspectives are presented.
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1 Introduction

In the last decade, the interdisciplinary field of photobioca-
talysis received considerable attention because of the attrac-
tive possibility to use light as energy source for biochemical
transformations. Different approaches are presented in lit-
erature: (1) the application of photoenzymes, (2) enzyme-
photocatalyst-coupled systems (EPCS), and (3) light-driven
biotransformation (Fig. 1) [1,2]. Photoenzymes are photo-
biocatalysts in the true sense of the word as they employ
light-dependent mechanisms. While they offer highly inter-
esting reactions, only three photoenzymes have been dis-
covered so far: (1) photolyases [3], (2) light-dependent pro-
tochlorophyllide reductases (LPORs) [4], and (3) fatty acid
photodecarboxylases (FAP) [5-7]. EPCS combine chemical
photocatalysts with enzymes. The diverse reactivities of
photocatalysts and the often outstanding selectivity of
enzymes give rise to highly interesting one-pot multistep
reactions. [8] EPCS are also often considered for the
recycling of redox cofactors, where photosensitizer directly
or indirectly provides photoexcited electrons for enzymatic
redox reaction and resulting electron holes in the valence
band are filled by sacrificial electron donor molecules such
as organic compounds with tertiary amine functionality.
[1,8] The current state of the art in the application of
photoenzymes and EPCS is summarized in several excellent
reviews. [1,2,8,9]

Light-driven biotransformation uses phototrophic orga-
nisms like microalgae [10,11] or cyanobacteria as host for
enzymatic reactions. Required reduction equivalents, such
as nicotinamide adenine dinucleotide phosphate (NADPH)
or reduced ferredoxin (Fd), are regenerated via oxygenic
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photosynthesis, which presents an atom-efficient cofactor
recycling system that does not require the addition of sacri-
ficial co-substrates. Fig.2 shows the representative photo-
synthetic machinery found in the thylakoid membrane.
During photosynthesis, light is absorbed in photosystem II
(PSII), which induces the water splitting reaction, and the
released electrons are transported across the thylakoid
membrane to regenerate the reaction equivalents. During
electron transport, protons are pumped to the luminal side
of the thylakoid membrane generating an electrochemical
gradient that drives adenosine triphosphate (ATP) produc-
tion. NADPH and ATP are required for downstream meta-
bolic processes such as the Calvin-Benson-Bassam (CBB)
cycle that fixes carbon dioxide. Reduced Fd is a central hub
for the distribution of electrons to different pathways and
electron sinks [12]. Especially cyanobacteria have emerged
as promising whole-cell biocatalysts owing to their fivefold
higher photosynthetic activity as compared to terrestrial
plants, their faster growth rate, and their inedible nature
which does not compete for food resources [13-15]. More-
over, cyanobacteria are more amenable to genetic modifica-
tion than algae.

Wild-type cyanobacteria have been investigated for clas-
sical whole-cell biotransformations over the last four
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classes were successfully employed in photo-
biotransformations. This review provides a short
overview on methodological aspects of photo-
biotransformations and then focuses on the
progress in the last few years on the increase of
the productivity by metabolic engineering and
alternative reaction systems for biotransfor-
mations. Other approaches such as production
of biofuels from carbon dioxide (see reviews
[95-97]) in metabolically engineered cyanobac-
teria expand the scope of this review and are not
further discussed.
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2 Methodology

Unicellular strains like Synechocystis and Syne-
chococcus elongatus PCC 7942 (from now on
S. elongatus) were intensively studied as host for
biotransformations in wild-type cells [19-27]
and recombinant cells [17, 28-37]. The ease of
handling, well elucidated genetic background,
simple morphology, and possible genetic modi-
fication made both strains model strains over

the years. [38] Normalization and handling

Figure 1. The interdisciplinary field of photobiocatalysis combines biocatalysts
with light as energy source. While photoenzymes directly convert light energy
into chemical energy, enzyme-photocatalyst-coupled systems (EPCS) mimic
photosynthesis by using light energy to provide electrons for chemical transfor-
mations. Light-driven biotransformations in whole cells exploit natural photo-

are complicated for filamentous strains like
Anabaena sp. and Nostoc sp. and accurate
cultivation procedures are required to ensure

synthesis for atom-efficient cofactor recycling [1].

decades [16]. In 2016, we showed that recombinant produc-
tion of a bacterial ene-reductase in Synechocystis sp. PCC
6803 (from now on Synechocystis) [17] results in reaction
rates comparable to the established heterotrophic produc-
tion systems. Since then, a number of different enzyme

reproducibility. Examples of biotransformations
in filamentous cyanobacteria are limited to wild-
type cells [21,39,42]. Here, whole-cell biotransformations
shall be defined by the targeted addition of a specific sub-
strate that does not serve as carbon source. A common
workflow often includes the following steps: (1) cyanobacte-
ria are grown to a specific optical density, (2) cells are
harvested and prepared for the

Cytoplasm

Thylakoid
membrane

Thylakoid
lumen

H.0

biotransformation, and (3) the
reaction is started by the addition
of the substrate. The separation
of cultivation and biotransforma-
tion allows the concentration of
cells to increase space-time yields
and the normalization to cell
density, amount of chlorophyll a
(chla), or cell dry weight (CDW).
Time samples of the reaction can
be analyzed to monitor the reac-
tion curve and to calculate specif-
ic activity and conversion.

Two strategies can be followed
to genetically modify Synecho-

cystis and S. elongatus: (1) ge-

Figure 2. Overview of the photosynthetic electron transport chain in cyanobacteria. PSIl, photo-
system II; PQ, plastoquinone; PQH2, plastoquinol; Cyt b6f, cytochrome bgf; PC, plastocyanin;
HOX, NiFe hydrogenase; PSI, photosystem I; Fd, ferredoxin; FNR, ferredoxin NADP* reductase;
FDPs, flavodiiron proteins; NDH1, NADH dehydrogenase complex 1; ATP-S, ATP synthase; CBB,
Calvin-Benson-Bassham cycle. Adapted from Grimm et al. [18]. Created using biorender.com.
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nome integration via homologous
recombination with subsequent
segregation [17,28-30,33-36] and
(2) self-replicative vectors [37]
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(Fig.3). For the first strategy, an integrative vector is
designed: the expression cassette is flanked by the regions
that are homologous to the upstream and downstream
sequence of the integration locus and includes the gene(s)
of interest, important gene-regulating elements (GREs; e.g.,
ribosome binding site (RBS), promoter, terminator), and
the resistance gene to exert selection pressure [43]. Genome
integration generates stable mutant strains [44] but is time-
expensive because of the segregation process, i.e., the inte-
gration of the expression cassette into every genome copy,
which can take several weeks. The second strategy circum-
vents this by using self-replicative vectors that harbor the
machinery for replication in several hosts [44]. However,
copy number, stability, and constant antibiotic pressure
need to be kept in mind and a higher variation between bio-

logical replicates can occur [45]. Examples are plasmids de-
rived from pPMQAKI1 [31,32,36,46-48] and pSEVA
[37,49] with an RSF1010 origin. Recently, Opel et al. [45]
expanded the available set of replicative plasmids by the
PSOMA series. These chimeric plasmids are fusion con-
structs of the pSC101 replicon from Escherichia coli (E. coli)
and the two smallest endogenous plasmids pCA2.4 and
pCB2.4 from Synechocystis to enable both cloning in E. coli
and maintenance in Synechocystis [45]. Production of GFP
and the BVMO Acidovorax sp. CHX100 proved functional
gene expression and the pSOMA plasmids were compatible
with RSF1010-based plasmids, which increases flexibility in
genetic modification [45]. Production of the same BVMO
via genomic integration and using a pPMQAKI derivative
was compared by Tillinghoff et al. and yielded 2.6-fold

integrative
vector

RBS = Gene(s) of interest

homologous
recombination

recombinant
enzymes

segregation
and enzyme production

b) machinery for
self-replication

repC repA

self-replicative

i " transformation
selection marker plasmid

expression cassette

recombinant
enzymes

Figure 3. Strategies for the production of recombinant enzymes in cyanobacteria for light-driven biotransformations.
a) The expression cassette is integrated into a neutral gene locus of the genome via homologous recombination. Inte-
gration into every genome copy (segregation) can take several weeks. b) Use of a plasmid that harbors the machinery
for self-replication, e.g., based on RSF1010.
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higher production with the plasmid-based expression sys-
tem [36].

GREs allow some control over the amount of enzyme
produced and are the “screws” for an adjustment of cell pro-
ductivity. The review of Till et al. [50] provides a detailed
overview of GREs for cyanobacteria. A major problem is
the lack of inducible promoter systems that allow a flexible
control of gene expression. Well-working promoter systems
from other organisms like E. coli do not work as efficient in
cyanobacteria [46,51]. Lac-based promoters such as Py
suffer from poor repression and inefficient induction
[46,51]. However, P, mediates strong constitutive gene
expression in Synechocystis [46] and variants, e.g., Py.c;o and
Pirexlaco> are often used for recombinant gene expression
[31, 32, 37, 47, 48]. Commonly used native promoters are
Pinpp (promoter of ribonuclease P gene [46]), Pyer (pro-
moter of the large subunit of Rubisco [46]), “super-strong”
P (promoter of subunits for phycocyanin [52]), and
light-inducible Ppg,4, (promoter of D1 unit of PSII [53]),
which all mediate moderate to strong gene expression and
are constitutive (Ppg,4, under illuminated cultivation condi-
tions). The native promoters P,, (promoter of P-type
ATPase ZiaA [54]) and P, (promoter of the nrs operon
involved in nickel tolerance [55]) are induced by Zn** and
Co”*/Ni**, respectively. Due to unspecific induction by
several heavy metal ions [56,57], its leakiness, and the
generally weak strength [30,43], P, is less suitable for bio-
technological applications. In contrast, P,.p is tight and
mediates moderate gene expression comparable to Pygpa2
[58] and proved well for the expression of the BVMO from
Acidovorax sp. CHX100 [36]. Risks of the use of metal-
inducible promoters are the presence of metal ions in stan-
dard culture media and narrow induction range because
metal ions become toxic in higher concentrations. [59, 60]
Recently, rhaBAD promoter (P,,,) which is induced by
L-rhamnose [59,60] was described for application in
Synechocystis. The promoter proved to be tight with a linear
response and a good dynamic range upon L-rhamnose
addition. L-Rhamnose is not metabolized and does not
affect growth, which makes it an ideal inducer [59].

2.1 Native Cyanobacteria

Wild-type cyanobacteria were described for the light-driven
reduction of aryl methyl ketones [19-24, 26, 27, 42, 61],
terpenes [10, 16, 62-65], enones [64], hydrocortisone [66],
and chalcones [40-42]. The reactions are catalyzed by en-
zymes of the natural pool inside the cell that are not further
identified and remain unknown. This provides the chance
to discover novel activities with potential biotechnological
applications, like the conversion of xenobiotic oxophospho-
nates by Nodularia sphaerocarpa [39], and facilitates indus-
trial process implementation because unmodified strains
do not require gene safety regulations [67]. However, the
low space time yields in combination with the small scope

for optimization are the main drawbacks of biotransforma-
tions in wild-type cyanobacteria and a strong argument for
genetically modified strains.

Beside cyanobacteria, other phototrophs were used
for light-driven biotransformations [10, 11]. Bohmer et al.
[11] first identified ene-reductases in the genome of uni-
cellular microalgae Chlamydomonas reinhardtii (hereafter
C. reinhardtii) and characterized the enzymes in vitro before
whole-cell biotransformations were performed. This strat-
egy allowed the identification of preferred substrates and
the selectivity of the involved enzymes facilitating the
setup of the whole-cell approach. Accordingly, the best sub-
strate N-methylmaleimide was converted with a rate of
540 uM h™" by unmodified C. reinhardtii exceeding rates in
wild-type cyanobacteria. [11] A completely different ap-
proach for the use of phototrophic organisms was presented
by Lowe et al. [68]. The authors coupled light-driven reduc-
tion of CO, to formate in C. reinhardtii with the in situ cata-
lyzed reaction of a formate dehydrogenase regenerating
NADH to produce amines. Thus, C. reinhardtii is only used
to recycle the electron mediator CO,/formate but not as
production host [68].

2.2 Recombinant Cyanobacteria

The current cyanobacterial photosynthetic activity, i.e.,
solar-to-biomass energy conversion, lies between 8 and
10 %. Major losses arise when the source, e.g., solar energy,
exceeds the capacity of the sink metabolism. This could be
alleviated by either dimming or dampening the light or
through rewiring of the metabolism by heterologously ex-
pressing genes, which will serve as electron sinks [69, 70].
Tab.1 lists the current light-driven biotransformations in
recombinant cyanobacteria. Significant reaction parameters
for cyanobacterial biotransformations such as light inten-
sity, cell density as well as substrate concentration are
included. Figs. 4 and 5 show examples for reductive bio-
transformation and oxyfunctionalization in recombinant
cyanobacteria, respectively.

2.2.1 Reduction

Asymmetric reductions of C=C double bonds are relevant
in biocatalysis to synthesize optically pure compounds.
Fig.4 shows various reduction reactions performed in
recombinant cyanobacteria. Stereoselective alkene reduction
is catalyzed by enoate reductases [EC 1.3.1.31] creating two
chiral centers [71]. The gene of the ene-reductase YqjM
from Bacillus subtilis (hereafter B. subtilis) was successfully
integrated heterologously in the cyanobacterium Synecho-
cystis under the control of P44, and successfully converted
various substrates delivering a maximum specific activity
of 123Ugcpw ' [17]. Moreover, optically pure product
(>99% ee, (R)-2-methylsuccinimide) was obtained. This
work provided a proof of concept that heterologous expres-
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[gCDWLAI]
0.66

Light intensity ~Cell density
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L. kefir alcohol 400

dehydro-
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conversion

Continued Table 1.
Organism
Synechococcus
elongatus PCC
7942
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Acidovorax sp.
CHX100

(37]
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>99 (R)
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2-hydroxy-3-phenyl-
propanoic acid
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phenyl pyruvic acid
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PCC 6803
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AhoxYH
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pentanoic acid
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sion of genes in cyanobacteria can exploit its photosynthetic
machinery by providing and regenerating reducing cofac-
tors such as NADPH or NADH. Furthermore, the atomic
efficiency of the reaction is improved since no other co-
substrates were utilized for cofactor regeneration. Chiral
amines are valuable components of pharmaceutical com-
pounds with an estimated 40-45 % of compounds contain-
ing chiral amine scaffolds. Several drawbacks of current
chiral amine synthesis include the usage of toxic chemicals,
by-product formation, and multistep syntheses [72]. Hence,
biocatalytic methods to produce chiral amines are being
explored and developed to address these limitations. In this
regard, the genes of three imine reductases (IREDs) were
expressed in Synechocystis and tested in the reduction of
various imines [29]. By changing the promoter from P4
to the strong P, promoter, higher conversions were
obtained in the reduction of 2-methylpyrroline. This indi-
cated that the amount of enzyme was the limiting factor in
the reaction. Toxicity effects of the substrates were also alle-
viated by increasing the cell density up to 6.0 gcpwL ™

Alcohol dehydrogenases from Lactobacillus kefir (LkADH)
produced in S. elongatus catalyzed the conversion of aceto-
phenone to optically pure (R)-1-phenylethanol (ee>99 %)
[33]. Chiral phenylethanols are important precursors in the
production of pharmaceuticals and fine chemicals. The
LkADH gene was expressed under the control of the Ppg,a;
promoter and the effects of light and CO, concentration
were evaluated. A doubling of the growth rate was observed
upon cultivation at high light (400 pE) and elevated CO,
concentration (1 %). Complete conversion of acetophenone
was observed after 20 h using 0.66 gL' of cells under 0.5 %
of CO,. The addition of CO, during cultivation and during
biotransformation was partially attributed to increased
cyanobacterial growth. Furthermore, its addition also en-
hanced the availability and recyclability of NADPH.

Stereodiverse ¢-keto acids were reduced to their corre-
sponding a-hydroxy acids using Synechocystis expressing
the genes of a-keto acid dehydrogenases (KADH) [37].
KADHs, namely, L- and D-2-hydroxyisocaproate dehydro-
genase from Lactobacillus confusus DSM 20196 (L-HicDH)
and Lactobacillus paracasei DSM 20008 (D-HicDH), initial-
ly produced in E. coli displayed activities in the presence of
both NADH and NADPH albeit reduced in the latter.
Expression in cyanobacteria proved to be challenging and
mutants containing both enzymes were only obtained in the
AhoxYH background. This mutant is a markerless deletion
mutant lacking the functional hydrogenase HOX as com-
peting electron sink. Hence, comparison with the parent
Synechocystis strain was not possible. Conversion of phenyl-
pyruvic acid and 4-methyl-2-oxovaleric acid to their
corresponding a-hydroxy acids reached 46 and 53 %,
respectively, in high stereoselectivity (>99%) with the
cyanobacterium expressing D-HicDH.

Chem. Ing. Tech. 2022, 94, No. 11, 1628-1644
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a) Ene-reduction b) Imine reduction

Photosynthesis

Synechococcus sp. PCC 7002

Photosynthesis

Synechocystis sp. PCC 6803

the product [18]. Conventionally,
reactions involving oxygen re-

R R YoM R, &~ i IRED i quire high reaction temperatures
f— H= CH m " . .
x> <R"' - ~ X7 <R"' R'S\ R R'SNR and/or pressures. This necessi-

NADPH + H* NADP* NADPH + H* NADP* tates expensive process control
112 0, 4¥4 hv + H,0 12 0, v + H,0 regimes and generates safety is-

sues [31]. Enzyme catalysis, on
the other hand, could achieve

Synechocystis sp. PCC 6803 X- Electron withdrawing group Synechocystis sp. PCC 6803 R =H, CH,
R=H.CH, high selectivities and yields while
operating at milder conditions.
c) Ketone reduction d) Ketoacid reduction Fig.5 shows examples of oxy-
o) OH o) o functionalization reactions in
LkADH ©/'\ R%OH KADH R%OH recombinant cyanobacteria. The
/ \ o / \ OH gene of cyclohexanone mono-

NADPH + H* NADP* NADPH + H* NADP*

oxygenase (CHMO), perhaps
172 024¥ hv + H,0 172 02<¥4 hv + H,0 idely- _
Photosynthesis Photosynthesis the - most Wldely used Baeyer

Villiger monooxygenase (BVMO)
from Acinetobacter calcoaceticus

Figure 4. Examples of reduction reactions in recombinant cyanobacteria. Reducing equivalents
in the form of NADPH are supplied and regenerated during photosynthesis while electrons are
provided by water splitting from PSII. YgjM, ene-reductase from B. subtilis; IRED, imine reduc-

tases from Streptomyces sp. GF3587, Kribbela flavida DSM 17836, or Saccharothrix espanaensis
ATCC 51144; LkADH, alcohol dehydrogenase from Lactobacillus kefir; KADH, a-keto acid dehy-

drogenases from Lactobacillus confusus or Lactobacillus paracasei.

NCIMB 9871, was first cloned in
Synechocystis to oxidize various
cyclic ketones to their corre-
sponding lactones [28]. The chnB
gene was inserted into a cassette
under the control of the light-in-
ducible promoter Ppg,az. €-Cap-

a) Baeyer-Villiger Oxidation
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rolactone, the product from the
oxidation of cyclohexanone was
detected after 24 h. However, the

0
o reaction did not go to completion

R due to the formation of a side-
product, namely, cyclohexanol.

This so-called ketoreduction was
observed due to the presence of
endogenous alcohol dehydrogen-
ases in Synechocystis, which was
also detected in the selective re-
duction of cinnamyl aldehyde
[24,39]. Specific activities rang-
ing from 2—6UgCDW’1 were ob-
served, which were comparable
with rates achieved using the
hv+H0 same enzyme in E.coli [73].
Ketoreduction, on the other

OH
P450

Photosynthesis

Figure 5. Examples of oxyfunctionalization reactions in recombinant cyanobacteria. Oxygen
derived from photosynthetic water splitting is utilized as the oxidant for the reaction. In
Baeyer-Villiger oxidation reactions, the ketone is reduced to its corresponding alcohol from the
action of native alcohol dehydrogenases in cyanobacteria. ADH, alcohol dehydrogenases;
BVMO, Baeyer-Villiger monooxygenases; AlkB, monooxygenase component from Pseudomonas

putida GPo1; AIkG, rubredoxin; Fd, ferredoxin.

2.2.2 Oxyfunctionalization

Oxyfunctionalization reactions belong to the most impor-
tant transformations in organic chemistry. Oxyfunctional-
ization involves integration of at least one oxygen atom into

Chem. Ing. Tech. 2022, 94, No. 11, 1628-1644
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hand, was also relatively high
with a maximum of 50 % using
cyclohexanone as the substrate.
Interestingly, it was not observed
when cyclopentanone was uti-
lized albeit having similar specific
activity as that of cyclohexanone.
Product formation rates and,
consequently, specific activities were lower as compared
to that of the ene-reductase YqjM [17]. Nevertheless,
this work has demonstrated that oxyfunctionalization reac-
tions are feasible in cyanobacteria harboring oxidoreduc-
tases.

www.cit-journal.com
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The newly discovered BVMO from Burkholderia xeno-
vorans (BVMOxey,,) showed higher activity in the whole-
cell oxidation of cyclohexanone to e-caprolactone both in
E. coli and Synechocystis [35]. In Synechocystis, a ninefold
higher specific activity was observed (18 vs 2U gpcw ™) in
BVMOxep, as compared to CHMO gineto. [28] Interestingly,
the catalyst turnover rate k,; of BVMOxcp, is lower as com-
pared to that of CHMO A ineto, Whereas Ky (substrate con-
centration to achieve 1/2V .., is higher, leading to a higher
catalytic efficiency. Moreover, the thermostability and opti-
mum pH of BVMOx,,, are slightly higher making it more
favorable for application in Synechocystis. As the concentra-
tion of cyclohexanone inside of the cell is unknown, the ex-
act reason for the higher activity in two different bacterial
production systems remains unclear. Nevertheless, this is a
striking example that enzymes can perform very differently
in whole-cell biocatalysts and in cell-free systems. Recently,
an NADPH-dependent BVMO gene from Acidovorax sp.
CHX100 was heterologously expressed in Synechocystis to
efficiently catalyze the oxyfunctionalization of cyclohexa-
none to &-caprolactone [36]. The Synechocystis strain
constructed using a Ni**-inducible P, promoter
(Syn6803_Ni_pBVMO) showed a maximum specific activ-
ity of 522U gCDW’l. Lower specific activities were observed
when a Cu**-inducible system was utilized, which could be
attributed to its slight leakiness. Specific activities increased
concurrently with increased light intensities, reaching a
maximum of 60.9 U gCDW’1 (5.2 Umgchla’l). Residual activ-
ities were still observed even after the addition of PSII
inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea or upon
dark incubation, which are fueled by reducing equivalents
derived from storage compounds as observed in reduction
reactions [17]. Syn6803_Ni_pBVMO reached a product
yield of 1.6 ggcpw ' in a 2-L photobioreactor, which is sim-
ilar to an industrially-relevant BVMO-based process using
E. coli (1.6 ggCDW’l) [74]. Initial and 24-h average produc-
tivity (187 mg L'h™" and 59 mg L'h™) are in the range of
the highest productivities in cyanobacterial biotransforma-
tions.

The efficiency of photosynthesis-derived oxygen for cata-
lyzing oxidation reactions was also demonstrated in the
regioselective terminal oxyfunctionalization of nonanoic
acid methyl ester (NAME) to 9-hydroxynonanic acid
(H-NAME) [31,47]. Synechocystis was genetically engi-
neered to synthesize alkane monooxygenase AIKBGT from
Pseudomonas putida GPol consisting of a rubredoxin
reductase (AIKT), a rubredoxin (AlkG), and the monooxy-
genase component AlkB. Whole-cell biotransformations
performed aerobically produced comparable oxidation rates
with light and in the dark suggesting that catabolism of
storage compounds from the latter condition is sufficient to
regenerate NADPH. The specific production rate of
0.9 U gcpw ! corresponded to capturing nearly 25 % of pho-
tosynthetically-generated molecular O, [31]. The long-term
applicability of the aforementioned Synechocystis harboring
AlkBGT was demonstrated using a two-liquid phase system

www.cit-journal.com
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[32]. Compared to single aqueous phase biotransforma-
tions, a 1.7-fold increase in initial specific activity was ob-
served when diisononyl phthalate (DINP) was utilized as an
organic carrier solvent at an organic/aqueous ratio of 1:3.
This was attributed to reduced cell toxification as well as
substrate inhibition by decreased aqueous NAME concentra-
tions. A high specific product yield of 3.8 mmol gcpy ™' was
observed when 50 % (v/v) of NAME in DINP was utilized.
The system was then transferred to a 3-L photobioreactor
equipped with an aeration system supplying compressed
air, an altered light distribution, and an impeller for stirring.
An increase of 36 % in initial specific activity was observed
when 25% (v/v) of NAME in DINP was utilized as com-
pared to single aqueous phase systems. However, initial
specific activity and specific yields were reduced by 54 and
50 %, respectively, when 50 % (v/v) was utilized indicating
catalyst inactivation at high substrate concentrations.

2.3 Deleting Competing Pathways to Increase
Productivity

Under fluctuating light intensities and nutrient availability,
the CBB cycle becomes saturated resulting in excessive
reduction of photosystem I (PSI). This results in the genera-
tion of reactive oxygen species (ROS) which could severely
damage the photosynthetic machinery. Thus, cyanobacteria
have developed photoprotection mechanisms and auxiliary
transport systems to maintain PSI and its P700 reaction
center chlorophyll in an oxidized state as well as to prevent
photoinhibition [69,75] (Fig.6). Flavodiiron proteins
(FDPs; Flvl-4) present in cyanobacteria reduce excess oxy-
gen to water, which is commonly known as the Mehler-like
reaction. FDPs, particularly Flvl and Flv3, remove 60 % of
excess electrons and convert them to water at high light
conditions [76]. Moreover, the NADH dehydrogenase-like
complex 1 (NDH1) existing in cyanobacteria participates in
distinct cellular functions. It further oxidizes Fd and returns
the electrons to the PQ pool. Furthermore, bidirectional
hydrogenases encoded by the hox (hydrogen oxidation)
genes constitute an electron sink [77]. Photoinhibition
could also be alleviated by the cyanobacterial respiratory
terminal oxidases such as cytochrome ¢ oxidase (COX) and
alternative respiratory terminal oxidase (ARTO) [78,79].
The activity of cytochrome P450 (CYP1A1) produced in
Synechococcus PCC 7002 was doubled when the subunit of
the NDH1 was knocked out [80]. By expressing the
P450 CYP1A1l gene in cyanobacteria, an ample supply of
reducing equivalents are supplied and O, is photosyntheti-
cally generated. NdhD2, an NDH1 subunit, was removed to
retain a functioning NDH1 complex. Using the EROD
assay, a twofold increase of activity was shown by the
deletion mutant as compared to its parent strain. Recently,
CYP1Al from Rattus norvegicus (Sy21) was expressed in
Synechococcus sp. PCC 7002 with a deletion of the COX
cluster (Sy21ACOX) [79]. A fourfold increase in activity
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possible electron sinks. Electrons
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synthetic electrons to flavodiiron
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' (HOX), and to a subunit of typel
: NADH dehydrogenase (NDH1).
Cyanobacterial respiratory terminal
oxidases such as cytochrome ¢ oxi-
dase (COX) could also act as elec-
tron dissipation pathways. Created

was observed when the deletion mutant was utilized as
compared to the wild-type cyanobacterial strain. The pres-
ence of an additional electron sink increased the maximum
electron transfer rate of PSII (maxETRpgy) increasing the
efficiency of photosynthesis. Moreover, a high maxETRpg;
was observed in Sy21ACOX as compared to Sy21, indicat-
ing more electrons being transferred to PSI.

The deletion of flavodiiron proteins, i.e., Flvl and Flv3,
increased the activity of the ene-reductase YqjM expressed
in Synechocystis [30]. A 2.5-fold increase in productivity
was observed in the reduction of 2-methylmaleimide
when the AFlvl Synechocystis mutant producing YqjM
(AFIv1:P., YqiM) was utilized. Intracellular enzyme con-
centration remains unchanged suggesting that the increase
in activity cannot be attributed to higher enzyme concen-
tration but rather to funneling of electrons to the reaction.
Recently, this concept was further demonstrated with two
BVMOs from Burkholderia xenovorans (BVMOx.,,) and
Parvibaculum lavamentivorans (BVMOp,,.;) in the oxida-
tion of cyclohexanone to e-caprolactone [35]. By utilizing a
AFlvl knockout mutant, a 1.4 to 1.6-fold higher specific
activity was obtained for both enzymes. While this shows
the applicability of the activity increase by inactivation of
electron-consuming enzymes for different enzyme classes, it
is by no means conclusive evidence that the (highly regu-
lated) photosynthetic electron transport chain was indeed
successfully rerouted. To clarify this question, a comprehen-
sive physiological analysis of the strains is necessary.

Chem. Ing. Tech. 2022, 94, No. 11, 1628-1644

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

using biorender.com.

3 Influence of the Photobioreactor Geometry
on the Productivity of Whole-Cell
Biotransformations

For biotransformations to be economically feasible, a pro-
ductivity of at least 1gL™'h™" is required to produce fine
chemicals [81]. Despite having higher light capture capacity
and further conversion into biomass as compared to higher
plants, cyanobacteria still suffer from slow growth and low
cell densities attributed to self-shading [82-84]. Hence,
alternative reaction systems have been developed to address
the efficient light uptake of cyanobacteria to fuel biotrans-
formation reactions.

3.1 Immobilization on Films

Immobilizing photoautotrophs as films has already been
performed specifically in the green algae C. reinhardtii, par-
ticularly for hydrogen production [85-87]. By immobilizing
photosynthetic cells, the density increases, allowing im-
proved light utilization on a per area basis [85]. Using this
approach, “self-shading” on high cell density cultures could
be circumvented. Moreover, by immobilizing cells, the
light-to-product efficiency is improved due to uniform irra-
diation [88]. Fig.7 shows the formation of cyanobacterial
films employing high cell density (HCD) loadings. Vajravel
et al. [89] demonstrated the application of a thin-layer bio-
film technology to produce ethylene. The ethylene (C,H,)-
forming enzyme (efe) from Pseudomonas syringae was pro-
duced in Synechocystis. Artificial biofilm was prepared using
alginate, a natural polymer made up of guluronic and man-
nuronic acid residues. A formulation of 1 g wet cell biomass
and 1 mL of 1 % alginate was utilized to prepare the film. A
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Figure 7. Immobilization of cyanobacteria as a) artificial biofilms and b) capillary biofilm reactors (CBRs). In artificial biofilms, a mixture
of the cells and either sodium alginate or TCNF are combined followed by spraying with a solution of CaCl, to initiate polymerization.
CBRs have a diameter of 3 mm. A peristaltic pump operating at 52 uL min™' was utilized to deliver media and air to the system. An LED
light system delivering a light intensity of 50-60 pE was installed on top of the capillary tube. Reaction setup adapted from Bozan et al.

[90] Created using biorender.com.

water-insoluble matrix was achieved by spraying with a cal-
cium chloride (CaCl,; 50 mM) solution. The films were
placed on top of a foam sponge as support. Initial studies
using suspension systems showed optimal product forma-
tion using a bicarbonate (HCO3") concentration of 200 mM
as an inorganic carbon source and a moderate light inten-
sity (35 UE). These parameters were then adapted for reac-
tions using Ca’*-alginate films. Synechocystis efe cells im-
mobilized in films performed better than suspension
systems sustaining ethylene production for 7 cycles (38 d)
corresponding to ca 383 mmolczmmgchla‘l. Furthermore, a
higher light-to-ethylene conversion was observed on films
(0.35 %) as compared to suspension systems (0.10 %). These
results revealed that thin-layer immobilization of cyano-
bacteria could improve the productivity by limiting biomass
accumulation, thereby, focusing on the reaction at hand as
well as maintaining cell fitness for prolonged periods.

The concept of photosynthetic cell factories (PCFs) was
further demonstrated with the same Symechocystis strain
harboring efe. The cells were entrapped within never-dried
hydrogel films of 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-oxidized cellulose nanofibers (TCNF) cross-

www.cit-journal.com
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linked with polyvinyl alcohol (PVA) creating self-standing
architectures [88]. These self-standing matrix architectures
were derived from never-dried native celluloses, e.g.,
bleached sulfite wood pulp, cotton, tunicin, and bacterial
cellulose, which were disintegrated into their individual
microfibrils after oxidation by TEMPO radical [91]. The
nanocellulose-based matrix displays superior mechanical
stability in terms of wet strength as compared to conven-
tionally utilized alginate systems [89]. Using 200mM of
NaHCOj; as an inorganic carbon source for C;H4 produc-
tion in a submerged system, Ca**-alginate-based films disin-
tegrated, releasing the cells into the medium. This was
caused by the disruption of bonds between alginate and
Ca®" due to the formation of CaCO; upon NaHCO; addi-
tion. On the other hand, PVA-Ca**-TCNF-based films
remained stable during the course of the reaction (8 d). An
increase of 38 % in C,H, production was observed using
PVA-Ca**-TCNF-based films as compared to Ca**-alginate-
based films.

Another approach to increase the cell density of cyano-
bacteria in biotransformation reactions is through utiliza-
tion of capillary reactors. The remarkably high surface

Chem. Ing. Tech. 2022, 94, No. 11, 1628-1644
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area/volume ratio of capillary reactors enables low light
penetration, thereby, increasing light to chemical energy
conversion [92]. CBRs have an exceptionally high surface
area/volume ratio of 1333-4000 m’m™ and low light pene-
tration permitting higher cell loading without light limita-
tion. A dual-species HCD was demonstrated consisting of
the O,-evolving Synechocystis and O,-respiring Pseudomo-
nas taiwanensis VLB120 for the continuous cyclohexane
oxyfunctionalization [48]. Both species were heterologously
expressed with cyclohexane monooxygenase using pAHO050.
A biofilm with a dry weight of 48 gBDWL‘1 corresponding to
85 % of cyanobacteria was produced. A volumetric produc-
tivity of 0.2 g L"'h™" was recorded over a one-month period.
This biological system reached 98.9 % cyclohexane conver-
sion and an 84.5 % reaction selectivity towards cyclohexa-
nol. Recently, Bozan et al. [90] evaluated several cyano-
bacterial films for application in a novel capillary biofilm
reactor. Several advantages of biofilm include: 1) resilience
to external environments, 2) infinite turnover number, and
3) higher biomass loading (up to 60 gcpwL ™) as compared
to suspended cell cultures (4-8 gCDWL'l). The CBR was
composed of a capillary tube made of polymethylmeth-
acrylate (PMMA; ID = 3 mm), a peristaltic pump delivering
a flow rate of 52 uL min™', and an LED light system deliver-
ing a light intensity of 50-60 umolm™s™" (Fig. 6b). Uni-
cellular growing cyanobacteria, such as Synechocystis sp.,
Synechococcus sp., and Cyanothece sp., were compared to
filamentous types, ie., Tolypothrix sp., Nostoc sp., and
Leptolyngbya sp., for their ability to form biofilms. Toly-
pothrix PCC 7712 was found to be the best candidate for
film formation in combination with P. taiwanensis showing
a threefold higher biomass production (62.6 gBDWL_1 and
2000 mgq, L") as compared to Symechocystis. Hydrogen

production was constant over 14d, reaching a concen-
tration of 123mmolL™ and a production rate of
0.14 umolemgchla'lh'l.

3.2 Internally llluminated Photobioreactors

Scalability of photobioreactors is still limited due to an
additional parameter: light. In photobioreactor (PBR) de-
sign, light transmittance decreases exponentially with the
distance from the source [93]. Due to these constraints,
photobiotransformations are usually employed at small
scale (V < 10mL) and at low cell densities (< 10 gCDWL’l).
The latter requirement is due to “self-shading” where cells
obscure each other resulting in non-homogeneous light dis-
tribution [18]. Other important factors to consider are
photoinhibition, CO, dispersion as well as O, degassing
[84]. Current PBR systems are 1) membrane PBR, 2) bubble
column PBR, 3) hybrid PBR, 4) airlift PBR, 5) tubular PBR,
and 6) biofilm PBR [83].

To alleviate self-shading caused by external light sources,
Hobisch et al. [34] performed ene-reduction in an internally
illuminated bubble column PBR using Synechocystis harbor-
ing YqjM. The PBR consists of a glass cylinder (ID = 5cm,
h = 50cm) fitted with emitting coils having a working
volume of 0.2-0.8 L. Aeration was supplied at 0.6 mL min™"
using an air pump sparged at the bottom of the reactor. Illu-
mination was provided by wireless light emitters (WLEs)
consisting of a white LED and a receiving coil enclosed in a
polycarbonate shell (Fig.8). This reactor concept was ini-
tially developed by Heining et al. [94] for the cultivation of
C. reinhardtii. The presence of an intermediate frequency
electromagnetic field (IF-EMF) as well as floating WLEs did

a) =

Wireless Light y
Emitters

(WLES) ===
(T L

ght
sensor

o

Air pump
V=0.6 Lmin"'

24 Jdcow L1

Figure 8. Bubble column reactor utilized for the reduction of 2-methylmaleimide in Synechocystis harboring
the ene-reductase YgjM from B. subtilis. a) Reaction setup, b) wireless light emitters, and c) actual set showing
different cell densities at a working volume of 200 mL. Adapted from Hobisch et al. [34].
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not have a negative effect on the cells’ growth rate and max-
imum photosynthetic yield. This WLE concept was also
utilized in the decarboxylation of hexadecanoic acid
(palmitic acid) into pentadecane [7]. Heterologously ex-
pressed CvFAP (fatty acid decarboxylase from Chlorella
variabilis NC64A) in E.coli catalyzed the formation of
pentadecane from palmitic acid. Using 40 WLEs, complete
conversion was achieved after 20 min as compared to 90 %
conversion after 8h for externally illuminated reaction sys-
tem. The 22-fold increase in product formation was due to
a higher light intensity provided by WLEs. Comparing
product formation rates at similar light intensity showed a
1.8-fold increase in initial product formation rates high-
lighting the advantage of internally illuminated BCRs [7].
By using 40 WLEs and 2.4 gcpwL ™" of cells, full conversion
of 2-methylmaleimide was obtained after 3.5h with a spe-
cific activity of 32.5Ugcpw ' and a product formation of
3.7mMh™ [34]. A twofold rate increase was observed as
compared to external illumination provided by LED strips
demonstrating the clear advantage of internal illumination
by WLEs. Furthermore, enantiopure (R)-2-methylsuccini-
mide at 73 % yield was obtained from 40 mM of 2-methyl-
maleimide. Purification of the product was not necessary,
highlighting the practical application of cyanobacterial bio-
transformation.

4 Conclusions and Perspectives

Cyanobacteria have emerged as efficient production systems
for light-driven redox reactions due to their capability to
produce reducing equivalents, i.e., NADPH, and molecular
oxygen fueling various reactions. The genetic toolbox is
constantly being expanded to overcome the lack of a well-
controlled inducible promoter system and to expand the
available vector systems. Recombinant genes of oxidoreduc-
tases can be expressed either through genome integration or
using self-replicative vectors, which increases the photon-
to-product conversion efficiency. Furthermore, the potential
of rational engineering of the photosynthetic electron trans-
port chain remains largely untapped. One of the major limi-
tations in scaling-up of cyanobacterial biotransformations is
the provision of light. Alternative reaction systems to
address this limitation are film formation and the utilization
of internal illumination. Further work is needed to translate
these approaches into industrially-feasible production sys-
tems. Continuous flow processes could be a potential route
for upscaling and optimization since light penetration is
uniform regardless of the reactor scale.
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Co [mM] initial substrate concentration

ID [mm] internal diameter

Keat [s7] catalyst turnover rate

Ky [mM] substrate concentration to achieve

1/ 2V max

Vimax [mMs™'] maximal velocity of the reaction

I Abbreviations

AlkB monooxygenase component from
Pseudomonas putida

AlKG rubredoxin

AIKT rubredoxin reductase

ARTO alternative respiratory terminal oxidase

ATP adenosine triphosphate

ATP-S ATP synthase

B. subtilis Bacillus subtilis

BVMO Baeyer-Villiger monooxygenase

C. reinhardtii Chlamydomonas reinhardtii

CBB Calvin-Benson-Bassam

CBR capillary biofilm reactor
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CDW
chla
CHMO
COX
CvFAP

CYP1Al

Cyt b6f
D-HicDH

DINP
E. coli
EPCS
FAP

Fd

FDP
FNR
GRE
HCD
H-NAME
hox
HOX
IF-EMF
IRED
KADH

L-HicDH
LkADH
LPOR
NADPH

NAME
NDHI1

PBR

PC

PCF
PMMA

PQ

PQH2

PSI

PSII

PVA

RBS

ROS

S. elongatus
Synechocystis
TCNF
TEMPO
WLE
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cell dry weight

chlorophyll a

cyclohexanone monooxygenase
cytochrome c oxidase

fatty acid decarboxylase from Chlorella
variabilis NC64A

cytochrome P450 from Rattus norvegicus
cytochrome bgf

L-2-hydroxyisocaproate dehydrogenase from
Lactobacillus paracasei

diisononyl phthalate

Escherichia coli
enzyme-photocatalyst-coupled systems
fatty acid photodecarboxylase

ferredoxin

flavodiiron protein

ferredoxin NADP" reductase
gene-regulating elements

high cell density

9-hydroxynonanoic acid

hydrogen oxidation

NiFe hydrogenase

intermediate frequency electromagnetic field
imine reductase

a-keto acid dehydrogenase from
Lactobacillus confusus or Lactobacillus
paracasei

L-2-hydroxyisocaproate dehydrogenase from
Lactobacillus confusus

alcohol dehydrogenase from Lactobacillus
kefir

light-dependent protochlorophyllide
reductase

reduced nicotinamide adenine dinucleotide
phosphate

nonanoic acid methyl ester

NADH dehydrogenase complex 1
photobioreactor

plastocyanin

photosynthetic cell factories
polymethylmethacrylate

plastoquinone

plastoquinol

photosystem I

photosystem II

polyvinyl alcohol

ribosome binding site

reactive oxygen species

Synechococcus elongatus PCC 7942
Synechocystis sp. PCC 6803
TEMPO-oxidized cellulose nanofibers
2,2,6,6-tetramethylpiperidine-1-oxyl
wireless light emitters
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