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Abstract

With energy consumption growing rapidly over the last decades, our responsibilities will be
maintaining balance of society's activities and harmonizing them with the existing natural
processes. Therefore, the development of innovative technologies based on renewable
energy resources, such as solar irradiance, needs to be a strategy for the sustainable
production of chemicals. Cyanobacteria are gaining attention as chassis for light-driven
biotechnology due to their photosynthetic nature, robust physiology, ability to grow under
varying conditions, coupled with amenability to genetic manipulations. Particularly, light-driven
biocatalysis hosted in cyanobacteria is recently gaining interest, as this approach allows for
the substitution of sacrificial organic co-substrates using water as the electron donor. Coupling
whole-cell redox reactions to photosynthetic electron flow lead the way towards sustainable
production of chemicals, especially interesting for stereoselective catalysis. Previous studies
demonstrated that engineered cyanobacteria are beneficial for several reductive

biotransformations and oxyfunctionalizations.

In this work, we tackle different aspects of improvement in the field of photobiocatalysis
ranging from chassis engineering, development of regulatory elements for controllable gene
expression to scaling up photobiotransformations. We showed that the development of
customized chassis for the expression of a heterologous ene-reductase leads up to 39%
improvement in the specific activity, namely in a mutant lacking an active bidirectional
hydrogenase. Further on, we explored different cultivation conditions with a particular focus
on light as energy input and the composition of the cultivation medium. We have observed
that adaptation of the chassis prior to light-driven reactions can affect the reaction rates.
Harnessing the power of synthetic biology, we showed that the design and development of
customized regulatory tools namely RNA thermometers offer an approach to expand the
customized molecular toolbox for cyanobacteria, in particular for Synechocystis. We
successfully characterized a library of 12 RNA thermometers, showing up to a 3-fold change
in translational levels upon temperature shifts. Finally, we established an efficient scale-up
system for the stereoselective light-driven biocatalysis demonstrated on ene-reduction of 2-
methylmaleimide catalyzed by ene-reductase. We proved that internal illumination provided
by floating wireless light emitters can overcome cell density limitations, leading to a more than
a two-fold rate increase compared to the external illumination. Product formation rates up to
3.7 mM h”" and specific activities of up to 65.5 U gocw ™' were achieved applying the cell density
of 24 g L™
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Overall, this work demonstrates that synthetic biology approaches focused on rational
engineering of the chassis and the development of customized regulatory tools can facilitate
optimization towards further applications of cyanobacteria as hosts for light-driven
biocatalysis. Additionally, establishing close collaboration with process engineers light-driven
biocatalysis performed in cyanobacteria can be efficiently scaled up utilizing a bubble column

reactor with internal illumination.

Keywords: cyanobacteria, chassis development, RNA thermometers, scale-up systems,

light-driven biocatalysis, ene-reductase, Synechocystis

Sumario

Com uma exigéncia energética que tem crescido muito rapidamente nas ultimas décadas
para sustentar actividades humanas, as nossas responsabilidades actuais e futuras irao
recair essencialmente no estabelecimento de equilibrios entre o bem-estar da sociedade e
0S recursos e processos naturais existentes. Deste modo, o desenvolvimento de tecnologias
inovadoras baseadas em fontes de energia renovavel, como a luz solar, sera uma das
estratégias para a produgcdo sustentavel de produtos quimicos de interesse. As
cianobactérias tém atraido bastante atencido como chassis para o desenvolvimento de
tecnologias energizadas e dependentes da luz solar, baseada na capacidade destas
bactérias de realizarem a fotossintese, de possuirem uma fisiologia robusta, de crescerem
em variadas condicbes, ao mesmo tempo que sao passiveis de serem modificadas
geneticamente. Em particular, a biocatadlise conduzida pela luz solar operada em
cianobactérias tem ganho especial interesse, uma vez que esta abordagem biotecnoldgica
permite a substituicdo de co-substratos organicos sacrificiais dadores de electrbes
simplesmente por agua para o mesmo efeito. O acoplamento de reacg¢des de redugao-
oxidagao (redox) ao fluxo de electrées derivados do processo da fotossintese em células
inteiras (fotobiocatalise) abre o caminho para a produgao sustentavel de produtos quimicos,
especialmente interessantes para a catdlise estereosseletiva. Estudos recentes
demonstraram que as cianobactérias geneticamente modificadas s&do viaveis como solugao
para diversos tipos de biotransformagbes dependentes de reagbes de redugédo e

oxifuncionalizagoes.

Neste trabalho, diferentes aspectos de melhoria no campo da fotobiocatalise sao abordados,

incluindo a modificagao racional do chassi cianobacteriano, o desenvolvimento de elementos
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reguladores para controlo de expressdo génica e o desenvolvimento de processos para
aumento de escala de fotobiotransformagdes. Deste modo, aqui mostra-se que o
desenvolvimento personalizado do chassi cianobacteriano para a expressido de uma eno-
redutase heterdloga leva a um aumento em 39% na atividade especifica da enzima,
nomeadamente num mutante sem a hidrogenase bidirecional. Mais ainda, o efeito de
diferentes condi¢des de cultivo na actividade enzimatica foi avaliado, com especial atengao
para a disponibilidade de energia luminosa e para a composi¢cdo do meio de cultivo. Como
resultado, foi observado que a adaptacao prévia do chassi cianobacteriano a realizagdo das
reacgdes accionadas pela luz pode afetar as taxas de reacg¢ao. Aproveitando o conhecimento
e a plasticidade da biologia sintética, demonstra-se neste trabalho que o desenho e
desenvolvimento de ferramentas regulatérias personalizadas, como termometros de RNA,
oferecem uma alternativa para expandir a caixa de ferramentas moleculares para
cianobactérias, em particular para Synechocystis. Uma biblioteca de 12 termdmetros de RNA
foi caracterizada, mostrando uma mudanca de até 3 vezes nos niveis de tradugdo apds
mudangas de temperatura. Finalmente, foi estabelecido um sistema eficiente de aumento de
escala para a biocatalise estereosseletiva conduzida pela luz, demonstrada na redugao de 2-
metilmaleimida catalisada pela enzima eno-redutase. Com este trabalho, foi possivel
demonstrar que a iluminagao interna fornecida por emissores de luz sem fio flutuantes pode
superar as limitacdes de densidade celular, levando a um aumento de taxa de produgéo em
mais de duas vezes em comparagado com um sistema baseado em iluminacao externa. Taxas
de formagdo de produto de até 3.7 mM h' e atividades especificas de até 65.5 U gocw

foram alcangadas aplicando-se uma densidade celular de 2.4 g L.

No geral, este trabalho demonstra que as abordagens de biologia sintética focadas na
engenharia racional do chassi cianobacteriano e no desenvolvimento de ferramentas
regulatérias personalizadas podem facilitar a optimizagcado para outras aplicagdes destes
microrganismos fotossintéticos como mini-fabricas para biocatalise accionada pela luz solar.
Além disso, o didlogo e estabelecimento de estreitas colaboragdes com engenheiros de
processo, levou a que a biocatalise accionada pela luz realizada em cianobactérias tenha
sido ampliada de forma eficiente, utilizando um reactor de coluna de bolhas com iluminagao

interna.
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Palavras-chave: Cianobactérias, desenvolvimento de chassi, termémetros de RNA,

sistemas de aumento de escala, biocatalise accionada pela luz, ene-redutase, Synechocystis

Zusammenfassung

Da der Energieverbrauch in den letzten Jahrzehnten rapide angestiegen ist, wird es unsere
Aufgabe sein, das Gleichgewicht der gesellschaftlichen Aktivitdten aufrechtzuerhalten und sie
mit den bestehenden natirlichen Prozessen in Einklang zu bringen. Daher muss die
Entwicklung innovativer Technologien, die auf erneuerbaren Energieressourcen wie der
Sonneneinstrahlung basieren, eine Strategie fur die nachhaltige Produktion von Chemikalien
sein. Cyanobakterien gewinnen aufgrund ihrer photosynthetischen Natur, ihrer robusten
Physiologie, ihrer Fahigkeit, unter verschiedenen Bedingungen zu wachsen, und ihrer leichten
genetischen Manipulierbarkeit zunehmend an Aufmerksamkeit als Grundlage fir die
lichtgetriebene Biotechnologie. Dieser Ansatz ermdglicht die Substitution von organischen
Opfersubstraten durch Wasser als Elektronendonator. Die Kopplung von Redoxreaktionen in
der Zelle mit dem photosynthetischen Elektronenfluss weist den Weg zu einer nachhaltigen
Produktion von Chemikalien, die insbesondere flr die stereoselektive Katalyse interessant
ist. Frihere Studien haben gezeigt, dass technisch veradnderte Cyanobakterien fir

verschiedene reduktive Biotransformationen und Oxyfunktionalisierungen von Nutzen sind.

In dieser Arbeit befassen wir uns mit verschiedenen Aspekten der Verbesserung im Bereich
der Photobiokatalyse, von der Entwicklung von Chassis, Uber die Entwicklung von
regulatorischen Elementen flr die kontrollierbare Genexpression bis hin zur
MalstabsvergroRerung von Photobiotransformationen. Wir haben gezeigt, dass die
Entwicklung eines maligeschneiderten Chassis fir die heterologe Expression einer
Enreduktase zu einer Verbesserung der spezifischen Aktivitat um bis zu 39% fuhrt, und zwar
bei einer Mutante, der eine aktive bidirektionale Hydrogenase fehlt. Dartber hinaus haben wir
verschiedene Kultivierungsbedingungen untersucht, wobei wir uns besonders auf Licht als
Energiequelle und die Zusammensetzung des Kultivierungsmediums konzentriert haben. Wir
haben festgestellt, dass die Anpassung des Chassis vor den lichtgesteuerten Reaktionen die
Reaktionsgeschwindigkeiten beeinflussen kann. Unter Nutzung der Moglichkeiten der
synthetischen Biologie haben wir gezeigt, dass das Design und die Entwicklung von
malfigeschneiderten regulatorischen Werkzeugen, namlich RNA-Thermometern, einen
Ansatz zur Erweiterung des malgeschneiderten molekularen Werkzeugkastens fur

Cyanobakterien, insbesondere flr Synechocystis, darstellt. Wir haben eine Bibliothek von 12
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RNA-Thermometern erfolgreich charakterisiert und konnten eine bis zu 3-fache Anderung der
Translationsraten bei Temperaturveranderungen feststellen. Schliel3lich etablierten wir ein
effizientes Scale-up-System fur die stereoselektive, lichtgetriebene Biokatalyse, die an der
Reduktion von 2-Methylmaleimid durch eine Enreduktase demonstriert wurde. Wir haben
bewiesen, dass die interne Beleuchtung durch schwimmende, drahtlose Lichtstrahler die
Beschrankungen der Zelldichte Uberwinden kann, was zu einer mehr als zweifachen
Ratensteigerung im Vergleich zur externen Beleuchtung fihrt. Bei einer Zelldichte von 2.4 g L
" wurden Produktbildungsraten von bis zu 3.7 mM h™' und spezifische Aktivitdten von bis zu

65.5 U gocw' erreicht.

Insgesamt zeigt diese Arbeit, dass synthetische Biologieansatze, die sich auf rationales
Engineering des Chassis und die Entwicklung mal3geschneiderter regulatorischer Werkzeuge
konzentrieren, die Optimierung fiir weitere Anwendungen von Cyanobakterien als Wirte fur
lichtgetriebene Biokatalyse erleichtern konnen. Daruber hinaus kann die lichtgetriebene
Biokatalyse, die in Cyanobakterien durchgefiihrt wird, durch eine enge Zusammenarbeit mit
Prozessingenieuren unter Verwendung eines Blasensaulenreaktors mit interner Beleuchtung

effizient hochskaliert werden.

Stichworter: Cyanobakterien, Chassis-Entwicklung, RNA-Thermometer,

Malistabsvergrofierung, lichtgetriebene Biokatalyse, Ene-Reduktase, Synechocystis
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biological replicates with technical triplicates and statistical analysis is presented based on an

unpaired t-test (n.s., not significant)..............oooii . D8

Figure 2. Light-driven biotransformation of 2-methylmaleimide into 2-methylsuccinimide
catalyzed by YqjM expressed in Synechocystis sp. PCC 6803 (wt) and AhoxYH, Afiv3,
AndhD2 and AhoxYHAfIv3 chassis. A) Product formation rate and B) /n vivo specific activity.
Cells were cultivated in BG-11 at 30 °C with orbital shaking (140 rpm) under continuous white
light (50 umol m2 s"), grown until OD7s0 1-1.5, harvested and applied for the biotransformation
of 10 mM 2-MM (1 ml, 2.4 gocw L™, BG-11, white light of 150 umol m™2 s™', 130 rpm, 30 °C);
C) in vitro YqjM activity determined in NADPH assay using crude cell-free extracts. Error bars

correspond to standard deviations from three biological replicates and statistical analysis is
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Figure S5. Light-driven conversion of 2-methylmaleimide to 2-methylsuccinimide catalyzed
by YqgjM expressed in Synechocystis wt and AhoxYH, Aflv3, AndhD2 and AhoxYHAflv3
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Figure 1. Schematic representation of a simple RNA thermometer. A stem-loop structure
locks the RBS and prevents the binding of the ribosome. Upon temperature shift, the stem-
loop structure opens, unveiling the RBS and allowing binding of the small ribosomal subunit

and initiation Of tranSIatioN. ... 92

Figure 2. Free energies (in AG in kcal/mol) of designed RNAT at 30 °C estimated using the
L@ TUT] o] (o I o] o =0 o FU PP 100

Figure 3. Secondary structures of the entire 5-UTR as predicted by the Quikfold program
(Markham and Zuker, 2005, Markham and Zuker, 2008). The SD sequence is highlighted in
170 1= 101

Figure 4. A) Schematic representation of the GFP expression cassette used to test
redesigned RNAT for their possible function as thermometers. The sequences, including the
hsp17 RBS 5-AGGAGU’-3’, were inserted in between the promoter Picxwio2 and the gfp
coding region. B) PCR reactions were performed using TS1-FP and PS2 primes (Table 2).
The expected band size is 945 bp. +, positive control (pSEVA251 Picxtet02::B0032::gfp); -,
negative control (no template); M, molecular marker GeneRuler DNA Ladder Mix (Thermo
S BN IC M ). . et 103

Figure 5. Characterization of RNA thermometers response in Synechocystis regarding ODz3o
tested using A) cultures of OD730 0.5 and B) cultures of OD73 1.0. The bars represent
normalized GFP fluorescence of Synechocystis cells harboring the corresponding RNAT
sequence. GFP fluorescence was measured before (Oh) and after the temperature shift from
30 to 37° (1 h, 2 h, 4 h and 24 h). The fluorescence of the control strain harboring the
pSEVA251 was subtracted from each sample. Error bars correspond to standard deviations
from a single experiment with technical triplicates (measured in duplicate).

Pirex.teto2::B0032::gfp was included for comparison purPoSes.........ccoevvivieiiiiiiiieinanannn. 104

Figure 6. Characterization of RNA thermometers response in Synechocystis. The bars
represent normalized GFP fluorescence of Synechocystis cells harboring the corresponding
RNAT. GFP fluorescence was measured before (0 h) and after the temperature shift from 30
to 37 °C (4 h and 24 h). The fluorescence of the control strain harboring the empty pSEVA251

was subtracted from each sample. Error bars correspond to standard deviations from a single
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experiment with technical triplicates (measured in duplicate). Puexteto2:: B0032::gfp was

included for COMPAriSON PUIMPOSES. . ...ttt et e e e ens 107

Figure 7. Characterization of RNA thermometers response in Synechocystis maintained in
dark. The bars represent normalized GFP fluorescence of Synechocystis cells harboring the
RNAT. GFP fluorescence was measured before (0 h) and after the temperature shift from 30
to 37 °C (4 h and 24 h) maintaining the cells in dark. The fluorescence of the control strain
harboring the empty pSEVA251 was subtracted from each sample. Error bars correspond to
standard deviations from a single experiment with technical triplicates (measured in

duplicate). Pucxteto2:: BO032::gfp was included for comparison purposes........................ 108

Figure 8. Characterization of RNA thermometers response in Synechocystis. The bars
represent normalized GFP fluorescence of Synechocystis cells harboring the RNAT. GFP
fluorescence was measured before (0 h) and after the temperature shift from 25 to 37° (4 h
and 24 h). The fluorescence of the control strain harboring the pSEVA251 was subtracted
from each sample. Error bars correspond to standard deviations from a single experiment with
technical triplicates (measured in duplicate). Piucxeto2:: B0032::gfp was included for
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Figure 9. Characterization of RNA thermometers response in Synechocystis. The bars
represent normalized GFP fluorescence of Synechocystis cells harboring the RNAT. GFP
fluorescence was measured before (0 h) and after the temperature shift from 25 to 40° (4 h
and 24 h). The fluorescence of the control strain harboring the pSEVA251 was subtracted
from each sample. Error bars correspond to standard deviations from a single experiment with

technical triplicates (measured in duplicate)...........ccooiiiiii i 110

Figure 10. Assessment of the correlation between experimental measurements and
computational analysis. The plot represents the fold change of the GFP fluorescence during
the temperature shift from 25 to 37 °C and the difference in the predicted free energy of the
elements under these temperatures. TS9 was excluded from the analysis, as it was an
outliner. The prediction was done using the Quikfold program (Markham and Zuker, 2005,
Markham and ZuKer, 2008)..........uiuiuiii e 111

Chapter IV

Figure 11. a): Whole cell light-driven biotransformations catalyzed by Synechocystis

Peocsi:yqjM. b) Specific activity and initial product formation rates achieved at 1 mL-scale using
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various cell densities, independent biological triplicates; c) Conversion of 2-MM during
photobiotransformations (1 mL, 10 mM 2-methylmaleimide, 160 rpm, 30°C, 200 uE m=2 s71),

independent biological triplicates...........ccooi i 118

Figure 12. Above: Photo-biotransformations performed in the BCR with internal illumination
provided by 40 floating wireless light emitters at a cell density of 0.48 g L' (left side) and 2.4
g L™ (right side). Below: determination of the light intensity inside BCR with internal
illumination by 40 WLEs at a cell density of 0.48 g L-"or 2.4 g L', respectively............... 119

Figure 13. Whole cell biotransformation catalyzed by Synechocystis Peyes::yqiM in a BCR. a)
Specific activity and initial product formation rate of Synechocystis Pcpcs::yqiM in a BCR with
internal illumination provided by WLEs (200 mL, 10 mM 2--methylmaleimide, 0.6 L min™’
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densities with 40 WLEs, independent biological triplicates; c) Specific activity and initial
product formation rate of Synechocystis Pepes::yqiM in a BCR externally illuminated with LED
strips (300 uE m™ s-1) or in dark (200 mL, 10 mM 2-methylmaleimide, 0.6 L min™" airflow),
single measurements; d) Time course of the reactions with external illumination or in dark,

SINGIE MEASUMEMIENTS. ... ettt ettt et aeees 120

Figure 14. a) Conversion of 10 mM 2-MM into corresponding 2-MS during
photobiotransformations catalyzed by Synechocystis Pces::yqgiM and Synechocystis
Ppsbaz::yqjM both at a cell density of 2.4 g L™"; b) Specific activity and initial product formation
rate of Synechocystis Pcpcs::yqiM and Synechocystis Ppsvazi:yqiM; c¢) Time course of the
preparative 10 mM 2-MM photobiotransformation catalyzed by Synechocystis Pepcs::yqiM,
single measurements; d) 2-MM substrate converted by Synechocystis Pcpcs::yqiM cells (2.4 g
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Supporting figures

Figure S1. Light Intensity Measurements inside BCR with a) internal illumination at cell
density 1.2 g L™; b) internal illumination at cell density 2.4 g L™; c) external illumination
provided by LED Strips... ..o 130

Figure S2. a) Schematic illustration of the Bubble Column Reactor with a working volume of
200 mL cyanobacterial mixture, the air was delivered using a pump at a flowrate of 0.6 L min-
'.b) Wireless Light Emitters (WLEs) utilized for internal illumination in the BCR.............. 131



FCUP
XXX Engineering the cyanobacterial chassis for improved electron supply
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1. Solar energy to power the future

Modern civilization thrives on a constant flow of energy, with consumption growing rapidly
over the past 25 years. It is projected that our energy usage will increase by 30% until 2040,
mainly supplied through fossil fuels (Newell et al., 2019). Fossil fuels are finite energy sources
contributing to the cumulative emissions of CO: into the atmosphere, recognized as one of
the great factors of global climate change. Society’s future challenges will be maintaining
chemical balances of humankind's activities and harmonizing them with the existing natural
processes (Dhillon and von Wuehlisch, 2013). Therefore, paradigm shifts are beyond doubt
needed to overcome our dependency on fossil fuels toward technologies based on renewable
energy resources. The priority of relying on carbon-neutral energy conversion is embedded in
the 7" sustainable development goal aimed to “Ensure access to affordable, reliable,
sustainable and modern energy” set up by the General Assembly of the United Nations (Cf,
2015).

The abundance of solar irradiance makes it a clean and attractive energy source to power the
industries of the future. The annual flow of energy from the sun exceeds all other
(non)renewable energy flows with several orders of magnitude beyond society’s needs
(Inganas and Sundstrom, 2016). Harnessing the power of solar radiation and converting it into
chemical energy via photosynthesis, can simultaneously mitigate excessive CO- levels while
converting COz into value-added chemicals. As photosynthesis-based technologies offer the
shortest route between harvested energy and chemical synthesis, the light-driven production
processes are genuinely sustainable (de Maria, 2021). Therefore, in recent years
photosynthetic microorganisms have received considerable attention as biological platforms
for the production of chemical compounds and natural products (Knoot et al., 2018,

Angermayr et al., 2015).

The progenitors of photosynthesis, cyanobacteria, are an excellent starting point for exploring
the possibility of moving into a green future (Nikkanen et al., 2021). It is generally accepted
that oxygenic photosynthesis evolved in cyanobacteria approximately 2.4 billion years ago
(Hohmann-Marriott and Blankenship, 2011), generating the planet’'s oxygen-rich atmosphere
(Hamilton et al., 2016). Evolutionary, photosynthetic eukaryotes, including terrestrial plants
and algae, could trace the ancestry of their chloroplasts to cyanobacteria (Falcon et al., 2010).
Cyanobacteria play a significant role in the global carbon and nitrogen cycles, accounting for

about 25% of the planet’'s primary productivity and about 60% of the primary productivity in
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the open ocean (Flombaum et al., 2013, Bullerjahn and Post, 2014), demonstrating their great
capacity for productivity. These organisms inhabit a range of environmental niches growing
under diverse conditions (Whitton and Potts, 2007). This ecological plasticity originates from
their metabolic flexibility in light utilization (pigmentation), carbon utilization (autotrophic and

mixotrophic growth) and nitrogen utilization (ammonia, nitrate, dinitrogen).

1.1. Cyanobacterial photosynthetic machinery

In most cyanobacteria, excluding a couple of strains such as Gloeobacter species, the
photosynthetic electron transport occurs in internal thylakoid membranes, which delimitate the
thylakoid lumen. Light energy is converted into chemical energy in the form of ATP and
reducing power in the form of NADPH by a series of photochemical reactions, at the expense
of water and producing O- as a by-product. The vast majority of NADPH and ATP produced
are used for CO; fixation in the Calvin—Benson—-Bassham (CBB) cycle (Lea-Smith et al., 2016,
Zhou et al., 2018).

The linear electron transport is initiated in the photosystem I, a large membrane-bound
complex associated with the phycobilisomes, the large soluble light-harvesting complex
excited by photons. Upon illumination, the phycobilisome transfers the excitation energy to
chlorophylls in the PSII P680 reaction center, catalyzing the photolysis of water, leading to the
release of the electrons and O.. In the PSII, for each water molecule split, 2 protons and 1/2
O, are released. The excited electrons are further transferred along the electron transport
chain, starting with the reduction of plastoquinone (PQ) into plastoquinol (PQH?). PQH: is
released from PSII, diffuses through the membrane to the cytochrome bsf complex (cyt bsf)
where it is deprotonated and oxidized on the luminal side of the membrane. Electrons are
further transferred either to copper ion-containing plastocyanin (PC) or the heme-containing
cytochrome cs (cyt cs). These redox carriers further transfer electrons to the oxidized
photosystem | reaction center chlorophyll, P700. PSI is also associated with phycobilisomes,
transferring excitation energy to the core of the complex. Further on, the electrons from the
PSI are transferred to soluble electron carrier proteins, such as ferredoxin, which functions as
a distribution hub for the photosynthetic electrons. In the case of iron depletion, ferredoxin is
substituted by flavodoxin. Both reduced ferredoxin and flavodoxin are capable of donating
electrons to different biosynthetic pathways. The majority of electrons is transferred to
ferredoxin-NADP* reductase (FNR) leading to the conversion of NADP* to NADPH with two

electrons required for each NADPH to be produced. In total, to produce one NADPH molecule,
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one water molecule is split and an electrochemical gradient across the thylakoid membrane
equivalent to 6 protons could be formed. The proton gradient is concomitantly used to drive
ATP production via ATP synthase (Lea-Smith et al., 2016, Lea-Smith and Hanke, 2021) (Fig.

1).
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Figure 1. Schematics of photosynthetic light reactions in the thylakoid membranes of cyanobacteria. (Adapted from Nikkanen et
al., 2021)

The ability to photosynthesize and adapt to variable environments are some of the
fundamental reasons for the great potential of cyanobacteria to be used in biotechnological

applications (Montgomery, 2014).

2. Cyanobacteria as potential hosts for light-driven biotechnology

Cyanobacteria are potential hosts for light-driven biotechnological applications (Calero and
Nikel, 2019), with several advantages compared to other photosynthetic organisms, namely
plants and algae. In comparison to plants, cyanobacteria are more efficient at capturing solar
energy, converting up to 9% of solar energy into biomass compared to only 0.5-3% for higher
plants (Dismukes et al., 2008, Branco dos Santos et al., 2014). Cyanobacteria are more
amenable to genetic modifications compared to algae, making the engineering of at least a
few model strains quite straightforward (Knoot et al., 2018). In addition, the genetic complexity
of algae has made their metabolic engineering rather challenging (Gimpel et al., 2015).
Furthermore, cyanobacteria display moderately faster growth rates and high CO; fixation

efficiency. Having minimal nutritional requirements allows their growth on arid land, minimizing
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the competition with food crops for natural resources (Knoot et al., 2018). Although most of
the strains require nitrogen and phosphorus inputs, there has been significant progress
growing them in waste and wastewaters usually abundant in these nutrients (Markou and

Georgakakis, 2011). In a closed system, nitrogen and phosphorus inputs can be recycled.

Their photosynthetic nature, robust physiology, ability to grow under varying conditions,
coupled with their amenability to genetic manipulations, have led to an increased interest in
cyanobacteria for renewable and sustainable production of chemicals, especially with the

benefit of developments in the field of synthetic biology.

2.1. Synthetic biology to enhance solar-powered sustainable biotechnologies

Synthetic biology has emerged as an interdisciplinary field applying engineering approaches
to biological systems to generate novel or (re)designed biological networks (Adams, 2016).
The applications of synthetic biology could be of key importance to meet some of the large
global challenges, in particular accelerating the transition to clean energy resources (Ng et
al., 2020). The toolkit of synthetic biology is employed to characterize components unique in
different organisms, and incorporate biological parts from different organisms within an
engineering framework (Vavitsas et al., 2021). As cyanobacteria have evolved a wide array
of useful and unique physiological properties, synthetic biology approaches can be adopted
to improve productivity in cyanobacterial hosts/chassis (Luan et al., 2020). Engineering of
hosts is mainly assisted by synthetic biology workflow based on building the assembly, testing
the output, and generating the knowledge to improve successive design cycles (also called
Design—Build—-Test—Learn cycle) (Ng et al., 2020). With this approach, we can tap into traits
desirable in biotechnological applications, extending the panel of next-generation microbial

platforms.

2.2. Cyanobacterial chassis for the light-driven biotechnology

One of the core concepts of synthetic biology is the development of the chassis, referring to
an organism serving as a foundation housing genetic modules and providing the resources
for functioning, such as the transcription and translation machinery. Extensive research efforts
have focused on developing tools to rationally design, synthesize, and build genetic networks
for tailored biological functions. However, developing the chassis organism attracted far less
attention (Adams, 2016). There are several key features to meet the practical necessities of

chassis toward biotechnological applications. These include extended basic knowledge of the
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microorganism, as a basis for the design of culture media and bioprocesses, particularly
focusing on simple nutritional requirements, cheap and available carbon, and if needed
nitrogen sources. Important characteristics also focus on resistance to physicochemical
stress, fast growth and tolerance to fluctuating conditions. Finally, the availability of tools and
the possibility of developing novel ones for genome manipulation is a crucial step toward
creating chassis (Calero and Nikel, 2019). There are very few microorganisms that naturally
fulfill the traits needed for chassis development. The pioneer chassis were based on the model
organisms already established in molecular biology such as Escherichia coli, Bacillus subtilis
and Saccharomyces cerevisiae (Adams, 2016). Nevertheless, novel concepts in
biotechnology need an expanded repertoire of bacterial chassis. In recent years,
cyanobacteria are increasingly becoming attractive chassis to host heterologous pathways to

produce a wide variety of fuels, commodity chemicals and value-added products.

Rational design and construction of robust chassis require extensive insight to fully exploit the
host's potential, preceding the applications. Recently, several key features essential for
chassis development have been summarized (Calero and Nikel, 2019). The enlargement of
cyanobacterial resources strengthens the tremendous progress made toward establishing

cyanobacterial strains as chassis (Table 1.).

Table 1. Key steps required toward chassis development (Calero and Nikel, 2019) and

progress associated with cyanobacteria.

Feature Resources References
Sequenced genomes CyanoBase (Fujisawa et al., 2017)
In silico metabolic models  Several models for (Fu, 2009, Montagud et al.,

Synechocystis sp. PCC 6803 2010, Montagud et al., 2011,
Knoop et al., 2013)

Neutral sites (Ng et al., 2015, Pinto et al.,
2015, Wang et al., 2019a,
Nagy et al., 2021)

Toolbox of genetic tools

Plasmids (Zhou et al., 2016, Ferreira
et al., 2018)
Promoters (Huang et al., 2010, Huang

and Lindblad, 2013, Englund
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et al., 2016, Zhou et al.,
2014, Ferreira et al., 2018,
Markley et al., 2015)
RBS Heidorn et al., 2011,
Englund et al., 2016, Liu and
Pakrasi, 2018, Wang et al.,
2018, Thiel et al., 2018)
Riboswitches (Nakahira et al., 2013, Pérez
et al., 2016, Ohbayashi et
al., 2016)
Terminators (Liu and Pakrasi, 2018)
CRISPR/CRISPRI (Yao et al., 2020, Gordon et
al.,, 2016, Li et al.,, 2016,
Wendt et al., 2016, Xiao et
al., 2018)
Physiological CyanoEXpress, (Hernandez-Prieto and
characterization CyanoOmicsDB Futschik, 2012)
(Zhou et al., 2021)
Mutant collection Upcoming CyanoSource: A (Gale et al., 2019)

Barcoded Mutant Library for
Synechocystis sp. PCC 6803

Nevertheless, there are still challenges when engineering cyanobacteria as chassis for light-
driven biotechnology. One of them being the poor performance in cyanobacteria of the existing
parts developed for established hosts such as E.coli, B. subtilis and S.cerevisiae (Huang et
al., 2010). Tools cannot always be directly transferred between organisms, due to differences
in transcriptional machinery, genetics, and regulation (Stensjo et al., 2018). In recent years,
there have been several studies focusing on developing customized tools for different
cyanobacterial chassis with a particular focus on achieving tight, dynamic, specific and
orthogonal regulation of multiple parts, allowing stable pathway maintenance and predictable
performance under conditions relevant to commercial applications (Hitchcock et al., 2020).
These tools are especially in the need of achieving long-term strain stability. However, they
still generally lag behind those routinely used in heterotrophic microbes. Therefore, the
development and availability of synthetic biology toolboxes for the standardized assembly of

genetic constructs is important.
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Another particular challenge of cyanobacterial genetic manipulation is polyploidy, referring to
harboring multiple copies of genome per cell, depending on the strain, growth phase and
growth conditions (Watanabe, 2020). This prolongs the period to obtain fully segregated
clones. Therefore, a better understanding of polyploidy could lead to the generation of clones
with fewer genome copies per cell. This could speed up further genome modification,
however, may come with undesirable consequences to cell fithess (Hitchcock et al., 2020).
Finally, decreased bioproduction due to genetic instability of heterologous pathways has been

observed and may constitute an additional drawback (Jones, 2014).

To economically compete with already established biotechnological platforms it is essential
increasing the productivity of engineered strains. Providing tailored microbes by rational
manipulation of the microbial physiology, stress response or engineering the core metabolism
in the selected chassis will be necessary. Moreover, designing chassis with the end goal in

mind is a notably important aspect of the development.

2.3. Engineering chassis as improved bioproduction platforms

Cyanobacteria are promising chassis for various biotechnological applications. However, on
the road to becoming economically feasible, employing strategies of rational engineering
offers significant improvements. The emphasis is to optimize chassis toward improved
conversion of light energy into value-added compounds. The theoretical predictions showed
that photosynthetic photon-to-biomass conversion efficiency is around 10-13%, whereas in
reality efficiency rarely surpasses 1-3% (Melis, 2009). In natural environments, cyanobacteria
have been selected to survive, but do not have the ability to produce a desired maximal
amount of biomass or target products. Although the photosynthetic reducing power is
abundant, intrinsic regulation of light-harvesting and photosynthetic electron transport
together with the competition from native electron transfer pathways may form hurdles (Russo
et al., 2019). Particularly, the amount of light energy captured during photosynthesis is often
larger than needed in metabolic reactions and excess energy is usually dissipated (Foyer and
Noctor, 2009). With bioengineering, this can be seen as an opportunity to take the advantage
of otherwise wasted reducing energy and to redirect it toward commercially valuable
chemicals. Therefore, in recent years, there has been a variety of engineering strategies using
synthetic biology and metabolic engineering to improve cyanobacterial chassis. The focus

was on different aspects of cyanobacterial metabolism, from expanding the absorbed
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photosynthetic spectrum to balancing absorbed light energy and metabolic capacity (Luan et
al., 2020) (Fig. 2).
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Figure 2. Different strategies employed for engineering cyanobacterial chassis toward improved productivities (Adapted from
Luan et al., 2020).

2.3.1. Expanding the range of light absorption

Light-harvesting efficiency, referring to the efficiency of light energy conversion to chemical
energy is one of the factors that could be improved in cyanobacteria (Chen and Blankenship,
2011). Most cyanobacteria can utilize solar energy in the visible light range from 400 to 700
nm (Blankenship, 2021). Particularly, the absorption of visible light is concentrated in a narrow
band from 660 to 700 nm, while absorption of the green band (450-550 nm) is relatively weak,
a phenomenon known as the ‘green gap’ (Gundlach et al., 2009). Broadening the
cyanobacterial spectral absorption offers revenue for improved light conversion efficiency.
One of the approaches focused on broadening the absorption spectra to include 750 nm that
could lead to a 19% increase in the available photons (Chen and Blankenship, 2011,
Blankenship et al., 2011). The discovery of red-shifted chlorophyll d (Miyashita et al., 1996)
and f (Chen et al.,, 2010) having absorption peaks above 700 nm offers promising

improvement of photosynthetic efficiency by harvesting infrared energy (Chen et al., 2010,
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Miyashita et al., 1996). To extend the photosynthetically active radiation, heterologous
synthesis of chlorophyll f was attempted in Synechococcus sp. PCC 7002 (Shen et al., 2019,
Tros et al., 2020), resulting in a rather small absorption in far-red light. An additional promising
engineering approach was focused on filling the ‘green gap’ by the proteorhodopsin—retinal
system. This was recently tested by expressing a green-absorbing proteorhodopsin in a PSI-
deletion strain of Synechocystis sp. PCC 6803 leading to an increased growth rate (Chen et
al., 2019).

2.3.2. Antenna reduction for optimal energy conversion

To thrive in environments with fluctuating light intensities, cyanobacteria have maximized the
expression of pigments and antennae complex (Melis, 2009). The light-harvesting antennae
have evolved to capture as much solar energy as possible under natural conditions, where
cells usually face light-limiting conditions. Under conditions encountered in photobioreactors,
excessive photon capture by the cells in the surface layer can reduce the light availability for
the cells underneath (Melis, 2009). Therefore, truncating antennae complex has been
proposed as an approach to enable deeper light penetration into the cultures leading to
increased light absorption and consequently culture productivity (Montgomery, 2014).
Minimizing the light-harvesting antenna complex has been the focus of several studies (Lea-
Smith et al., 2014, Ajlani and Vernotte, 1998). One study showed that minimizing the antennae
size through deletion of apcE gene, encoding the anchor protein linking the phycobilisome to
the thylakoid membrane, improved biomass production by 60% (Joseph et al., 2014). In
another study, the excess absorption of light has been minimized by creating a phycocyanin-

deletion mutant which enhanced biomass production by 57% (Kirst et al., 2014).

2.3.3.Redirecting photosynthetic electron flux

The imbalance between the energy supply and metabolic requirements can be described as
one of the limiting factors affecting photosynthetic efficiency. From the theoretical calculations,
the light reaction generates a ratio of 2.57 ATP/2 NADPH, whereas a ratio of 3 ATP/2 NADPH
is required for the CO; fixation (Kramer and Evans, 2011). Therefore, to better balance the
ATP/NADPH ratio between light and dark reactions, it was hypothesized that increasing the
consumption of NADPH generated from the light reactions might improve the photosynthetic
efficiency. This hypothesis was tested by introducing an NADPH-consuming pathway into
Synechocystis sp. PCC 6803 and indeed resulted in enhanced photosynthetic efficiency and

biomass production (Zhou et al., 2016). Similarly, the expression of an artificial electron sink,
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NADPH-consuming mammalian cytochrome P450, increased the maximum rate of
photosynthetic electron flow by 31.3% (Berepiki et al., 2016). Additionally, the coexpression
of two heterologous sinks had additive impacts on the photosynthetic efficiency (Santos-
Merino et al., 2021).

Cyanobacteria have evolved several protection mechanisms to mitigate the overcapacity of
the light reactions and prevent over-reduction of the photosynthetic electron transport chain
that can lead to the generation of reactive oxygen species and subsequent photoinhibition
(Lea-Smith et al., 2016). In recent years, rational engineering of alternative electron transfer
routes, particularly involved in photoprotection, has been gaining attention. Main protein
complexes involved in redirecting electron flux, such as flavodiirons, hydrogenases and
dehydrogenase complex (Mullineaux, 2014) have been the focus of several studies to
rationally engineer electron flow. One study showed deleting a subunit of the type | NADH
dehydrogenase complex, suggested to be involved in cyclic photosynthetic electron flow,
resulted in increased activity of heterologous cytochrome P450 (Berepiki et al., 2018). Several
studies focused on flavodiiron proteins, crucial players in alleviating excessive reduction of
the electron transfer chain (Allahverdiyeva et al., 2013). In a recently published study, it is
suggested that deletion of flv3 could be an approach to optimize the electron flux between
photosynthetic light reactions and the downstream biosynthetic pathways funneling cellular
resources more effectively towards the generation of target chemicals (Thiel et al., 2019).
Indeed, the elimination of flv1/3 in Synechocystis increased the specific activity and product
formation rate of the heterologous ene-reductase (Assil-Companioni et al., 2020). Also, a
similar approach led to an increase in D-lactate production in Synechococcus sp. PCC 7002
expressing D-lactate dehydrogenase (Selado et al., 2020). Interestingly, overexpression of fiv3

leads to increased ATP supply and biomass accumulation (Hasunuma et al., 2014).

2.3.4. Enhancing carbon fixation activity and utilizing carbon sinks

Most of the metabolic engineering of cyanobacteria has focused on improving or redirecting
carbon metabolism. Several approaches have been proven useful for enhancing biomass and
increasing the production of compounds of interest. Cyanobacteria have evolved highly
effective carbon concentrating mechanisms, absorbing CO, and HCOs and concentrating
them in the carboxysomes, to prevent photorespiration and enhance the activity of enzymes
involved in the CBB cycle (Wang et al., 2012). Enhancing carbon uptake by overexpression

of the bicA gene, encoding bicarbonate transporter led to the improved growth rate of
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Synechocystis (Kamennaya et al., 2015). Overexpression of selected enzymes of the CBB
cycle (ribulose-1,5-bisphosphate carboxylase/oxygenase, sedoheptulose 1,7-biphosphatase
and fructose-bisphosphate aldolase) led to an increase in oxygen evolution activity and growth
rates (Liang and Lindblad, 2016). Other studies showed enhancing the carbon fixation rate
can be an approach to increase ethanol production (Liang et al., 2018, Roussou et al., 2021).
Previous studies showed that cyanobacterial strains with engineered extra carbon sinks,
either through their incorporation in particular products or through the export of carbon-based
compounds, exhibited higher rates of CO. assimilation and enhanced photosynthetic
efficiency (Montgomery, 2014), demonstrated during the rerouting of carbon flux into the
production of sucrose (Ducat et al., 2012) and 2,3-butanediol (Oliver et al., 2013). This could
be a direction to further enhance photosynthetic efficiency and improve the productivity of
selected chassis. Reducing carbon partitioning into storage compounds and subsequent
rerouting to the desired product offers another direction of improved productivities. This was
shown with the inactivation of PHB biosynthesis that led to increased yields of 3-
hydroxybutyrate (Wang et al., 2013), and in the glycogen storage deficient mutant that

exhibited improved production of lactic acid (van der Woude et al., 2014).

2.4. Model cyanobacterial strains and emerging strains

The different engineering approaches toward chassis optimization mentioned above have
been performed using several cyanobacterial model strains, predominantly Synechocystis sp.
PCC 6803, but also Synechococcus elongatus PCC 7942, Synechococcus sp. PCC 7002 and
Nostoc sp. PCC 7120 (Table 2). Synechocystis sp. PCC 6803 is a non-nitrogen fixing
freshwater strain being the first autotrophic microorganism to have its genome fully sequenced
(Kaneko et al., 1996). It has been extensively studied and used in synthetic biology, being
recognized as the “green E.coli’ (Branco dos Santos et al., 2014). Synechococcus elongatus
PCC 7942 has been extensively used as a model organism for studying the prokaryotic
circadian clock (Cohen and Golden, 2015). Filamentous Nostoc sp. PCC 7120 has been used
as a model organism to study cellular differentiation (Kumar et al., 2010) as it has the
capability of fixing nitrogen by forming heterocysts, differentiated cells for fixing dinitrogen (Cai
and Wolk, 1997, Herrero et al., 2001). Recently, Synechococcus PCC 7002 has been gaining

attention as a fast-growing, naturally transformable marine strain (Bernstein et al., 2016).
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Table 2. Selected model cyanobacterial strains (Adapted from Santos-Merino et al., 2019).

. Genome Doubling Lifestyle
Strain . .
size time features
Synechocystis sp. PCC 6803 3.5 Mb 6-12 h Freshwater,
unicellular
Synechococcus elongatus PCC 7942 2.7 Mb 5h Freshwater,
unicellular
Nostoc sp. PCC 7120 6.4 Mb 14 h Freshwater,
filamentous
Synechococcus PCC 7002 3.0 Mb 26h Euryhaline,
unicellular

In recent years there has been a wide exploration of novel cyanobacterial strains, particularly
focusing on fulfilling criteria needed for prospective industrial applications. These
characteristics include traits such as fast growth, high biomass accumulation and/or
resistance to a variety of abiotic stress, particularly high light and salinity (Santos-Merino et
al., 2019). One of the most promising candidate is Synechococcus elongatus UTEX 2973 with
the shortest doubling time of 1.9 h under optimal growth conditions (Yu et al., 2015). This
strain was of particular interest to study genetic changes associated with the fast growth that
were further introduced into Synechococcus elongatus PCC 7942. This resulted in a reduction
of doubling time from 8.5 h to 3.1 h, with increased tolerance to high light and temperature
(Ungerer et al., 2018). New promising candidates have been described recently including
Synechococcus elongatus PCC 11801 having a higher growth rate under atmospheric CO
(Jaiswal et al., 2018) and Synechococcus elongatus PCC 11802 showing faster growth at
high CO; and elevated temperature conditions (Jaiswal et al., 2020). Finally, high biomass
production candidate Synechococcus sp. PCC 11901 was recently described as reaching
32.6 gL of dry weight biomass (Wtodarczyk et al., 2020).

These cyanobacterial chassis strains will boost the evolution of synthetic biology beyond the
proof-of-concept stage and closer to industry-relevant applications. One of the fields that
thrive from the utilization of cyanobacteria and can benefit from rational engineering of the

chassis is biocatalysis. A significant amount of fundamental research can pave the way for
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the development of commercially viable, engineered cyanobacteria with the desired properties

to achieve improved productivity.
3. The role of biocatalysis toward sustainability

The growing and numerous applications of biocatalysts in various industrial sectors have been
recognized as a key technology for a more rapid transition toward a sustainable bioeconomy
(Wohlgemuth, 2021). The phenomenal advances in enzyme discovery combining
metagenomics with the power of bioinformatics and directed evolution for enzyme
improvement have revolutionized biocatalysis in the last two decades (Sheldon et al., 2020).
Advances in protein engineering through rational design, in silico modeling and the infiltrated
power of machine learning through recently described AlphaFold (Jumper et al., 2021) will
enable offering enzymes tailored toward targeted process parameters, such as activity,
specificity and stability (Sheldon and Woodley, 2018, Bell et al., 2021).

With the abovementioned innovations, biocatalysis has become a state-of-the-art approach
for the synthesis in the pharmaceutical, fine chemical, agriculture, food and polymer
industries, with several excellent examples that reached commercial scales demonstrating

the versatility of this approach (Prier and Kosjek, 2019, Bell et al., 2021).

Notably, the synthesis and production of the high-price low-volume complex molecules, such
as pharmaceuticals, represent the industrial sector where biocatalysis had the greatest
contribution, tapping into outstanding selectivity of the enzymes with several hundred
processes in operation (Woodley, 2019, Bell et al., 2021). Examples of biocatalytic synthesis
of atorvastatin (Ma et al., 2010) and sitagliptin (Savile et al., 2010), have set standards to

demonstrate the feasibility of biocatalysis.

The widespread use of biocatalysis is also a consequence of numerous economic and
environmental benefits. Biocatalytic reactions offer several advantages over established
chemical synthesis, complying with 10 out of 12 green chemistry principles founded for the
design of sustainable chemical processes (Table 3). The remaining two (principles 4 and 10)
are not being relevant because they relate to the product, rather than the process design
(Anastas and Eghbali, 2010, Sheldon and Woodley, 2018).
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Table 3. The 12 principles of green chemistry for the design of new chemical products and

processes and solutions offered by biocatalysis (Adapted from Sheldon and Woodley, 2018).

Green chemistry principle Biocatalytic solution

Waste prevention Significantly reduced waste

Atom economy More atom- and step-economical
Less hazardous synthesis Generally low toxicity

Design for safer products Not relevant

Safer solvents and auxiliaries Usually performed in water

Energy efficiency Mild conditions/energy-efficient
Renewable feedstocks Enzymes are renewable stocks
Reduced derivatization Avoids protection/deprotection steps
Catalysis Enzymes are catalysts

Design for degradation Not relevant

Real-time analysis Applicability to biocatalytic processes
Inherently safer processes Mild and safe conditions

Biocatalysts are produced from renewable sources such as biomass being biocompatible,
biodegradable, non-hazardous and non-toxic. The utilization of enzymes provides an
alternative for using scarce metals as catalysts and avoids the costs of removing metal traces
from the end products. Enzymatic reactions generally avoid the need for functional-group
activation, protection, and deprotection steps, allowing routes with fewer steps producing less
waste than conventional organic synthesis. Furthermore, biocatalytic reactions run under mild
reaction conditions including ambient temperature, atmospheric pressure, and usually neutral
pH. High regio-, chemo- and stereoselectivity of enzymes lead to shorter routes, resulting in
substantial savings in terms of costs, energy and waste formation (Sheldon et al., 2020,
Sheldon and Woodley, 2018).

Several important parameters have been established to assess biocatalytic reactions and
benchmark them against industry standards to understand bottlenecks and required
biocatalyst development and process improvements. These parameters include economic

and green chemistry metrics (Table 4).
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Table 4. Metrics used to evaluate the efficacy of the biocatalytic processes (Adapted from
Grimm and Kourist, Bell et al., 2021).

Commonly used

Description

Economic metrics

Green chemistry

metrics

Parameter .

unit
Conversion MOlproduct MOlsubstrate™
Isolated yield MOlproduct MOlsupstrate™
Initial reaction  Qproduct ™
rate

mOIproduct h-1 I—_1
Specific  activity PMOIproduct Joatalyst”

[Aspec] min*

PFOdUCtiVity Oproduct gcatalyst—1

-1
mOIproduct gcatalyst

Space-time yield  Qproduct L' h™’

Enantiomeric %
excess (ee)

Represents how much of the initially
provided substrate was transformed
into a product

Product concentration in correlation
to the provided amount of substrate
or the total amount of isolated
product

The velocity of the reaction in the
time interval with less than 10%
conversion

Expresses how much product is
converted by the given amount of
catalysts in a specific time interval

The total product formed using a
specific amount of catalyst

Quantity of product per unit of
volume and time

Excess of one enantiomer in a
mixture of both enantiomers

Atom economy g mol' per g mol”

E factor gg’

The molecular weight of the desired
product as a function of the sum of
the molecular weight of all products

Amount of waste made as a function
of the amount of product made
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C factor gg’ Amount of CO. equivalents as a
function of the amount of product
made
Process mass gg’ Amount of raw material input as the
intensity function of the amount of the desired

product made

3.1. The bottlenecks of the application of redox enzymes

NAD(P)H-dependent oxidoreductases are a versatile group of enzymes of great interest from
an industrial point of view as they perform the critical steps in the production of many hard-to-
synthesize compounds (Vidal et al., 2018). These redox enzymes catalyze the reduction or
oxidation of a substrate, and they represent the largest class of enzymes including some of
the most widely employed industrial biocatalysts (Prier and Kosjek, 2019). Members of this
enzyme class have gained interest in asymmetric synthesis due to their high
enantioselectivity. Stereoselective catalysis is of particular interest for the production of
stereoisomeric compounds due to distinctly different properties, reactivities and chemical or
biological functions of different enantiomers. The importance of asymmetric catalysis is
highlighted by the 2021 Nobel prize in chemistry awarded for organic catalysts developed by
List and MacMillan. One of the most widely employed synthetic steps is the asymmetric
hydrogenation of alkene bonds, with the generation of up to two stereogenic centers. A
biocatalytic alternative for this transformation gained attention, through the application of
flavin-dependent ene-reductases, which are members of the ‘old yellow enzyme’ family (OYE)
(Faber, 2011). Since the discovery of the ene-reductases in the 1930s, over 100 proteins of
this family have been identified in microorganisms and plants, having different physiological
roles, such as being part of the biosynthesis of secondary metabolites or detoxification of
xenobiotics. Due to their remarkably high enantioselectivity with a broad range of substrates,
they have been employed in the synthesis of amino acid derivatives, terpenoids, fragrance
compounds and chiral building blocks (Winkler et al., 2012, Parmeggiani et al., 2021). The
catalytic mechanism of the ene-reductase-catalyzed reduction of alkenes has been studied in
great detail (Kohli and Massey, 1998). During the ‘oxidative half reaction’, hydride derived
from a reduced flavin cofactor is stereoselectively transferred onto CB, while a Tyr-residue

adds a proton which is derived from the solvent onto Ca from the opposite side (Fig. 3). As
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the result of the stereochemistry of this mechanism, the overall addition of [H2] proceeds in a
trans-fashion with absolute stereospecificity. The catalytic cycle is completed by the ‘reductive
half reaction’ via reduction of the oxidized flavin cofactor at the expense of NAD(P)H (Faber,
2011). It has been also described that reduced flavin cofactor can oxidase molecular oxygen
leading to the formation of hydrogen peroxide. This is commonly known as cofactor

decoupling, where reducing equivalents are consumed but the desired product is not formed.

NAD(P)H Oxidised flavin
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Reductive half reaction Oxidative half reaction
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NAD(P)* Reduced flavin

Figure 3. Asymmetric bioreduction of activated alkenes using ene-reductases. EWG=electron withdrawing group (Adapted from
Kohli and Massey, 1998).

One of the most prominent member of the class is ene-reductase YqjM, originally from Bacillus
subtilis and suggested to be involved in the oxidative stress response (Fitzpatrick et al., 2003).
The crystal structure of a YqjM revealed a new subclass of OYEs with unique structural
properties, such as its occurrence as a homotetramer and distinct sequence features (Kitzing
et al.,, 2005). YqjM accepts both NADPH and NADH as cofactors, however, shows a
preference for NADPH (Fitzpatrick et al., 2003). YqjM was subjected to iterative saturation
mutagenesis studies to generate variants with an improved catalytic ability (Bougioukou et al.,
2009) The biocatalytic potential of this enzyme has been investigated extensively, due to
remarkably broad substrate spectrum (Hall et al., 2008, Winkler et al., 2012, Toogood and
Scrutton, 2018).

The application of oxidoreductases, such as ene-reductases, is dependent on the addition of
cofactors such as NADPH or NADH. The high price of nicotinamide cofactors (eg. NADPH

costs ~1 500 €/1 g, Merck KGaA, Germany) limits the addition of stoichiometric amounts and
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the large-scale application. Their cofactor-dependency has for a long time been regarded as
a major hurdle for preparative applications (Hollmann et al., 2011). To be useful on an
industrial-scale one of the requirements for the enzyme process is that cofactors and other
reagents must be economically supplied or regenerated (Prier and Kosjek, 2019). Therefore,
several recycling strategies ranging from chemical, electrochemical, photochemical, microbial
to enzymatic reactions have been developed for the in situ recycling of cofactors (Liu and
Wang, 2007). This is achieved by adding a large excess of a co-substrate e.g. isopropanol or
the second enzyme in combination with a co-substrate. The widely used combinations are
formate/formate dehydrogenase (FDH) and glucose/glucose dehydrogenase (GDH) (Fig. 4).
However, applying oxidoreductases with the established cofactor recycling systems often
encounters low atom economy, as only a fraction of the electrons of sacrificial co-substrates
is being utilized. Additional issues are cost and effort for the separation of side-products.

Therefore, these approaches jeopardize green chemistry principles.

redox enzyme

substrate product

’

NAD(P)H NAD(P)*

co-product co-substrate

redox enzyme
CO, HCO,H

gluconate glucose

GDH

Figure 4. Schematic representation of the most common in vitro systems for cofactor recycling (Adapted from Sheldon et al.,
2020).

Complicated molecular architecture and poor stability of the isolated enzyme, together with
cofactor requirements somewhat resulted in the application of oxidoreductases mainly as a
whole-cells system (Hollmann et al., 2011, Vidal et al., 2018). Whole-cell biotransformations
performed in heterotrophic microorganisms such as E. coli, usually rely on enhanced cofactor

regeneration systems, mainly via mimicking the methods for in vitro cofactor recycling by co-
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expressing dehydrogenases, most commonly FDH and GDH, and supplying the sacrificial co-
substrates (Kratzer et al., 2015). However, in this case, co-substrates might be used
suboptimally, since they might also be used elsewhere in the metabolic processes of host
organisms, resulting in a further decrease of atom economy. Additionally, microbial cells can
contain various variants of the actual production enzyme exhibiting complementary selectivity,

resulting in poor (enantio)selectivities (Hollmann et al., 2011).

3.2. Cofactor recycling in autotrophic microorganisms

To overcome the challenge of sustainable cofactor recycling systems and substitution of
sacrificial organic co-substrates, coming closer to a better atom economy, several biological
platforms gained attention for the renewable production of chemicals based on advantageous
cofactor recycling systems. These platforms include chemolithoautotrophic and autotrophic
microorganisms, such as Cupriavidus necator, Rhodobacter sphaeroides and several

cyanobacterial strains.

Hydrogen-driven cofactor regeneration hosted in Cupriavidus necator has been an interesting
approach already shown to sustain the activity of heterologously expressed alcohol
dehydrogenase (Oda et al., 2013) and ene-reductase (Assil-Companioni et al., 2019).
However, providing a mixture of Ha, O2, and CO; requires special care as this is in the gas

explosion range that could be an obstacle for the further development of this approach.

Light-driven cofactor regeneration systems hosted in easy to handle autotrophic
microorganisms, offer an attractive approach to circumvent this problem. Rhodobacter
sphaeroides, a metabolically versatile anoxygenic photosynthetic organism, has been
engineered to express alcohol dehydrogenase for the synthesis of a chiral alcohol (Ma et al.,
2017). However, this organism uses thiosulphate as an electron donor, where only oxygenic

photosynthesis allows utilizing water as a reductant.

Coupling whole-cell redox reactions to photosynthesis in cyanobacteria allow for the
substitution of sacrificial organic co-substrates using water splitting as the stoichiometric
reductant, tapping into photosynthetic machinery to generate NADPH and concomitantly
regenerate used NADP* (Fig. 5).
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Figure 5. Schematic representation of harnessing photosynthetic reductants for biocatalytic reactions performed by heterologous

oxidoreductases.

To fully utilize cyanobacteria as hosts for redox enzymes several points should be considered.
Cyanobacteria have higher intracellular NADPH levels compared to NADH, reported to be up
to 6.5-fold higher (Tamoi et al., 2005). However, heterotrophic hosts usually used in
biotransformations, such as E.coli, have 4 to 5 times higher levels of NADH compared to
NADPH (Meyer et al., 2006). Therefore, to efficiently couple enzymes with the expression
hosts for helpful provision and recycling of cofactors, NADPH-dependent enzymes are of
preference for the heterologous expression in cyanobacteria. However, even if NADH-
dependent enzyme is of interest to be expressed, recent studies offer several alternatives.
Increasing intracellular NADH level can be achieved by balancing cofactors through co-
expression of a soluble transhydrogenase catalyzing conversion between NADPH and NADH
(Angermayr et al., 2012, Varman et al., 2013). Additionally, exchanging cofactor specificity of
the enzymes can be an approach to match the cyanobacterial host (Richter et al., 2011,
Lerchner et al., 2016). To predict specific mutations which might allow reversal of the cofactor
specificity of a given NAD(P)H-dependent oxidoreductase, we can benefit from computational
tools such as CSR-SALAD (Cahn et al., 2017).

Cyanobacteria are attractive hosts for biocatalytic oxyfunctionalization supplying reducing
equivalents and by-product O, via photosynthetic water splitting. However, O, can be
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detrimental for an oxygen-sensitive enzyme. In the case of enzymes such as ene-reductases,
a certain O- sensitivity was observed, as they can act as NADPH oxidase in the absence of
the substrate. The issue of oxygen-sensitive enzymes can be overcome utilizing spatial
segregation based on natural compartmentalization recently demonstrated for a 1,3-

propanediol biosynthetic pathway insulated within heterocysts (Liu et al., 2018).

3.3. Cyanobacteria as chassis for light-driven biotechnology

Cyanobacteria have been predominantly seen as chassis for the direct conversion of CO, into
a final product. Therefore, over the years wild-type and engineered strains have been
extensively studied for product formation directly from COg, light and water (Angermayr et al.,
2015, Knoot et al., 2018). Cyanobacterial, or ‘solar, cell factories are a particularly
advantageous strategy as an alternative for the heterotrophic production platforms that require
plant-derived fermentable sugars and therefore compete with food production (Knoot et al.,
2018). Some of the first studies using engineered cyanobacterial strains focused on the
production of ethylene (Sakai et al., 1997), ethanol (Deng and Coleman, 1999) and pigments
(Lagarde et al., 2000). In the last 20 years, subsequent studies established cyanobacterial
cell factories to produce a range of value-added products. Significant progress with the help
of metabolic engineering and synthetic biology has resulted in several excellent examples,
such as isobutyraldehyde and isobutanol (Atsumi et al., 2009), lipids (Liu and Curtiss, 2009),
fatty acids (Liu et al., 2011), D-lactic acid (Varman et al., 2013), and butanediol (Oliver et al.,
2013). Extension to the production of low-titer-high-price products, such as terpenoids
(Pattanaik and Lindberg, 2015), limonene (Kiyota et al., 2014) and caffeic acid (Xue et al.,
2014), underlines that the improvement in synthetic biology tools and a better understanding

of the cyanobacterial metabolism helps to develop their bioengineering potential.

Streamlining photosynthetically activated electrons, derived from water-splitting, to power
biotransformations has gained less attention, however, constitutes an interesting approach for

the development of a circular economy.

3.4. Light-driven whole-cell biotransformations in wild-type cyanobacteria

The feasibility to provide and recycle cofactors, such as NADPH, within cyanobacteria posses
an outstanding potential. Already in 1986, the first study was published using five
cyanobacterial wild-type strains for the biotransformations of aldehydes and ketones (Juttner

and Hans, 1986). In the last 20 years, several studies were published using wild-type
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cyanobacterial strains as biocatalysts for the reduction of prochiral ketones, enones,
maleimides, terpenes, hydrocortisone, oxophosphonates and chalcones (Nakamura et al.,
2000, Nakamura and Yamanaka, 2002, Hamada et al., 2003, Yamanaka et al., 2015, Shimoda
et al., 2004, Havel and Weuster-Botz, 2006, Yazdi et al., 2004). Wild-type strains can be an
excellent starting point exploring innate enzymes and are still being employed in recently
published studies (Tanaka et al., 2020, Fan et al.,, 2021). However, the low product
concentrations with a long reaction time emphasize considerable limitations toward advanced

applications.

Further development coming closer to industry requires optimized levels of enzyme
expression and/or expression of heterologous enzymes. When we employ heterologous
enzymes, the reaction mechanisms, selectivity and preferred reaction conditions are often
better understood, which is of great advantage for further development and applications. This
is a necessity, particularly when developing an alternative process to already established
routes of chemical synthesis. With the advances in genetic engineering tools, the field of

photobiocatalysis expanded to heterologously expressed enzymes hosted in cyanobacteria.

3.5. Light-driven whole-cell biotransformations in engineered cyanobacteria

In recent years, an increasing number of examples demonstrated the power of
photobiocatalysis hosted in cyanobacteria, focusing on reductive biotransformations and
oxyfunctionalizations. Up to date, the light-driven biotransformations in engineered
cyanobacteria have been hosted in two model organisms, namely Synechocystis sp. PCC
6803 and Synechococcus elongatus PCC 7942. The proof-of-concept of photosynthetic
reductive biotransformation with heterologous oxidoreductases in cyanobacteria was
performed by expression of the ene-reductase from Bacillus sp. in Synechocystis sp. PCC
6803. The cells converted a series of seven substrates with the initial reaction rates above
100 U gecow ™" (Koninger et al., 2016). Further optimization, by promoter exchange and deletion
of native electron sinks led to improved reaction rates (Assil-Companioni et al., 2020). Several
studies followed, expressing enzymes such as imine reductases for the conversion of
prochiral imines into stereoselective amines (Blchsenschitz et al.,, 2020), alcohol
dehydrogenase for asymmetric conversion of acetophenone to chiral 1-phenylethanol
(Sengupta et al., 2019) and the most recently published study including hydroxyisocaproate
dehydrogenases (Jurkas et al., 2021). Additionally, oxyfunctionalizations were demonstrated
using alkane monooxygenase for hydroxylation of nonanoic acid methyl ester to w-

hydroxynonanoic acid methyl ester (Hoschek et al., 2017), further applied in a continuous
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system (Hoschek et al., 2019a). A recent study explored hydroxylation of cyclohexane to
cyclohexanol based on the expression of a cytochrome P450 monooxygenase (Hoschek et
al.,, 2019c). Finally, two studies focused on exploring heterologous Baeyer-Villiger

monooxygenases for oxidation of cyclic ketones (Bohmer et al., 2017, Erdem et al., 2021).

These studies demonstrate that engineered cyanobacteria are beneficial for reductive
biotransformations and oxyfunctionalizations due to the light-driven cofactor regeneration
and/or oxygen formation. This paves the way for more sustainable biocatalysis in the future,
shifting the paradigm of cyanobacteria as solely CO, converting factories toward biocatalysts
converting compounds that are essential building blocks in pharmaceutical and fine chemical
industries. Several biotechnological challenges need to be addressed and overcome before
light-powered biotransformations become commercially viable. Up to date, the published
studies are primarily proofs-of-concept. However, commercialization of the technology has yet
to be realized. Some of the targets to improve biocatalytic reactions could be further utilization
of synthetic biology toolbox to optimize the enzyme levels or improve the host organism
focusing on photosynthetic efficiency and electron flow. However, further advancement of the

photobiocatalytic field is required also in the scale-up systems used for running the reactions.

3.6. Challenges and opportunities for scaling up light-driven biotransformations

Recent years have seen enlargement of the library of cyanobacterial light-driven biocatalysts
including various bioengineering approaches toward improved productivities. However,
bioprocess engineering required for scaling up has received far less attention (Knoot et al.,
2018). It is important to highlight factors of commercial success lie mainly in the productivity
and stability of the engineered strains in industrial settings. Further on, if a technology is not
economically competitive, it will not be sustainable in the long term (Knoot et al., 2018,
Sheldon and Woodley, 2018).

To become economically feasible, fine chemical synthesis requires a minimum space-time-
yield of 0.1 g L' h™" and a minimum final product concentration of 1 g L (Straathof et al.,
2002). For pharmaceuticals, estimated minimum process requirements are space-time-yield
of 0.001 g L' h™" and product concentration of 0.1 g L™ (Straathof et al., 2002, Julsing et al.,
2008). Regarding biotransformations, this can be achieved with high specific activities of >100
U gcow ™ and/or high cell densities of >10 gcow L' (Hoschek et al., 2018).
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During scale-up efficient substrate supply and product removal, appropriate CO- dispersion
and O degassing have to be achieved (Bux and Chisti, 2016). However, the main challenges
of scaling up light-driven biotransformations are related to the technical limitations of
balancing light intensity to maintain productivity and avoid inhibition, while facing light
adsorption by cells and self-shading (Chanquia et al., 2021). It is particularly challenging
knowing that higher space-time-yields can be achieved by increasing the cell concentrations
(Hoschek et al., 2018). However, higher cell densities need increased light intensities and/or
additional light sources to be installed within the reactor system. Light-emitting diode (LED)
operated photobioreactors offer more tight control of the wavelength that can lead to improved
efficiency (Hellingwerf et al., 2021). Some very interesting engineering approaches have been
gaining attention, such as utilizing wavelengths shifting dyes, proven to improve biomass
production (Burak et al., 2019).

Established cultivation systems for photosynthetic microorganisms can be an initial point for
developing systems for scaling up light-driven biocatalysis. The simple ones are based on
open pond reactor systems, such as raceway ponds. Recently, there have been some
technological advances in the development of open thin-layer cascade photobioreactors (Apel
et al.,, 2017) that have been applied for the production of lipids (Schadler et al., 2019).
However, closed photobioreactors would be a preferred system for running light-driven
biocatalysis to produce fine chemicals and pharmaceuticals. Closed photobioreactors allow
tight control of important reaction parameters such as pH, temperature, supply of CO2 and O>
degassing, reduce the risk of contaminations and limit the escape of heterologous strains
usually used (Wijffels et al., 2013). Different designs of photobioreactors have been developed
and the most common include stirred tank, flat panel, tubular, soft-frame and bubble column
(Doppler and Spadiut, 2021) (Fig. 6).
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Figure 6. Schematic representation of the different photobioreactors. A) stirred tank, B) vertical flat panel, C) fence tubular, D)

bubble column.

Stirred tank reactors are well known for the cultivation of heterotrophic microorganisms and
have already been further developed as photobioreactors to include light sources (Labfors 5
Lux, Infors AG). They are actively stirred by various forms of different impellers which improve
CO2 and O2 mass transfer rates, ensuring homogenous distribution with exact control of
process parameters, such as pH and temperature (Doppler and Spadiut, 2021). However,
shear forces imposed by impellers can have harmful effects on the cells (Wang and Lan,
2018). Available stirred tank bioreactor has been applied for the scale-up of biotransformation
of cyclohexane to cyclohexanol by engineered Synechocystis leading to the average
productivity of 0.04 g L™ h™' (Hoschek et al., 2019c). This example is far from economically
viable productivities but offered insights into required improvements. An additional example is
w-hydroxylation of nonanoic acid methyl ester using engineered Synechocystis with a
maximum space-time yield of 0.086 mMoliotal product'Lag ' -h™" (Hoschek et al., 2019a). Some of
the drawbacks of scaling standard stirred tank bioreactors are related to decreasing surface-
to-volume ratio, resulting in impaired light distribution together with high energy input needed
to provide efficient mixing (Chanquia et al., 2021).
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Flat panel reactors come up with the advantage of a higher surface-to-volume ratio with a
consistent light supply leading to high photosynthetic rates and biomass (Doppler and
Spadiut, 2021). One of the drawbacks of using flat panels is difficulties for enlarging,
controlling temperature and high energy consumption to provide efficient mixing of the
cultures (Touloupakis and Carlozzi, 2021). Continuous development offers novel
technologies, such as recently described modification of the flat panel reactor focused on
immobilization of cells on a grid further applied for the hydrogen production (Wang et al.,
2019).

Tubular bioreactors are constructed as transparent tubes being in various configurations (e.g.
loop, coil, manifold) and orientations (e.g. horizontal, vertical and inclined) with large
illumination surface areas (Touloupakis and Carlozzi, 2021). A major factor influencing the
efficiency is the diameter of the tubes, as lower diameter results in better light penetration
(Doppler and Spadiut, 2021). One of the largest tubular photobioreactors, with a vertical
arrangement of the tubes, is located in Germany, with a capacity of 700 m® and a total pipe
length of 500 km, set-up for the production of up to 150 tonnes of Chlorella sp. dry mass per
year (Placzek et al., 2017). Diverse novel tubular designs are being developed to improve the
mass transfer and the surface-to-volume ratio. Recently, a new tubular photobioreactor design
based on the Fibonacci equation to optimize light absorption was described (Diaz et al., 2019)
and a novel tangential double tube photobioreactor composed of two horizontal tubes

providing more efficient aeration (Cui et al., 2021).

Soft frames bioreactors are made of soft materials, usually polyethylene foils. They have been
already applied for the production of dhurrin (Wlodarczyk et al., 2016); however, often come
with several drawbacks, such as cleaning, sterilization and short lifetimes (Doppler and
Spadiut, 2021).

Bubble column bioreactors composed of a cylindrical vessel fitted with a gas sparger have
been extensively used. Compared to the flat panel and tubular bioreactors limited by gas
transport, column photobioreactors are mostly light-limited. The main challenge using column
photobioreactors for light-driven biocatalysis is providing equal light intensity to all cells in the
culture, as the outer layer is usually facing high illumination, however inner zones have limited
light availability (Doppler and Spadiut, 2021). These light intensity gradients, from the surface
to the axis of the column, are due to cell-shading and an issue even at low cell density

(Richmond et al., 2003). To enable efficient light supply, novel technologies have been
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developed, based on optical fibers as inner light sources (Xue et al., 2013) or recently

described wireless light emitters (Heining et al., 2015).

Novel approaches have been focused on using high cell density to achieve higher
productivities. Some of the new advances recently developed include capillary bioreactors for
cultivating high cell density photoautotrophic biofilms reaching 48 gspw L' and producing 3.76
g m2 day™" of cyclohexanol (Hoschek et al., 2019b). Additional interesting high cell density
approach is based on CellDEG technology being able to reach more than 30 g L™ of cell dry
weight (Bahr et al., 2016). This technology was already applied for the production of
cyanophycin (Lippi et al., 2018) and sesquiterpenoids (Dienst et al., 2020).

4. Aims of this work

The major aim of this study was to expand the knowledge on cyanobacteria as hosts for
photobiotransformations toward possible applications. For this purpose, the model unicellular

cyanobacterium Synechocystis sp. PCC 6803 was used as a chassis to:

i) rationally engineer electron flow toward improved activities of a model redox enzyme
(Chapter I1)

ii) characterize a library of RNA thermometers as potential regulatory elements (Chapters Ill)

iii) investigate redox biotransformation in a scale-up system using internal illumination
(Chapter IV).
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Abbreviations:

2-MM 2-methylmaleimide

2-MS 2-methylsuccinimide

CDW Cell dry weight

chl a Chlorophyll a

Cm Chloramphenicol

FIv Flavodiiron

FMN Flavin mononucleotide

FNR Ferredoxin-NADP* oxidoreductase

GC-FID Gas chromatography flame ionization detector

HOX Hydrogenase

Km Kanamycin

LB Lysogeny broth medium

OD Optical density

Sm Streptomycin

wt Wild-type

YqjM Ene-reductase from Bacillus subtilis
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ABSTRACT

Cyanobacteria are noteworthy hosts for industrially relevant redox reactions, owing to a light-
driven cofactor recycling system using water as electron donor. Customizing Synechocystis
sp. PCC 6803 chassis by redirecting electron flow offers a particularly interesting approach to
further improve light-driven biotransformations. Therefore, different chassis expressing the
heterologous ene-reductase YqjM (namely AhoxYH, Aflv3, AndhD2 and AhoxYHAflv3) were
generated/evaluated. The results showed the robustness of the chassis, that exhibited growth
and oxygen evolution rates similar to Synechocystis wild-type, even when expressing YqjM.
By engineering the electron flow, the YqjM light-driven stereoselective reduction of 2-
methylmaleimide to 2-methylsuccinimide was significantly enhanced in all chassis. In the best
performing chassis (AhoxYH, lacking an active bidirectional hydrogenase) a 39% increase
was observed, reaching an in vivo specific activity of 116 U gocw™' and a product formation
rate of 16.7 mM h™'. In addition, the presence of the heterologous YqjM mitigated substrate
toxicity, and the conversion of 2-methylmaleimide increased oxygen evolution rates, in
particular at higher light intensity. In conclusion, this work demonstrates that rational
engineering of electron transfer pathways is a valid strategy to increase in vivo specific

activities and product formation rates in cyanobacterial chassis harboring oxidoreductases.

1. Introduction

In the light of establishing primary producers as chassis for light-driven biotechnology,
cyanobacteria are remarkably gaining attention for photobiotransformations (Jodlbauer et al.,
2021; Schmermund et al., 2019). The ease of cultivation, dependency on light as an energy
source, CO; as a carbon source, and water as electron donor paved the way for a rapid
interest in these biological platforms (Knoot et al., 2018). Cyanobacteria harvest (sun)light
energy converting it to reducing power that can be redirected for the production of valuable

compounds and/or for the activity of biocatalysts. This is a particularly interesting approach
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for redox transformations, one of the most important reactions in organic synthesis which
requires reduced electron donors such as nicotinamide cofactors (NADPH) (Hollmann et al.,
2011). In cyanobacteria coupling whole-cell redox reactions to photosynthetic electron flow
will allow for the substitution of sacrificial co-substrates by using water as the electron donor

(Kéninger et al., 2016).

In the last years, the progress of synthetic biology of cyanobacteria provided the tools for
heterologous expression of oxidoreductive enzymes benefiting from the steady photosynthetic
production of cofactors (Schmermund et al., 2019), with several examples ranging from ene-
reductases (Assil-Companioni et al.,, 2020; Koéninger et al., 2016), Baeyer-Villiger
monooxygenase (Bohmer et al., 2017; Erdem et al., 2021), imine reductase (Blchsenschutz
et al.,, 2020), AIKBGT hydroxylation system (Hoschek et al., 2019a), hydroxyisocaproate
dehydrogenases (Jurka$ et al., 2021) and cytochrome P450 monooxygenase, (Hoschek et
al., 2019b) underline the versatility of this approach. Previously reported rates for whole-cell
biotransformations with Synechocystis sp. PCC 6803 cells expression heterologous enzymes
are in the range of 5.5 U gocw ™' for the monooxygenase AIkBGT (Hoschek et al., 2019a), 5.7
U gocw™ for the monooxygenase CHMO (Bohmer et al., 2017), 20 U gocw™ for an imine
reductase (Blichsenschiitz et al., 2020), 39 U gocw ™' for a P450 monooxygenase (Hoschek et
al., 2019b) and above 100 U gocw ™ for the YqjM ene-reductase (Assil-Companioni et al., 2020;
Koninger et al., 2016). Rates above 100 U gocw™' are of particular interest for the establishment
of industrial applications towards the synthesis of fine chemicals requiring a productivity of 1-
10 gL' h' (Hoschek et al., 2018). Engineering cyanobacterial hosts/chassis by directing more
reducing power to fuel the activities of heterologous enzymes represents an attractive
approach to improve the reaction rates. Since one of the limitations for high reaction rates
could be the competition from native electron transfer pathways, along with the inherent

regulation of the photosynthetic electron transport that dissipates the excess electrons (Russo
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et al., 2019), the rewiring of photosynthesis offers the possibility of redirecting excess reducing
potential to catalyze the formation of high-value compounds, enabling the tapping of electrons
that otherwise would be wasted. Despite the vast knowledge regarding regulatory
mechanisms around the cyanobacterial photosynthetic machinery (Lea-Smith et al., 2016;
Mullineaux, 2014; Nikkanen et al., 2021), cyanobacterial chassis customization for enhancing
the availability of reductive power to drive biocatalytic reactions within the cell is yet to be

realized.

To maintain redox balance and prevent dangerous over-reduction of the electron transport
chain, cyanobacteria have evolved a remarkable number of mechanisms to adjust the balance
of photosynthetic outputs. They do so by mainly removing electrons from the photosynthetic
electron transport chain through the activity of switches known as “electron valves” or by
balancing cyclic vs. linear electron transport (Mullineaux, 2014; Murata et al.,, 2012).
Flavodiiron proteins function as efficient release valves, reducing O2 to H20O, in a Mehler-like
reaction (Allahverdiyeva et al., 2013). Recently, it was demonstrated that in Synechocystis sp.
PCC 6803 the activity of a heterologous ene-reductase and a Baeyer—Villiger
monooxygenase could be enhanced by the deletion of flavodiiron-protein encoding genes
(Assil-Companioni et al., 2020; Erdem et al., 2021). The bidirectional hydrogenase was
suggested to act as a valve for low-potential electrons (Appel et al., 2000; Tamagnini et al.,
2007), being insensitive to light, reversibly inactivated by O, and quickly reactivated by NADH
or NADPH (Cournac et al., 2004). A markerless deletion mutant (AhoxYH) lacking the
functional bidirectional hydrogenase was previously constructed and characterized as a
robust photoautotrophic chassis (Pinto et al., 2015), and used for the expression of
heterologous hydroxyisocaproate dehydrogenases (Jurkas et al., 2021). Regarding the cyclic
electron transport, one of the routes involves electron transfer from ferredoxin to

plastoquinone via NAD(P)H dehydrogenase-like complex 1 (NDH-1), particularly subunit
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NdhD2 (Battchikova et al., 2011). It was previously shown that deletion of the gene coding for
NdhD2 subunit led to increased activity of a heterologous cytochrome P450 expressed in

Synechococcus sp. PCC 7002 (Berepiki et al., 2018).

To meet the goal of engineering the photosynthetic electron flow to create a customized
Synechocystis sp. PCC 6803 based chassis optimized for redox-dependent enzymatic
reactions, we focused on deleting several natural electron switches, dispensable under
controlled laboratory conditions. The strategy consisted on inactivating genes coding for Flv3
(s110550) or NdhD2 (slr1291) in Synechocystis sp. PCC 6803 wild-type (from now on wt) or by
using the previously generated Synechocystis AhoxYH mutant and a novel double
AhoxYHAflv3 mutant (Pinto et al., 2012). To evaluate the effects of these deletions on the
functionality and productivity of the chassis, we chose to express the well-characterized
heterologous ene-reductase YqjM from Bacillus subtilis. This enzyme displays high
conversion and enhanced enantioselectivity of fast C=C double-bond reduction without side
reactions constituting, therefore, a promising approach to evaluate rational design (Kéninger
et al., 2016). Our results demonstrate that engineering cyanobacterial chassis customized for
biotransformations leads to improved activities and reaction rates of the YqgjM-catalyzed ene-

reduction.

2. Materials and methods

2.1. Chemicals and reagents
The substrate 2-methylmaleimide (2-MM) was synthesized as previously described (Kéninger
et al., 2016). All other chemicals and reagents were purchased from ThermoFisher Scientific
(USA), Merck (Germany) or Sigma-Aldrich (USA) unless otherwise indicated. All DNA-
modifying enzymes and polymerases were purchased from ThermoFisher Scientific (USA)
and Promega (USA), and standard molecular biology kits were obtained from NZY Tech

(Portugal).
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2.2. Organisms and standard growth conditions
The wild-type unicellular non-No-fixing cyanobacterium Synechocystis sp. PCC 6803
substrain GT-Kazusa and mutants were maintained in Erlenmeyer flasks in BG-11 medium
(Stanier et al., 1971) with orbital shaking (150 rpm), under a 12 h light (cool white daylight 20
umol m? s')/ 12 h dark regimen at 30 °C unless otherwise stated. For light-driven
biotransformations, Western blot analysis and oxygen evolution rates BG-11 was
supplemented with 5 mM HEPES, pH 8.0. For solid medium, BG-11 was supplemented with
1.5% Noble agar (Difco), 0.3% sodium thiosulfate and 10 mM TES-KOH buffer (pH 8.2). For
the selection and maintenance of the mutants, BG-11 medium was supplemented with
kanamycin (Km, up to 250 pg mL"), streptomycin (Sm, up to 10 yg mL"), and/or
chloramphenicol (Cm, up to 20 ug mL™"). Escherichia coli strains DH5a or XL-1 Blue were
used for cloning purposes. E. coli transformants were grown at 37 °C in Lysogeny broth (LB)
medium supplemented with ampicillin (100 ug mL™"), Km (50 yg mL™"), Sm (50 ug mL™") or Cm

(50 pug mL").

2.3. DNA extraction and recovery
Cyanobacterial genomic DNA was extracted using the phenol/chloroform method described
previously (Tamagnini et al., 1997). Agarose gel electrophoresis was performed by standard
protocols using 1XTAE buffer (Russell and Sambrook, 2001) and the DNA fragments were

purified using the NZYGelpure kit (NZYTech).

2.4. Plasmid construction
Construction of the integrative plasmids for the deletion of fliv3 and ndhD2 genes was
performed as described (Pinto et al., 2012). Plasmids were based on the pGEM®-T easy
vector (Promega), containing Synechocystis chromosomal regions flanking the ndhD2
(sIr1291) or fiv3 (sll0550) gene, amplified with Phusion® High-Fidelity DNA Polymerase and

specific primers (Table S1), using Synechocystis genomic DNA as a template. The
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corresponding up and downstream fragments were purified and fused by ‘overlap-PCR’ using
Phusion® High-Fidelity DNA Polymerase. The resulting PCR products were purified and
cloned into the pGEM®-T Easy vector using the T4 DNA ligase (Promega). To remove pGEM-
T Easy restriction sites incompatible with the BioBrick RFC[10] standard, the vectors were
digested with Xhol and Sall and recircularized. The pGEM-T easy vector containing ndhD2
flanking regions was linearized using Xmal, while the pGEM-T easy vector containing flv3
flanking regions was linearized using Smal. A selection cassette containing the npt/l gene
(encoding a neomycin phosphotransferase that confers resistance to neomycin and
kanamycin) was amplified from pKm.1 plasmid (Pinto et al., 2015) with Phusion® High-Fidelity
DNA Polymerase using the primer pair Km.KmScFwd/KmRev (Pinto et al., 2015) and digested
with Xmal. Subsequently, the purified antibiotic cassette was cloned into the Xmal restriction
site to form the final plasmid pGEM_AndhD2.km. The cassette containing the aadA gene
(conferring resistance to streptomycin and spectinomycin) was digested from the plasmid
pSEVA481 (Silva-Rocha et al., 2013) using PshAl and cloned into a linearised pGEM-T easy
vector with flanking regions of fiv3 gene to form the final plasmid pGEM_Aflv3.sm. The identity
of all the constructs was confirmed by DNA sequencing (StabVida). The integrative plasmid
pSynRekB_Pg.::yqiM conferring resistance to Km was previously constructed (Assil-
Companioni et al., 2020), while the integrative plasmid pMD19T_sIr0168_Pcyc::yqiM giving
resistance to Cm was kindly provided by Prof. Paul Hudson (KTH, Sweden). All the plasmids
used to transform Synechocystis are listed in Table S2. Plasmids pGEM_AndhD2.km and

pGEM_Aflv3.sm are available in Addgene.

2.5. Generation of Synechocystis deletion mutants
Synechocystis sp. PCC 6803 wild-type and Synechocystis AhoxHY (Pinto et al., 2012) were
transformed based on a method previously described (Williams, 1988). Briefly, Synechocystis

cultures were grown under 12 h light (20 ymol m2 s')/12 h dark cycle to an ODz3~ 0.5 at 30
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°C. Cells were harvested by centrifugation at 3850 g for 10 min and suspended in BG-11to a
final OD730 2.5. 500 pL of cells were incubated with 10 ug of purified pGEM_AndhD2.km or
pGEM_Aflv3.sm plasmid for 5 h in light at 30 °C. Cells were spread onto BG-11 plates and
incubated under continuous light (20 pmol m2 s) at 30 °C. After 24 h, cells were transferred
to selective BG-11 plates supplemented with 10 uyg mL™" Km or 3 yg mL™' Sm. Transformants
were observed after 2-3 weeks. For complete segregation, colonies were streaked onto BG-
11 plates increasing antibiotic concentrations (Km up to 250 ug mL™"; Sm up to 10 yg mL™")
and transferred into liquid BG-11 medium. The full segregation was confirmed by PCR using

GoTaq® G2 Flexi DNA Polymerase and specific primers (Table S1).

2.6. Introduction of the yqjM into Synechocystis chassis
The Km-resistant pSynRekB_P,c::yqiM plasmid or Cm-resistant pMD19T_sIr0168_Peyc::yqiM
were introduced into Synechocystis strains by natural transformation following the same
protocol as described above. For complete segregation, colonies were streaked onto BG-11
plates increasing antibiotic concentrations (Km up to 100 ug mL™"; Cm up to 20 yg mL™") and
transferred into a liquid BG-11 medium. The full segregation was confirmed by PCR using
GoTaq® G2 Flexi DNA Polymerase and Seg_fw /Seg_rv primers (Table S1). The sequence
identity was confirmed by DNA sequencing. All the Synechocystis strains used are listed in

Table S3.

2.7. Growth experiments
Pre-cultures of Synechocystis wt and mutants were grown in 10 mL BG-11 medium in 25 mL
Erlenmeyer flasks on an orbital shaker (150 rpm) under a 12 h light (20 umol m2 s™)/12 h dark
regimen at 28 °C. These were grown to an OD73 ~2, diluted in fresh BG-11 to an ODr3 ~0.5
and 200 pL aliquots inoculated in F-Bottom 96-Well Assay Microplates (Greiner Bio-One™).
The plate was incubated under the same conditions as pre-cultures. The growth was

monitored by measuring the optical density (ODzg) for 7 days, using the Synergy 2 Multi-Mode
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Microplate Reader and the Gen5™ software (BioTek Instruments, Inc.) All growth experiments
were performed in the absence of selective pressure and included at least three biological

replicates with technical triplicates.

2.8. Light-driven biotransformations
Light-driven biotransformations were performed based on a method previously described
(Assil-Companioni et al., 2020). Cultures were inoculated in 100 mL BG-11 medium in 300
mL Erlenmeyer flasks on an orbital shaker (150 rpm) under continuous white light (~50 pmol
m~2s™") at 30 °C and grown to an ODso ~1.5. Cells were harvested by centrifugation at 3220
g for 20 min and suspended in a fresh medium to reach the desired OD7s9. Reactions were
performed in 5 mL glass vials with a working volume of 1 mL. The reaction was started by the
addition of 10 mM 2-methylmaleimide (from a 100 mM stock in BG-11). The vials were placed
into a bioreactor equipped with white LED lamps (~150 ymol m s™') with orbital shaking (140
rpm) at 30 °C. Samples were taken at different time points according to the following sampling
scheme: before (t0) and 5, 10, 15, 30, 60 and 120 min after substrate addition. To quench the

reaction, samples were snap frozen in liquid nitrogen and stored at -20 °C.

2.9. Nitrogen limiting and mixotrophic cultivation conditions
For nitrogen limiting cultivation conditions, the cultures were inoculated in 100 mL BG-11¢
medium supplemented with 1.76 mM NaNO3 or 0.88 mM NaNOs in 300 mL Erlenmeyer flasks
and placed on an orbital shaker (150 rpm) under continuous white light (~50 yumol m™2 s™') at
30 °C and grown to an ODrso ~1.5. For mixotrophic cultivation conditions, the cultures were
inoculated in 100 mL BG-11¢ medium supplemented with 5 mM arginine and 10 mM glucose
in 300 mL Erlenmeyer flasks on an orbital shaker (150 rpm) under continuous white light (~50
umol m=2 s7") at 30 °C and grown to an OD7so ~1.5. The cells were harvested and used in

light-driven biotransformations as previously described.
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2.10. 12h light / 12 h dark or continuous blue/red light cultivation conditions
The cultures were inoculated in 100 mL BG-11 in 300 mL Erlenmeyer flasks and placed on
an orbital shaker (150 rpm) under 12 h light (~50 umol m™2 s™') / 12 h dark or continuous blue
/ red light (~150 pmol m™2 s7") at 30 °C and grown to an OD7so ~1.5. The cells were harvested
and used in light-driven biotransformations as previously described. The spectra of the

blue/red lamps used for cultivation was previously determined (Assil-Companioni et al., 2020).

2.11. Quantitative GC-FID Analysis
GC-FID (GC-2010 Plus, Shimadzu, Japan) equipped with the ZB-5 column was used to
analyze the biotransformations samples. Sample preparation was carried out by organic
phase extraction using ethyl-acetate and 2 mM 1-decanol as an internal standard. A 100 pL
sample was mixed with 400 L ethyl-acetate, vortexed and the upper organic layer was dried

over MgSOQOsa. A detailed description of the utilized separation method is available in Table S4.

2.12. SDS PAGE and Western blot
Cultures were inoculated in 50 mL BG-11 medium in 100 mL Erlenmeyer flasks on an orbital
shaker (150 rpm) under continuous white light (~50 umol m= s™") at 30 °C and grown to an
OD730 ~1.5. The cells were harvested by centrifugation at 3850 g for 10 min and suspended
in lysis buffer (10 mM HEPES pH 8.0, 10 mM EDTA pH 8.0, 0.5% (vol/vol) Triton X-100, 2
mM DTT) supplemented with 1 tablet of cOmplete EDTA-free protease inhibitor cocktail
(Roche) per 7 mL of buffer. Cells were disrupted by sonication on ice with a Branson Sonifier
250 using 5 cycles of 15 s (50% duty cycle, output control 3) including 30 s cooling breaks in
between. The cell pellet was separated by two rounds of 10 min centrifugation at 10000 g,
4°C. The protein concentration was determined using the Bradford protein assay (Bio-Rad).
Ten ug of protein extracts were denatured in reducing SDS sample buffer (50 mM Tris-HCI
pH 6.8, 2 % (w/v) SDS, 10% (v/v) glycerol, 12.5 mM EDTA, 0.02% (w/v) Bromphenol blue,

1% (v/v) B-mercaptoethanol) for 5 min at 95 °C and separated by electrophoresis on 12%
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(wt/vol) SDS-polyacrylamide gels. Proteins were visualized using PageBlue™ Protein
Staining Solution (Thermo Scientific) or blotted onto nitrocellulose membrane pore size 0.45
um (Amersham™ Protan™, GE Healthcare). Western blots were performed using the anti-6x-
His-Tag (Invitrogen) and the HRP-conjugated anti-mouse IgG antibody (Sigma). The blot was
developed using Clarity™ Western ECL Substrate (Bio-Rad) on a ChemiDoc™ XRS+ Imager

(Bio-Rad). In this experiment, three independent biological replicates were performed.

2.13. in vitro NADPH assay
For the preparation of cell extracts, 1 mL of cells OD7so ~ 20 was centrifuged at 16000 g for 5
min, 4 °C and the pellet was suspended in 2 mL PBS buffer (137 mM NaCl, 2.7 mM KCI, 10
mM NazHPO4, 1.8 mM KH2PO4, pH 7.4). After subsequent centrifugation, the supernatant was
discarded, and cells were suspended in 200 uL PBS supplemented with 1 mM aminocaproic
acid, and 0.25 mm glass beads. Cells were disrupted by vortexing 4 times for 30 s including
30 s cooling breaks in between. After the centrifugation at 16000 g for 5 min, 4 °C, 100 uL
PBS was added to the supernatant and the resulting soluble proteins extract was separated
from the glass beads. The protein concentration was determined using the Pierce™ BCA
Protein Assay Kit (Thermo Scientific). The cell lysate was used in the in vitro NADPH assay.
For the assay, potassium buffer (20 mM, pH 6.5) was degassed by N» sparging for 15 min. 1
mM 2-methylmaleimide and 125 yM NADPH were mixed with buffer in a cuvette and the
reaction was started with the addition of 100 pL cell lysate. Absorption at 340 nm was
monitored for 3 min. Control reactions without the addition of the substrate were performed to
subtract background reactions. The activity presented in U Giotal protein”’ Was calculated from the
slope, the NADPH extinction coefficient and the protein concentration. An example of the raw

data generated is given in the supporting information (Fig. S1).
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2.14. O: evolution measurements
O2 evolution rate was measured using a Clark-type O; electrode (Oxygraph; Hansatech Ltd.).
The calibration was done using sodium bisulfite and air-saturated water at 30 °C. Cultures
were inoculated in 50 mL BG-11 medium in 100 mL Erlenmeyer flasks on an orbital shaker
(150 rpm) under continuous white light (~50 ymol m™2 s™") at 30 °C and grown to an ODr3o
~1.5. The cells were harvested by centrifugation at 3850 g for 10 min and suspended in fresh
medium to OD730 ~10. The measurement was carried out using 1 mL of cells, following dark
equilibration for 2 min; oxygen evolution rates were recorded after the initial 15 s in light (~150
pumol m=2 s™" or ~800 umol m™2 s™'). For the measurements in the presence of the substrate,

100 pL of 100mM 2-MM solution (prepared in BG-11) was added to cells before light exposure.

2.15. Cell dry weight
To measure the dry cell weight, a culture volume of known OD7sp was washed once with
distilled water and dried at 60 °C prior to measuring. ODzso 10 corresponded to a cell density

of approximately 2.4 g L™

2.16. Statistical analysis
The statistical analysis was performed using an unpaired t test in GraphPad Prism v5.03

(GraphPad Software Inc.).

3. Results and Discussion

3.1.  Generation of Synechocystis chassis and introduction of the ene-reductase YqjM
In this work, chassis customization focused on engineering Synechocystis’ electron transfer
pathways as a principle to improve the streamlining of reduced cofactors towards industrial
relevant biotransformations. For this purpose, Synechocystis mutants lacking the gene
encoding the flavodiiron protein 3, the NdhD2 subunit of the type | NADH dehydrogenase

complex, or the HoxY and HoxH subunits of bidirectional hydrogenase and the flavodiiron
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protein 3 were generated. In total, 5 different chassis were evaluated, namely the
Synechocystis wt, AhoxYH (Pinto et al., 2012), Aflv3, AndhD2, and the double mutant
AhoxYHAflv3. The segregation of the generated mutants was confirmed by PCR (Fig. S2). To
evaluate the chassis potential for stereoselective photobiotransformations, the yqjM gene
(namA) (Kdninger et al., 2016) under the control of a strong P¢,cs promoter (Assil-Companioni
et al., 2020), and with a sequence coding for a N-terminal 6xHis tag was introduced via natural
transformation and integrated into Synechocystis’s chromosome in the neutral site slr0768
(Williams, 1988). The presence of the module harboring yqgjM and the segregation of mutants

were confirmed by PCR analysis (Fig. S3) and by sequencing.

3.2. Growth performance of the Synechocystis engineered strains
Under a 12 h white light (20 ymol m=2 s™') / 12 h dark regimen no significant differences were
observed between the growth rates of the mutants compared to the wt (Fig. 1). Our results
are in agreement with previous studies (Berepiki et al., 2018; Pinto et al., 2012; Selao et al.,
2020), further underlying the robustness of the customized chassis. In addition, the cell growth
rate remained unchanged upon the introduction of the module harboring the yqjM (Fig. 1). For

the original growth curves see Fig. S4.
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Fig. 1. Growth rates of Synechocystis sp. PCC 6803 (wt), AhoxYH, Aflv3, AndhD2 and
AhoxYHAflv3 mutants, and of these chassis expressing YqjM. Cells were cultivated in 96-well
microplates in BG-11 at 28 °C with orbital shaking (150 rpm) under 12 h white light (20 pmol
m2s™) /12 h dark regimen. Error bars correspond to standard deviations from at least three
biological replicates with technical triplicates and statistical analysis is presented based on an

unpaired t-test (n.s., not significant).

3.3. Redirecting electron flow increases in vivo YqjM activity
The effect of streamlining electron flow was evaluated by measuring YqjM activity in vivo in a
light-driven, fast C=C bond reduction. Using 2-methylmaleimide (2-MM) as substrate at a
concentration of 10 mM, all strains achieved >99% conversion to 2-methylsuccinimide (2-MS)
within 1 h (Fig. S5), reaching initial product formation rates up to 16.7 mM h-" (Fig. 2A). All the
four chassis showed significantly higher initial product formation rate and specific activity
compared to the wt background (Fig. 2A, 2B). The best performing chassis was the one
lacking an active bidirectional hydrogenase - AhoxYH, with a 39% improvement in specific
activity compared to the wt, reaching 116 U gocw™ (Fig. 2B). The bidirectional hydrogenase
acts as an electron valve during photosynthesis, temporarily storing the surplus of electrons
coming from Photosystem | (Appel et al., 2000). As YqgjM-catalyzed ene-reduction performs
as a strong heterologous electron sink (Assil-Companioni et al., 2020), the increase of the in
vivo specific activity in AhoxYH chassis could result from the harvesting of electrons that
otherwise will be directed to Hz production. The AndhD2 chassis, lacking a subunit of NDH-1
suggested to be involved in cyclic electron flow (Battchikova et al., 2011), showed a 23%
improvement in in vivo specific activity of YgjM compared to the wt. This is in agreement with
the previously reported for the heterologous cytochrome P450 monooxygenase activity in
Synechococcus PCC 7002 (Berepiki et al., 2018), suggesting that this approach is a viable

route towards improved electron availability for heterologous redox enzymes. Aflv3 and
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AhoxYHAflv3 chassis exhibited around 20% higher in vivo specific activity of YgjM as
compared to the wt background, consistent with recent studies suggesting deletion of flv1
and/or flv3 as a strategy for enhancing the light-driven production of desired chemicals (Assil-
Companioni et al., 2020; Selao et al., 2020; Thiel et al., 2019). In order to further evaluate the
expression levels and active intracellular levels of Y@jM in the various chassis, a Western blot
analysis was performed and the in vitro specific activity of YqjM was determined in an NADPH
assay. While the Western blot analysis showed somewhat different YgjM amounts in different
chassis (Fig. S6), previously reported also for a cytochrome P450 monooxygenase (Berepiki
et al., 2018) the NADPH assay showed no significant differences the in vitro specific activity
of YqjM in the different chassis compared to the wildtype (Fig. 2C). YqjM was expressed under
a strong Pcycs promoter, resulting in high protein levels (as it can be seen in the Coomassie
blue stained SDS-polyacrylamide gel, Fig. S6A). Nevertheless, the levels of active enzyme
could be limited by the availability of the cofactor flavin mononucleotide (FMN), as this was

previously described as a hurdle for heterologous oxidoreductases (Milker et al., 2017).
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Fig. 2. Light-driven biotransformation of 2-methylmaleimide into 2-methylsuccinimide
catalyzed by YqgjM expressed in Synechocystis sp. PCC 6803 (wt) and AhoxYH, Aflv3, AndhD2
and AhoxYHAflv3 chassis. A) Product formation rate and B) /n vivo specific activity. Cells were
cultivated in BG-11 at 30 °C with orbital shaking (140 rpm) under continuous white light (50
umol m2 s), grown until OD7so 1-1.5, harvested and applied for the biotransformation of 10
mM 2-MM (1 ml, 2.4 gocw L', BG-11, white light of 150 pmol m™2 s™', 130 rpm, 30 °C); C) in
vitro YqjM activity determined in NADPH assay using crude cell-free extracts. Error bars
correspond to standard deviations from three biological replicates and statistical analysis is
presented based on unpaired t-test (***, P < 0.001; **, P < 0.01; *, P < 0.05; n.s., not

significant).
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Next, we wanted to assess the photosynthetic activity, by evaluating oxygen evolution rates
in the chassis and upon the introduction of YqgjM, in similar conditions as those in the
biotransformation assays. The results showed no significant difference in oxygen evolution
rates by the chassis, before or after the introduction of YgjM compared to the wt (Fig. 3).
These results suggest that redirecting electron flow did not affect the chassis robustness
under the tested conditions, even with the high-level expression of the ene-reductase YqjM.
The maintenance of the growth and oxygen evolution rates upon expression of YgjM in the
different chassis suggest that this catalyst can be used as a model system to evaluate various
synthetic biology tools as well as for the customization of chassis, as recently demonstrated

for a monooxygenase (Opel et al., 2022).
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Fig. 3. Oxygen evolution rates by Synechocystis sp. PCC 6803 (wt), AhoxYH, Aflv3, AndhD2
and AhoxYHAflv3 mutants, and of these chassis expressing YqgjM. Cells were cultivated in
BG-11 at 30 °C with orbital shaking (140 rpm) under continuous white light (50 pmol m2 s™),
grown until OD73 1-1.5 and harvested for the measurements (for details Material and
Methods). Error bars correspond to standard deviations from three biological replicates and

statistical analysis is presented based on unpaired t-test (n.s., not significant).
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3.4. Evaluation of YqjM activity in the AhoxYH chassis
As YqjM in the AhoxYH chassis demonstrated the highest specific activity and product
formation rates, we further characterized this light-driven biotransformation. We start by
investigating the effect of lower cell densities for the light-driven C=C reduction. Even though
in vivo specific activities are highest at low cell densities (0.48 g L), likely due to less self-
shading (Fig. 4A), the initial product formation rates (calculated from the slope of the initial 15
min of the reaction) are lower (Fig. 4B), and the substrate conversion progresses slower (Fig.
4C). Under lower cell densities (0.48 and 1.2 g L"), no significant differences in the in vivo
specific activity of YqjM expressed in the wt or the AhoxYH chassis were observed (Fig. 4A).
However, when the reaction was performed with a cell density of 2.4 g L™ a significant increase
in in vivo specific activity was observed in the AhoxYH chassis. This is consistent with previous
studies suggesting that activity-enhancing effects are more noticeable for higher cell
densities/faster whole-cell biotransformations (Assil-Companioni et al., 2020), where cell
density affects the light availability and originates light fluctuations, possibly limiting the
available reducing power. Additionally, the reactions performed in dark converted 2-MM with
no significant difference in the in vivo specific activity of YqjM expressed in wt and AhoxYH
chassis at basal levels (Fig. 4A). Detection of YqjM activity in the dark further highlights that
reducing equivalents, in the form of NADPH, persist in Synechocystis in the absence of light,
but that its availability and redox turnover is slower than in light, as previously demonstrated
(Tanaka et al., 2021). This elucidates the slower in vivo specific activity and product formation
rate observed in the dark, which strongly supports photosynthesis-driven YqgjM-dependent

biotransformations.

In addition, the oxygen evolution rates in wt and AhoxYH chassis in the presence of the
substrate 2-MM were evaluated. 10 mM 2-MM led to 50% decrease in the oxygen evolution

rate in wt and AhoxYH backgrounds, in agreement with previously reported substrate toxicity
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that was suggested to affect the photosynthetic machinery, in particular PSIlI (Assil-
Companioni et al., 2020). In contrast, in the wt and AhoxYH expressing YqjM, the addition of
10 mM 2-MM led to 45% and 74% increase in the oxygen evolution rate, respectively (Fig.
4D) when cells were exposed to a light intensity of 150 ymol m2 s™. These results are in
agreement with earlier observations that YqjM activity mitigates the toxic effect of 2-MM [6],
suggesting that the activity of a strong electron sink like YqjM significantly increases oxygen
evolution rates. An increased capacity to process photosynthetically derived electrons was
also observed upon the heterologous expression of cytochrome P450 CYP1A1 in other
cyanobacterial strains (Berepiki et al., 2016; Santos-Merino et al., 2021; Torrado et al., 2022).
Anticipating a faster conversion of 2-MM under higher light intensity, previously described to
induce photohydrogen production (Gutthann et al., 2007), we measured also the oxygen
evolution rates under 800 pmol m s™'. Under this condition, 10 mM 2-MM still led to 50%
decrease in the oxygen evolution rate in wt and AhoxYH backgrounds. However, YqjM-
catalyzed substrate conversion resulted in 2.7 and 3-fold increase in wt and AhoxYH chassis,
respectively. These results indicate that the fast YqgjM-catalyzed conversion of 2-MM leads to
a significant increase in the oxygen evolution rate, which can be regarded here as a proxy of
photosynthetic activity. Hence, by releasing more oxygen, the cyanobacterial photosynthetic
machinery is oxidizing water at a faster rate, and so, generating more reducing power, which
can be then used for substrate conversion. This means that YqjM activity is triggered in the
presence of 2-MM, quickly consuming the NADPH pool available in the cell, increasing the
demand of NADP* reduction to keep cell homeostasis, which then generates the need for a

higher rate of water oxidation.
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Fig. 4. Light-driven biotransformation of 2-methylmaleimide (2-MM) into 2-methylsuccinimide
(2-MS) catalyzed by YqjM expressed in Synechocystis wt and AhoxYH chassis and oxygen
evolution rates. A) In vivo specific activity of YqjM at different cell densities or carrying out the
reaction in the dark; B) Product formation rates at different cell densities or carrying out the
reaction in the dark; C) 2-MM conversion over time. Cells were cultivated in BG-11 at 30 °C
with orbital shaking (140 rpm) under continuous white light (50 pmol m s'), grown until OD7so
1-1.5, harvested and applied for the biotransformation of 10 mM 2-MM (1 mL, BG-11, white
light of 150 pmol m™2 s™" or dark, 130 rpm, 30 °C). D) Oxygen evolution rates of wt and
AhoxYH, and of these chassis expressing YqgjM in the absence (-) or presence (+) of 10 mM
2-MM. Cells were cultivated in BG-11 at 30 °C with orbital shaking (140 rpm) under continuous
white light (50 umol m? s™), grown until OD73 1-1.5, harvested and the oxygen evolution rate

measured (under two different light intensities 150 and 800 umol m2 s™). Error bars
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correspond to standard deviations from three biological replicates and statistical analysis is
presented based on unpaired t-test (***, P < 0.001; **, P < 0.01; *, P < 0.05; n.s., not

significant).

To further characterize chassis potential for streamlining photosynthetically activated
electrons, we evaluated the effect of different cultivation conditions on the in vivo specific
activity of YgjM expressed in wt and AhoxYH chassis. As a previous study suggested that
altering the light conditions during growth affects the in vivo specific activity (Assil-Companioni
et al., 2020), the wt and AhoxYH chassis were cultivated under a 12 h white light (50 pmol
m™2 s') / 12 h dark regimen or under continuous blue / red light (150 pmol m™=2 s™).
Nevertheless, there was no significant difference in the in vivo specific activity of YqjM
expressed in wt or AhoxYH chassis (Fig. S7). Regarding medium composition, we focused
on nitrogen limitation, due to the reported higher transcription levels of the hox genes under
these conditions (Antal et al., 2006; Osanai et al., 2006) and subsequent enhanced hydrogen
production (Gutthann et al., 2007; Melnicki et al., 2012). The wt and AhoxYH chassis
expressing YqjM were cultivated in BG-11o containing 10 or 20 times less nitrate than the
standard BG-11 medium. These conditions led to discernible pigmentation alterations of the
cultures with a significant decrease in the chlorophyll a content (Fig. S8A), in line with the well-
described physiological adjustments of Synechocystis under nitrogen limitation (Antal et al.,
2006; Giner-Lamia et al., 2017). However, no significant difference in the in vivo specific
activity of YgjM expressed in wt or AhoxYH could be detected. Furthermore, mixotrophic,
nitrate-limiting conditions, previously described as essential for hydrogenase activity
(Gutekunst et al., 2014) led, likewise, to pigmentation alterations with no significant difference
in the in vivo specific activity of YgjM (Fig. S8B). An explanation for this result is a possible
decrease of the ygjM transcript levels, due to repression of the Py promoter under nitrogen

limiting conditions (Giner-Lamia et al., 2017) that could compromise the YqjM expression and
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activity. Overall, these results suggest nitrogen limiting conditions do not offer increased
productivites, as cells have to maintain the health of photosynthetic machinery to provide the

reducing power for photobiotransformations.

4. Conclusions

In conclusion, we evaluated four different customized cyanobacterial chassis (AhoxYH, Aflv3,
AndhD2 and AhoxYHAfIv3) as hosts for improved whole-cell light-driven C=C reduction
catalyzed by the ene-reductase YqjM. The results showed the robustness of the chassis, with
growth rates similar to Synechocystis wild-type, and that this robustness was maintained upon
the introduction and expression of the heterologous YqjM. By engineering the electron
transport pathways, we significantly improved a light-driven C=C reduction catalyzed by this
ene-reductase, with the chassis lacking an active bidirectional hydrogenase leading to a 39%
increase in the stereoselective reduction of 2-methylmaleimide to 2-methylsuccinimide. In this
chassis the in vivo specific activity of YqjM reached 116 U gocw™' and the product formation
rate reached 16.7 mM h'. The stable oxygen evolution rates observed under the
biotransformation conditions corroborate the robustness of the chassis even expressing high
levels of YqjM. Interestingly, the presence of YqjM mitigates the substrate toxicity, and the
conversion of 2-methylmaleimide leads to increased oxygen evolution rates, more noticeable
at higher light intensities. Overall, our work demonstrates that the rational engineering of
electron transfer pathways is a valid strategy to increase in vivo specific activity and product
formation rate in cyanobacterial chassis harboring oxidoreductases. Moreover, we validate
the fast stereoselective reduction catalyzed by YqgjM as a system to evaluate other synthetic

biology strategies.
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Supporting tables

Table S1

Oligonucleotide primers used in this study.

Name Sequence (5-3’) Purpose Reference
flv3_UP_FP GACCGCTCGAGACTGCTATGACCAA  Generation of the This study
AAACTACTTTTCGGC Aflv3 mutants

flv3_UP_RP GTTCTTTGGACTGGGCCCGGGATCG
CTTTGTGTTGAACATTTTGGAGGAAG

flv3_DOWN_FP CAACACAAAGCGATCCCGGGCCCAG
TCCAAAGAACGGATAGCAGTAATA

flv3_DOWN_RP CTCACCGAACATTGCCATTATCCTAG
TCT

ndhD2_UP_FP GAGCCCTCGAGCCATTCTCTGACTT  Generation of the
CTATAGGGAAAATCTC AndhD2 mutant

ndhD2_UP_RP GAACTTTGACGGTGCCCGGGTAAAG

ndhD2_DOWN_FP

ndhD2_DOWN_RP

SA_flv3_FP

SA_flv3_RP

SA_ndhD2_FP

CACCAACATTAGGAAGTAGAAGAGG

ATGTTGGTGCTTTACCCGGGCACCG
TCAAAGTTCAACCCTAGTGATCTAG

TGGGACTTTTAGTGCTGACTTTGTTC
TGTT

TTTCCGTGGCGGGGTCATAGGT

GGTGGCTTAGTGGTGTTGGCCC

TGGCTGGGGTTACCTACGACCG

Confirmation of

segregation of Aflv3

mutants
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SA ndhD2 RP CGCACTTGGCTGTTCACCGCTA Confirmation of
segregation of
AndhD2
mutant
Km_KmScFwd CTGACCCCGGGTGAATGTCAGCTAC  Amplification of the (Pinto et
TGG nptll cassette al., 2015)
Km_Rev CAAACCCGGGCGATTTACTTTTCGAC
CTC
Seg_fw TGGCCCTGGACAGTCAGGAATG Segregation analysis  (Assil-
of mutants harboring Companion
yqjM gene under the i etal.,
Seg_rv GCTGCATGTTGGGACTGGAGAC control of Pepcs 2020)
promoter
Seq_promoter CTATTCAATACACCCCCTAAGCTAG Sequencing
seq_cpc TAGGGTCATTACTTTGGAC
Km_rv GGGCTTCCCATACAATCGATAG
Cpc_scr R GGGAGTCCAAAGTAATGACCC Sequencing This study
Cm_rv CGTAATATCCAGCTGAACGGTC
*Restriction enzyme recognition sites are underlined.
Table S2
Plasmids used to transform Synechocystis.
Plasmid Description Purpose Referenc
e/Source
pGEM_AndhD2.km pGEM-T easy vector containing the nptll This

gene flanked by the two regions for

study
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pGEM_Aflv3.sm

SynRekB_Pcyes::yqiM

pMD19T_sIr0168_Pcpcs::yqiM

double  homologous recombination
targeting the ndhD2 (sIr1291) locus

pGEM-T easy vector containing the
aadA gene flanked by the two regions for
double  homologous recombination
targeting the flv3 (sll0550) locus

vector harboring the N-terminal 6xHis

Generation of
Synechocystis

mutants This

study

Introduction of  (Assil-

tagged YqjM-coding sequence under ygjM into Compani

the control of the Pgcs promoter and a
kanamycin resistance cassette, and
flanked by the two regions for double
homologous recombination targeting the
slr0168 locus

vector harboring the N-terminal 6xHis
tagged YqjM-coding sequence under
the control of the Pgcs promoter and a
chloramphenicol resistance cassette,
and flanked by the two regions for
double  homologous recombination

targeting the slir0168 locus

Synechocystis  oni et al.,
2020)

This
study

Table S3

Synechocystis strains used in this work.

Strain

Description Antibiotic  References/sour

resistance ces

Synechocystis sp. PCC 6803
(wt)

substrain GT-Kazusa None Pasteur Culture

Collection, Paris,

France

(Kanesaki et al.,
2012;
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Synechocystis sp. PCC 6803
AhoxYH (AhoxYH)

Synechocystis sp. PCC 6803
AndhD2 (AndhD2)

Synechocystis sp. PCC 6803
Aflv3 (Aflv3)

Synechocystis sp. PCC 6803
AhoxYHAflv3

(AhoxYHOfIV3)

Synechocystis sp. PCC 6803
Pepes::yqiM

(Wt Pepes::yqiM )
Synechocystis sp. PCC 6803
AhoxYH Pepes::yqiM
(AhoxYH Pcpea::yqjM)
Synechocystis sp. PCC 6803
AndhD2 Ppes::yqiM
(AndhD2 Pcpes::yqjM)
Synechocystis sp. PCC 6803
Afv3 Pepes::yqiM

(Aflv3 Pepes::yqiM)

Synechocystis mutant lacking the

active bidirectional hydrogenase

(encoded by hoxY and hoxH)

Synechocystis mutant lacking the
NdhD2 subunit of the type | NADH
dehydrogenase complex (encoded
by ndhD2)

Synechocystis mutant lacking the
FIv3 (encoded by fiv3)

Synechocystis mutant lacking the

active  bidirectional hydrogenase
(encoded by hoxY and hoxH) and

FIv3 (encoded by fiv3)

Synechocystis strain harboring yqjM
gene under the control of Peys

promoter

AhoxYH
harboring ygiM gene under the

Synechocystis mutant

control of Py promoter

AndhD2
harboring yqjM gene under the

Synechocystis mutant

control of P8 promoter

Aflv3
harboring ygiM gene under the

Synechocystis mutant

control of Py promoter

None

Km

Sm

Sm

Km

Km

KmCm

SmKm

Trautmann et al.,
2012)

(Pinto et al,
2012)

This study

(Assil-
Companioni et
al., 2020)

This study
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Synechocystis sp. PCC 6803  Synechocystis AhoxYHAflv3 mutant SmKm
AhoxYHAflv3 Pepes::yqiM harboring ygijM gene under the

(AhOXYHAfIV3 PopesizyqiM) ~ CONtrol of Poys promoter

Table S4

Parameters for the GC-FID method used to detect the substrate and product.

Achiral GC-FID (GC-2010 Plus, Shimadzu, Japan)

Column parameter Column ZB-5, ID 342390
Film thickness 0.25 ym
Column length 30m
Inner diameter 0.32 mm

Stationary phase

5% phenyl 95 %

dimethylplysiloxane

Autosampler and Injection Injection volume 1L

port
Injection 230 °C
Temperature
Carrier gas N2
Total flow 19.8 mL min""
Column flow 0.80 mL min™*
Linear Velocity 17.6 cms™
Purge Flow 3 mL min™
Split ratio 20

FID detector Temperature 320 °C
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Sampling rate 40 ms
H. flow 40 mL min™’
Air flow 400 mL min-
Retention time 2-methylmaleimide 5.6 min

2-methylsuccinimide 6.2 min

1-decanol 7.2 min
Temperature program
Rate [°C/min] Temp [°C] Hold [min]
/ 100 3
30 310 4

Supporting figures
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Fig. S1. Example of a graph plotted using raw data from the quantification of NADPH

absorbance in crude cell free extract of Synechocystis sp. PCC 6803 expressing YqjM under
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the control of Pgyes promoter (wt Pepcs::yqiM) without (dotted line) and with the presence of the

substrate (full line): 1 mM 2-methylmaleimide (2-MM).

500 bp
flva_UP_FP flv3_DOWN_RP
ﬁ % DOWN ’h
SA_flva_FP SA flv3_RP
flva_UP_FP flv3_DOWN_RP
Primer pair
flva_UP_FP / fiv3_DOWN_RP
B ‘ | Primer pair
AhoxYH SA_flv3_FP / SA_flv3_RP
M Afv3 A3 Wt (o3 | ‘
| — RS s, T y AhoxYH
2 M A3 ARV wt (o3
— 3 r
— 1000bp >

3000 bp — _ i
C—
2500bp > “' 500bp > |

2000bp -

Expected size (bp) 2557 2557 2681 Expected size (bp) 879
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500 bp

c nthZ_UF‘_FP ndhD2_DOWN_RP

SA_ndhD2_FP  SA_ndhD2_RP

ndhD2_UP_FP  ndhD2_DOWN_RP

Primer pair
ndhD2_UP_FP / ndhD2_DOWN_RP
D Primer pair
1 SA_ndhD2_FP / SA_ndhD2_RP
M C wt  AndhD2 ‘
3000 bp | MY o M AnghD2 wt = C
® i
2500 bp > - 1000 bp = | S
| o c—
- - — -
2000 bp —> - . e
500 bp e —
—
Expected size (bp) 2200 2283 Expected size (bp) 529

Fig. S2. Generation of Synechocystis sp. PCC 6803 customized chassis by deletion of
selected genes coding for FIv3 or NdhD2. Schematic representation of the position of the
primers (A and C) and PCR analysis confirming the segregation of Synechocystis Aflv3,
AhoxYHAfIv3 (B) and AndhD2 mutants (D). PCRs were performed using outer and inner
primers for flv3 and ndhD2. For details on the primers used see Table S1. The amplicon
expected size is indicated below each lane. wt, wild-type, C-, negative control (no template);

M, molecular marker GeneRuler DNA Ladder Mix (Thermo Scientific™).
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AhoxYH
M wt*  AhoxYH Aflvd Aftv3 AndhD2  wt C

’

5000 bp — ———
3000 bp = s S— D G S

1000 bp > | —

Expected size (bp) 3237 3237 3237 3237 4829 2341

Fig. S$3. PCR analysis confirming the segregation of Synechocystis wt (wt*) AhoxYH, Aflv3,
AhoxYHAflv3 and AndhD2 mutants containing the gene encoding for the enzyme YqjM under
the control of Peyes promoter (Pepcs::yqiM). PCR reactions were performed using primer pair
Seg _fw / Seg_rv (Table S1). The amplicon expected size is indicated below each lane. wt,
wild-type, C-, negative control (no template); M, molecular marker GeneRuler DNA Ladder

Mix (Thermo Scientific™).

@ wt @ wt
|8 wt PeyepiygM @ AhoxYH
0.8 @ Afv3 0gf ® AhoxYH PpepiyqiM
B Afv3 PopegiiygiM @ AhoxYHAfIv3
©® AndhD2 B AhoxYHAV3 Ppepi:yqiM gy -
0.6/ 8@ AndhD2 Pgyop:yqiM 0.6 "
8 ]
R R
o [a)
(o] (o]
0.44 0.4
0.24 0.2
0.0 0.0
0 2 4 6 0 2 4 6
time (days) time (days)

Fig. S4. Growth curves of Synechocystis sp. PCC 6803 (wt), AhoxYH, Aflv3, AndhD2 and
AhoxYHATfIv3, and these chassis expressing YqgjM. Cells were cultivated in BG-11 at 28°C with
orbital shaking (150 rpm) under 12 h white light (20 pmol m2 s™), 12 h dark regime. Error bars
correspond to standard deviations from at least three biological replicates with technical

triplicates.
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Fig. S5. Light-driven conversion of 2-methylmaleimide to 2-methylsuccinimide catalyzed by
YqjM expressed in Synechocystis wt and AhoxYH, Aflv3, AndhD2 and AhoxYHAflv3 chassis.
A) 2-methylmaleimide conversion over time and B) 2-MS concentration over time. Cells were
cultivated in BG-11 at 30°C with orbital shaking (140 rpm) under continuous white light (50
umol m=2 s), grown until OD7so 1-1.5, harvested and applied for the biotransformation of 10
mM 2-MM (1 ml, BG-11, white light of 150 ymol m™2 s™" or dark, 130 rpm, 30°C). Error bars

correspond to standard deviations from three biological replicates.
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Fig. S6. Analysis of protein extracts of Synechocystis sp. PCC 6803 wild-type (wt), and
Synechocystis wild-type, AhoxYH, Aflv3, AhoxYHAflv3 and AndhD2 chassis expressing YqjM:
Wt Pepes::yqiM, AhoxYH Pepes::yqiM, Aflv3 Pepes::yqiM, Ahox YHAfIvV3 Pepes::yqiM and AndhD2
Peocs::yqiM, respectively. A) SDS-PAGE and stained with PageBlue, 10 ug of protein extract
was loaded in each lane, the location of the YqjM band is indicated by a star (expected size
of approximately 38.7 kDa). B) Western blot using an anti-His-tag as a primary antibody, 10
Mg of protein extract was loaded in each lane. Cells were cultivated in BG-11 at 30°C with
orbital shaking (140 rpm) under continuous white light (50 ymol m?2 s™), grown until ODzs 1-

1.5, harvested and used for the preparation of crude cell extracts. M- NZYColour protein
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Fig. S7. Light-driven biotransformations of 2-methylmaleimide into 2-methylsuccinimide
catalyzed by YqgjM expressed in Synechocystis wt and AhoxYH chassis cultivated under 12 h
white light 12 h dark regimen or continuous blue/red light. A) In vivo specific activity of YqjM
expressed in chassis cultivated under 12 h white light (50 pmol m™2 s7')/12 h dark conditions.
B) In vivo specific activity of YgjM expressed in chassis cultivated under blue red light (150
umol m=2s™"). The cells were cultivated in BG-11 at 30°C with orbital shaking (140 rpm) grown
until OD7s0 1-2, harvested and applied for the biotransformation of 10 mM 2-MM (1 mL, 2.4
gocw L1, BG-11, 150 ymol m™2 s~ white light, 130 rpm, 30°C). Error bars correspond to
standard deviations from three biological replicates and statistical analysis is presented based

on unpaired t-test (n.s., not significant).
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Fig. S8. Light-driven biotransformations of 2-methylmaleimide into 2-methylsuccinimide
catalyzed by YqjM expressed in Synechocystis wt or AhoxYH cultivated under nitrogen
limiting or nitrate-limiting mixotrophic conditions. A) In vivo specific activity of cells cultivated
in BG-110 with the addition of 17.6 mM,1.76 mMsor 0.88 mM NaNOs with orbital shaking (140
rpm) under continuous white light (50 umol m? s™') harvested at OD7so 1-1.5 and applied for
the biotransformation of 10 mM 2-MM (1 ml, 2.4 gocw L™, BG-110 + 17.6 mM,1.76 mM;or 0.88
mM NaNOs, 150 umol m2 s™" white light, 130 rpm, 30°C); B) In vivo specific activity of cells
cultivated in BG-11o with the addition of 5 mM arginine and 10 mM glucose. Cells were
cultivated in the BG-11¢ supplemented with 5 mM arginine and 10 mM glucose with orbital
shaking (140 rpm) under continuous white light (50 umol m? s™) harvested at OD7so 1-1.5 and
applied for the biotransformation of 10 mM 2-MM (1 ml, 2.4 gocw L', BG-11¢ + 5 mM arginine
+ 10 mM glucose, 150 uymol m2 s~ white light, 130 rpm, 30°C). Error bars correspond to
standard deviations from two biological replicates, and statistical analysis is presented based

on unpaired t test (n.s., not significant).
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Fig. 89. Standard curves generated for quantification of 2-MM and 2-MS. Data derive from
two independent technical replicates and the corresponding line equations and R? values were

generated by simple linear regression and forced through zero.
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Fig. S10. Representative GC-FID chromatograms for quantification of 2-MM and 2-MS. A)
Reference chromatogram of 2-MM and 2-MS standards. B) Extracted sample of in vivo

biotransformation of 2-MM to 2-MS.
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CHAPTER Il

Characterization of a library of RNA
thermometers as potential regulatory
elements
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1. Introduction

Synthetic biology aims at designing new biological systems or restructuring existing ones by
recombining genetic parts or modules (Sengupta et al., 2018). Engineering biological systems
rely on the availability of a molecular toolbox containing standardized and characterized
biological parts for constructing devices and systems (Endy, 2005). Unfortunately, a vast
number of synthetic biology tools and modular parts developed for model heterotrophic
organisms often do not perform as robustly in cyanobacterial strains (Huang et al., 2010).
Therefore, customized regulatory parts are needed to fine-tune the expression of synthetic
modules in cyanobacteria. RNA-based regulatory elements, such as riboswitches and RNA
thermometers (RNATSs) have been gaining attention due to their simplicity and universality
(Nshogozabahizi et al., 2019, Dykstra et al., 2022). Riboswitches are RNA-based regulatory
tools that offer great potential being (theoretically) modular and independent of transcriptional
factors (Nshogozabahizi et al., 2019). Several metabolite-binding riboswitches have been
identified in cyanobacteria, such as a cobalamin-dependent riboswitch (Pérez et al., 2016),
glutamine-aptamer (Klahn et al.,, 2018) and the most widely used theophylline-controlled
riboswitch (Ma et al., 2014, Ohbayashi et al., 2016, Nakahira et al., 2013). However, the
addition of chemicals for the regulation of gene expression can have a significant cost for
future biotechnological applications. Therefore, there is an interest to develop induction
systems being responsive to environmental parameters (Hudson, 2021). Expanding the
cyanobacterial synthetic biology toolbox to include other RNA-based regulatory tools such as
RNATSs, offers a wide variety of potential applications. RNATs are regions within the 5
untranslated region of mRNAs that change secondary structure upon temperature shift,
leading to a rapid activation or repression of the translation initiation. These structural
transitions usually expose or occlude important parts of the 5’-UTR, such as the ribosome
binding site (RBS) (Fig. 1) (Kortmann and Narberhaus, 2012).
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Figure 1. Schematic representation of a simple RNA thermometer. A stem-loop structure locks the RBS and prevents the binding
of the ribosome. Upon temperature shift, the stem-loop structure opens, unveiling the RBS and allowing binding of the small

ribosomal subunit and initiation of translation. (Modified from Nshogozabahizi et al., 2019).

RNATSs are remarkably sensitive, being able to detect temperature variations of 1 °C, resulting
in rapid activation or repression of translation (Rinnenthal et al., 2011). They can be heat-
inducible or heat-repressible, referring to high temperatures induction or repression of gene
expression, respectively. Most naturally occurring RNATs are heat-inducible. However, heat-
repressible RNATs have also been discovered (Giuliodori et al., 2010) or designed (Hoynes-
O'Connor et al.,, 2015). Three gene classes are particularly prone to thermoregulation,
including virulence, cold shock and heat shock related genes using RNATSs for controlling the
translation initiation in a temperature-dependent manner (Kortmann and Narberhaus, 2012).
The first described thermometer regulating the expression of the alternative RNA polymerase
o-factor 032 (encoded by rpoH) was discovered in Escherichia coli (E.coli) (Morita et al.,
1999), Following, several built-in RNA thermometers have been described including FourU,
found in the 5-UTR of the Salmonella agsA gene (Waldminghaus et al., 2007), the ROSE
(repression of heat shock gene expression) elements (Nocker et al., 2001), RNAT found in
the 5’-UTR of the prfA gene of the pathogenic bacterium Listeria monocytogenes (Johansson
et al., 2002) and the simple hsp17 thermometer found in Synechocystis (Kortmann et al.,
2011).

As RNATSs usually display a simple hairpin structure sufficient for effective thermoregulation,
they are attractive tools in synthetic biology, following de novo design or redesigning
previously described ones. Several studies focused on designing RNATs for a variety of
temperature-sensing tools, meant for the regulation of protein expression in different
organisms (Sen et al., 2017, Neupert et al., 2008, Hoynes-O'Connor et al., 2015,

Waldminghaus et al., 2008). Even though a simple hsp77 thermometer was found in
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Synechocystis, cyanobacterial RNAT-based synthetic biology tools have not been developed
yet. This simple natural thermometer was identified upstream of the hsp17 in Synechocystis,
consisting of only 44 nucleotides and a single stem-loop structure that can open and close
reversibly (Kortmann et al., 2011). Previous studies show that minimal size thermosensors
with a simple and well-understood mechanism, offer the potential to be further developed
(Neupert et al., 2008, Sen et al., 2017). Therefore, redesigning the cyanobacterial hsp17
thermometer offers the possibility to include RNATSs into the toolbox of standardized RNA

regulatory elements, specifically customized for Synechocystis.

To meet the needs of the synthetic biology toolbox, it is desirable to have a set of RNA
thermometers with a spectrum of different sensitivities and thresholds. Therefore, here the
objective was to design in silico and characterize a library of redesigned cyanobacterial RNA

thermometers based on native hsp17 thermometers from Synechocystis sp. PCC 6803.

2. Materials and Methods

2.1. Chemicals and reagents

All chemicals and reagents were purchased from ThermoFisher Scientific (USA), Merck
(Germany) or Sigma-Aldrich (USA) unless otherwise indicated. All DNA-modifying enzymes
and polymerases were purchased from ThermoFisher Scientific (USA) and Promega (USA),
and standard molecular biology kits were obtained from NZY Tech (Portugal). Agarose gel
electrophoresis was performed by standard protocols using 1xTAE buffer (Russell and
Sambrook, 2001).

2.2. Organisms and culture conditions

The wild-type unicellular non-Na-fixing cyanobacterium Synechocystis sp. PCC 6803
substrain GT-Kazusa (obtained from the Pasteur Culture Collection, Paris, France) and
mutants were maintained in Erlenmeyer flasks in BG-11 medium (Stanier et al., 1971), with
orbital shaking (150rpm) and 12 h light (cool white daylight 20 umol m? s)/12 h dark regimen
at 30 °C, unless otherwise stated. For solid medium, BG-11 was supplemented with 1.5%
Noble agar (Difco), 0.3% sodium thiosulfate and 10 mM TES-KOH buffer (pH 8.2). For the
selection and maintenance of the mutants, the BG-11 medium was supplemented with
kanamycin (Km) (50 ug mL™"). Escherichia coli strains XL1-Blue were used for cloning
purposes. E. coli transformants were grown at 37 °C in Luria-Bertani (LB) medium

supplemented with Km (50 ug mL™).
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2.3. Design of synthetic RNA thermometers

The synthetic RNAT variants used in this study were based on the previously described hsp17
thermometer, native from Synechocystis sp. PCC 6803 (Kortmann et al., 2011). Dr. Filipe
Pinto designed RNATSs using the RNAinverse server (Lorenz et al., 2011), generating a total
of 200 sequences. The thermodynamic parameters were calculated for all the sequences
using DINAMelt’s Quickfold (Markham and Zuker, 2005), and 11 were selected for synthesis
and further characterization, covering the range of AG values obtained. In the study, we also
included TS12 containing the native sequence of the hsp17 thermometer, and TS13
containing the native sequence with several nucleotides changed to the BioBrick RFC[10]
assembly scar (TACTAG) between RBS and starting codon. The sequences of the selected

thermometers are presented in Table 1.

Table 1. The selected RNAT sequences.

Name Sequence*

Ts1 AUUCAAAGGUAAACAAUUCCUUCCACACAUCAG
GAGUUUACUAGAUGCGU

52 AUUCAAAAGUCAGCAAUUCCUUCCACACAUCAG
GAGUUUACUAGAUGCGU

53 AUUGAAAAGUAGGCAAUUCACCCCAAACAACAG
GAGUUUACUAGAUGCGU

Ts4 AUUUAGAGGUUCCCAACUCCUACCACACACCAG
GAGUUUACUAGAUGCGU

TS5 AUCCAAAAGUCUGCAACUCCUUCCCCUCUUCAG
GAGUUUACUAGAUGCGU

56 AUUCAAGACUAUUCAAUUCCUUCCACACAUCAG
GAGUUUACUAGAUGCGU

157 AUUCAAAGGUAUCCAAUUCCUUUCACACAUCAG
GAGUUUACUAGAUGCGU

58 AUUCUAUGGUCCUCAAUUACUUCCACACAUCAG
GAGUUUACUAGAUGCGU

59 AUUCAAGAGGACCAAAUUCCUUCCACGUAUCAG
GAGUUUACUAGAUGCGU

510 AUAAAAAAGCGCUCAGUUGCCUCCUUAUUUCAG
GAGUUUACUAGAUGCGU

11 AUUCAAUAAUUACCAAUGCCUACCAAAUCUAAG
GAGUUUACUAGAUGCGU




FCUP
Engineering the cyanobacterial chassis for improved electron supply 95

Ts12 AUUCAAGGGUAAUCAAUUCCUUCCACACAUCAG
GAGUUAACAUUAUGCGU

Ts13 AUUCAAGGGUAAUCAAUUCCUUCCACACAUCAG
GAGUUUACUAGAUGCGU

* The 44 underlined nucleotides were redesigned in silico from the native hsp77 RNAT sequence and the RBS is presented in

red. The grey nucleotides were also included for predicting the structures to cover the full 5-UTR.

2.4. Plasmid construction

To characterize the RNATs designed, pSEVA251-based replicative plasmids containing the
gfp ORF under the control of the Pcxteto02 promoter (Ferreira et al., 2018) and the RNATs
sequences serving as RBS were constructed. Reverse PCRs followed by the FastCloning
approach (Li et al., 2011) were used to replace the sequence of the ribosome binding site in
the template plasmid (BioBrick part BBa_B0032) by the corresponding RNAT sequences.
Briefly, the template plasmid ‘pSEVA251 Py xtet02::B0032::gfp’ (Ferreira et al., 2018) was
amplified by PCR using Phusion® High-Fidelity DNA Polymerase and TS-specific primers.
Further on, PCR products were treated with Dpnl/ enzyme to digest the parental template. The
digested PCR products were transformed into E. coli XL1-Blue competent cells to obtain the
target clones. Followed by plasmid isolation, the sequences of the obtained plasmids
‘PSEVA251 Puexteto2:: TS::gfp’ were confirmed by Sanger sequencing. The list of TS-specific

primers and the sequencing primers is presented in Table 2.

Table 2. Oligonucleotide primers used in this study.

Refer
Name Sequence (5’-3’) Purpose
ence
TAAACAATTCCTTCCACACATCAGGAGTTTACTAGATGCGTAAAGG
TS1FP AGAAGAACTTTTCACTGG
TSRP TGTGTGGAAGGAATTGTTTACCTTTGAATCTCTAGTATGTGTGAAT
CTCCGTCACTGACG
sorp TCAGCAATTCCTTCCACACATCAGGAGTTTACTAGATGCGTAAAGG Generation of s
AGAAGAACTTTTCACTGG pSEVA251
soRp TGTGTGGAAGGAATTGCTGACTTTTGAATCTCTAGTATGTGTGAAT |  Proxteroz:TS::glo sty
CTCCGTCACTGACG plasmids
TAGGCAATTCACCCCAAACAACAGGAGTTTACTAGATGCGTAAAG
TS3FP GAGAAGAACTTTTCACTGG
TGTTTGGGGTGAATTGCCTACTTTTCAATCTCTAGTATGTGTGAAT
TS3RP CTCCGTCACTGACG
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TTCCCAACTCCTACCACACACCAGGAGTTTACTAGATGCGTAAAG

TS4-FP
GAGAAGAACTTTTCACTGG
TGTGTGGTAGGAGTTGGGAACCTCTAAATCTCTAGTATGTGTGAAT
TS4-RP CTCCGTCACTGACG
TCTGCAACTCCTTCCCCTCTTCAGGAGTTTACTAGATGCGTAAAGG
TS5FP AGAAGAACTTTTCACTGG
AGAGGGGAAGGAGTTGCAGACTTTTGGATCTCTAGTATGTGTGAA
TS5-RP TCTCCGTCACTGACG
TATTCAATTCCTTCCACACATCAGGAGTTTACTAGATGCGTAAAGG
TS6-FP AGAAGAACTTTTCACTGG
TGTGTGGAAGGAATTGAATAGTCTTGAATCTCTAGTATGTGTGAAT
TS6-RP CTCCGTCACTGACG
TATCCAATTCCTTTCACACATCAGGAGTTTACTAGATGCGTAAAGG
TST-FP AGAAGAACTTTTCACTGG
TGTGTGAAAGGAATTGGATACCTTTGAATCTCTAGTATGTGTGAAT
TSTRP CTCCGTCACTGACG
TCCTCAATTACTTCCACACATCAGGAGTTTACTAGATGCGTAAAGG
TS&FP AGAAGAACTTTTCACTGG
TGTGTGGAAGTAATTGAGGACCATAGAATCTCTAGTATGTGTGAAT
TSERP CTCCGTCACTGACG
sorp GACCAAATTCCTTCCACGTATCAGGAGTTTACTAGATGCGTAAAGG
AGAAGAACTTTTCACTGG
soRp TACGTGGAAGGAATTTGGTCCTCTTGAATCTCTAGTATGTGTGAAT
CTCCGTCACTGACG
s10.rp CGCTCAGTTGCCTCCTTATTTCAGGAGTTTACTAGATGCGTAAAGG
AGAAGAACTTTTCACTGG
AATAAGGAGGCAACTGAGCGCTTTTTTATCTCTAGTATGTGTGAAT
TST10-RP CTCCGTCACTGACG
TTACCAATGCCTACCAAATCTAAGGAGTTTACTAGATGCGTAAAGG
TSH-FP AGAAGAACTTTTCACTGG
GATTTGGTAGGCATTGGTAATTATTGAATCTCTAGTATGTGTGAAT
TST-RP CTCCGTCACTGACG
CAATTCCTTCCACACATCAGGAGTTAACATTATGCGTAAAGGAGAA
TS12FP GAACTTTTCACTGGAGTTG
GATGTGTGGAAGGAATTGATTACCCTTGAATCTCTAGTATGTGTGA
TS12RP ATCTCCGTCACTGACG
TAATCAATTCCTTCCACACATCAGGAGTTTACTAGATGCGTAAAGG
TS13-FP AGAAGAACTTTTCACTGG
GATGTGTGGAAGGAATTGATTACCCTTGAATCTCTAGTATGTGTGA
TS13-RP ATCTCCGTCACTGACG
PS1 AGGGCGGCGGATTTGTCC Confirmation of the | (Silva-
presence of the Rocha
PS2 GCGGCAACCGAGCGTTC constructs and et al.,
sequencing 2013)
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2.5. Synechocystis transformation and transformants confirmation

The replicative plasmids were introduced into Synechocystis by electroporation, based on a
previously described protocol (Ludwig et al., 2008). Briefly, 50 mL of Synechocystis cultures
were grown at 30 °C under a 12 h light (cool white daylight 20 ymol m2 s-')/12 h dark regimen
until reaching an OD73 ~ 0.5. Cells were collected by centrifugation at 4190 g for 10 min
followed by washing three times with 10 mL of 1 mM HEPES, pH 7.5. The cells were then
resuspended in 1 mL of HEPES buffer. 1 ug of plasmid DNA was mixed with 60 uL cell aliquots
and electroporated using a Gene Pulser™ (Bio-Rad). The capacitor was set to 25 IF and the
resistor to 400 X, during 9 ms with an electric field of 12 kV cm™'. Further on, cells were mixed
with 400 pL of fresh BG-11 medium and spread onto Immobilon-NC membranes (0.45 Im pore
size, 82mm, Merck Millipore) which were placed on BG-11 agar plates. After 24 h of incubation
at 30 °C, under continuous light, the membranes were transferred to BG-11 agar plates
supplemented with Km (10 ug mL"). Colonies were observed after 2-3 weeks. The presence
of replicative plasmids was confirmed by PCR using TS1/PS2 primers (Table 2) and GoTag®
G2 Flexi DNA Polymerase. For this purpose, Synechocystis DNA was extracted following a
method previously described (Ferreira et al., 2018). Briefly, 2 mL of culture were centrifuged
at 14 100 g for 3 min and the resulting cell pellet was resuspended in 200 uL of distilled water
with the addition of 0.1 g of 0.2 mm diameter glass beads (acid washed, Sigma). Further on,
cells were disrupted by two cycles of vortexing for 1 min with in-between incubation for 1 min
on ice. Subsequently, the mixture was centrifuged at 14 100 g for 2 min, and the DNA
containing supernatant was used as a template in the PCR reactions. The sequences of the
constructs were confirmed by Sanger sequencing. The list of strains used is presented in
Table 3.

Table 3. The list of Synechocystis strains used in this work.

Referenc
Strain Description es/sourc

es

Synechocystis sp. PCC 6803 (wt) substrain GT-Kazusa Pasteur
Culture
Collection,

Paris, France
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Synechocystis pPSEVA251 Synechocystis harboring pSEVA251 (Ferreira et
al., 2018)

Synechocystis pPSEVA251 pye x tet02:: TS1::9fp Synechocystis harboring pSEVA251 pye.x.teto2:: TS1::9fp

Synechocystis pPSEVA251 pye x tet02:: TS2::9fp Synechocystis harboring pSEVA251 Py x.teto2:: TS2::9fp

Synechocystis pPSEVA251 Py x.tet02:: TS3::9fp Synechocystis harboring pSEVA251 Py x.teto2:: TS3::9fp

Synechocystis pPSEVA251 Py xtet02:: TS4::9fp Synechocystis harboring pSEVA251 Py x teto2:: TS4::gfp

Synechocystis pPSEVA251 pye x tet02:: TS5::9fp Synechocystis harboring pSEVA251 pye.x.teto2:: TS5::9fp

Synechocystis pPSEVA251 Py x tet02:: TS6::9fp Synechocystis harboring pSEVA251 pyc.x.teto2:: TS6::9fp
This study

Synechocystis pPSEVA251 pie.x.teto2:: TS7::gfp Synechocystis harboring pSEVA251 Py x.teto2:: TS7::gfp

Synechocystis pPSEVA251 pe.x.teto2:: TS8::gfp Synechocystis harboring pSEVA251 Py x.teto2:: TS8::gfp

Synechocystis pPSEVA251 Py x tet02:: TS9::9fp Synechocystis harboring pSEVA251 Py x.teto2:: TS9::gfp

Synechocystis pPSEVA251 pye xtet02:: TS11::gfp Synechocystis harboring pPSEVA251 pyc.x.tet02:: TS11::9fp

Synechocystis pPSEVA251 pyexteto2:: TS12::gfp Synechocystis harboring pSEVA251 Py x.teto02:: TS12::9fp

Synechocystis pPSEVA251 pyexteto2:: TS13::gfp Synechocystis harboring pSEVA251 Py x.tet02:: TS13::9fp

Synechocystis pPSEVA251 Synechocystis harboring pSEVA251 | (Ferreira et

Pire.xeto2::B0032::gfp Pire.x.tet02::B0032::gfp al., 2018)

2.6. GFP fluorescence analysis

The performance of synthetic RNA thermometers was evaluated by assessing GFP
fluorescence under different temperature shifts. For this purpose, cultures of Synechocystis
clones were inoculated in 10 mL BG-11 medium supplemented with Km (50 ug mL™") at an
initial OD730 0.5. Cultures were grown at the starting temperature (25 or 30 °C) until reaching
OD730 ~ 3, under continuous light with orbital shaking (150rpm). The cultures were diluted to
final OD730 0.5 or 1.0 and 200 L aliquots were distributed in Nunc™ MicroWell™ 96-Well
Optical-Bottom Plates (Thermo Fisher Scientific). The 96-well plates were incubated at a
corresponding elevated temperature under continuous light (cool white daylight 50 pmol m=
s') with shaking at 150 rpm for 24 h. For the experiment performed in dark, the 96-well plate
was incubated inside the Synergy 2 Multi-Mode Microplate Reader (BioTek Instruments, Inc.)

under constant temperature. Each experiment included three technical replicates and the
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measurements were carried out in duplicate at 0 h and 1 h, 2 h, 4 h and 24 h after the plate
setup. ODzg9o and GFP fluorescence (excitation filter 485/20nm, emission filter 528/20nm,
sensitivity set at 110) were detected using Synergy 2 Multi-Mode Microplate Reader using
Gen5™ software (BioTek Instruments, Inc.). For the data analysis, the background
fluorescence and absorbance of the BG-11 medium were subtracted from the values obtained
for the samples and the fluorescence values were normalized by optical density. Further on,
the normalized fluorescence obtained for the Synechocystis cells harboring the empty
pSEVA251 plasmid (autofluorescence) was subtracted from the normalized fluorescence of

all samples (Formula 1).

Formula 1.

GFP Fluorescence — Fluorescence BG-11medium

- S. pSEVA251

norm

Abs —Abs790 BG-11 medium

790

3. Results and Discussion

3.1. Design of a library of RNA thermometers

Designing simple RNAT de novo, consisting only of a single stem-loop structure containing
the ribosome binding site proved to be an interesting approach (Neupert et al., 2008). The
discovery of a simple hsp717 RNAT offers a basis for a rational design, particularly intending
to have customized tools for translational control in Synechocystis. The 5-UTR of
Synechocystis hsp17 exhibits a rather minimalistic architecture with a single hairpin of 44 nt,
in which two loops flank the Shine-Dalgarno (SD) sequence (Kortmann et al., 2011).
Therefore, we designed a library of synthetic RNAT based on this simple native hsp17

thermosensor.

The library included 11 redesigned RNAT covering a spectrum of predicted free energy (TS1-
TS11), TS12 based on the native sequence of hsp17 thermometer and TS13 differing from
TS12 in the region between the SD and the translational start codon. All designed sequences
had the SD sequence 5-AGGAGU-3’ serving as the ribosome binding site, as in the original
hsp17 thermosensor. The in silico analysis of the selected sequences was done using
Quikfold (Markham and Zuker, 2005, Markham and Zuker, 2008) to calculate minimum free
energy (AG), and was based on the full length of the 5’-UTR. As the calculations of redesigned
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sequences resulted in a spectrum of AG (Fig. 2), we could expect a span of responsiveness

of the designed elements.

TS10-
TS9-
TS8-
TS5
TS7
TS6-
TS4-
TS2-
TS1-

TS11
TS3-

TS12-

TS13-

-30 -25

AG (kcal/mol)

Figure 2. Free energies (in AG in kcal/mol) of designed RNAT at 30 °C estimated using the Quikfold program (Markham and
Zuker, 2005, Markham and Zuker, 2008).

Figure 3 provides an overview of the putative RNA secondary structures predicted using the
Quikfold program (Markham and Zuker, 2005, Markham and Zuker, 2008) using the full length
of the 5’-UTR. The predicted structures contained very different structural elements (bulges,
mismatches, loop size) and combinations, suggesting that different responses could be
expected within the elements of this library, as previous studies underline structural
combinations can be explored to optimize RNA thermometers (Neupert et al., 2008). However,
it is important to highlight that the structures shown in Figure 3 are one of several potential
folded states, as different RNA secondary structures may dynamically coexist within the cell
(Zuker, 2003). In addition, most of the developed in silico tools are based on a wealth of
information acquired from model organisms, such as E. coli or Bacillus, and could work
inadequately for the computational analysis of sequences intended for testing in
cyanobacteria.
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Figure 3. Secondary structures of the entire 5-UTR as predicted by the Quikfold program (Markham and Zuker, 2005, Markham
and Zuker, 2008). The SD sequence is highlighted in violet.

3.2. Plasmids construction and transformation of Synechocystis

The GFP reporter system (Fig. 4A) was utilized to test whether the synthetic RNA elements
could result in temperature-dependent translational control. For that purpose, 13 synthetic
modules pSEVA251 Pucxteto2:: TS::gfp were successfully constructed and used for the
transformation of Synechocystis via electroporation. Synechocystis transformants harboring
12 of the 13 TS synthetic modules were obtained, the presence of the pSEVA251
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Picxteto2:: TS::gfp constructs was assessed by PCR (Fig. 4B), and the sequences were
confirmed by automated sequencing. Interestingly, after several rounds of transformations,
the construct harboring TS10, with the highest predicted free energy could not be successfully

introduced into Synechocystis, as no colonies appeared after transformation.
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Figure 4. A) Schematic representation of the GFP expression cassette used to test redesigned RNAT for their possible function
as thermometers. The sequences, including the hsp17 RBS 5-AGGAGU’-3’, were inserted in between the promoter Py x tet0» and
the gfp coding region. B) PCR reactions were performed using TS1-FP and PS2 primes (Table 2). The expected band size is
945 bp. +, positive control (pSEVA251 Pi.x.et02::B0032::gfp); -, negative control (no template); M, molecular marker GeneRuler
DNA Ladder Mix (Thermo Scientific™).

3.3. Temperature responsiveness of synthetic RNATs

The Synechocystis cells harboring the synthetic constructs were tested for temperature
responsiveness of GFP expression to assess the functionality of the designed RNA
thermometers. For this purpose, GFP expression upon temperature shift was determined by
measuring the fluorescence of the Synechocystis cultures bearing RNATs and normalizing to
cell density. To establish the methodology for the library testing, a few RNAT were tested
using different ODz3o of the cultures following the temperature shift from 30 to 37 °C during 24
h. The results showed no difference in testing OD730 0.5 or 1.0 (Fig. 5), so all further testing
of the TS library was done using cultures at OD73p 1.0. Taking into account the time needed
for GFP maturation (Neupert et al., 2008), more observable changes of the GFP fluorescence
were noticed 4 h and 24 h upon induction, therefore we excluded measurements done at 1 h

and 2 h timepoints from further analysis.
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Figure 5. Characterization of RNA thermometers response in Synechocystis regarding ODz3, tested using A) cultures of OD73
0.5 and B) cultures of OD73 1.0. The bars represent normalized GFP fluorescence of Synechocystis cells harboring the
corresponding RNAT sequence. GFP fluorescence was measured before (0h) and after the temperature shift from 30 to 37 °C
(1 h, 2 h, 4 hand 24 h). The fluorescence of the control strain harboring the pSEVA251 was subtracted from each sample. Error
bars correspond to standard deviations from a single experiment with technical triplicates (measured in duplicate).
Pirexteto2::B0032::gfp was included for comparison purposes.

Further on, the complete RNAT library was tested for a temperature shift from 30 to 37 °C.
The results showed the control strain harboring Pic.x.tet02::B0032::gfp displayed steady GFP
fluorescence regardless of the temperature shift (Fig. 6). This indicates that if the difference

in GFP fluorescence occurs, it is plausible to be a result of different RNA elements present
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within 5’-UTR. The constructs harboring structures of potentially low melting stability, as
previously calculated, such as TS11 and TS3, showed high GFP fluorescence even at 30 °C
and the shift to 37 °C did not lead to a further increase in fluorescence. The results suggest
these regulatory parts are already in melted or ’open’ conformation, therefore no changes in
translational control upon induction occur (Fig. 6). By analyzing the predicted structures, it is
noticeable that the sequence of TS11 results in a secondary structure possessing an ample
loop, which could contribute to low melting stability. Previously it has been described that the
stability of the hairpin structure decreases with increasing the loop size (Groebe and
Uhlenbeck, 1988). The structures with the highest predicted stability, such as TS9 and TS5,
showed almost no GFP fluorescence at the initial temperature of 30 °C, and upon temperature
shift resulted in relatively low fluorescence. These results suggest these RNA elements might
have too stable secondary structures to be efficiently melted under the temperatures tested.
However, TS9 and TS5 offer revenue for further development as tools for very tight induction,
in the case of the low amount of protein is needed. Tight regulation of gene expression is
important in many biotechnological processes, in particular when synthesizing toxic products.
Clear inducibility was observed for TS1 and TS2 elements with up to 1.9 and 1.6-fold change
in GFP fluorescence upon temperature shift, respectively (Fig. 6). It is interesting to notice
that TS1 and TS7 are differing only in three nucleotides, however demonstrate strikingly 6.7-
fold different initial GFP fluorescence; while TS1 displays inducibility, TS7 doesn’t respond to
temperature shift with different GFP fluorescence. Previous studies show single point
mutations can remarkably change the responsiveness of the RNA elements (Waldminghaus
etal., 2008, Kortmann et al., 2011, Sen et al., 2017). It was demonstrated that the combination
of only two-point mutations turned the synthetic translation-incompetent structure into an
efficient thermometer (Waldminghaus et al., 2008). Previous studies also showed only a few
changes in the nucleotide composition in natural RNA thermometers led to considerable
changes, where deletion of a single nucleotide resulted in a SD sequence remaining base-
paired even at high temperatures (Chowdhury et al., 2003, Chowdhury et al., 2006). It was
also demonstrated that single-point mutations can lead to derepression at low temperatures
as described for the rpoH thermometer of E. coli (Morita et al., 1999) and prfA thermometer
of Listeria monocytogenes (Johansson et al., 2002). The presence of different structures such
as bulge (unpaired nucleotide in the stem) can also lead to less stability (Hoynes-O'Connor et
al., 2015). The presence of a bulge could account for a 7.7-fold difference in the initial GFP
fluorescence between TS8 and TS6. As expected, the sequences significantly contribute to

the RNAT performance: although TS1 and TS4 display the same predicted secondary
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structures (Fig. 3), the initial GFP fluorescence is strikingly different, with TS4 exhibiting no
GFP fluorescence at all. TS12 based on the native hsp77 RNA element showed the highest
GFP fluorescence already at the initial temperature and a small change in the GFP
fluorescence upon temperature shift. These results indicate that the RNA element is probably
in an open structure and no regulation can occur under the conditions tested. However, in
previous studies, this RNA element displayed a 6-fold increase in the E. coli reporter system
based on B-galactosidase activity, upon shifting from 28 to 42 °C (Kortmann et al., 2011b).
This underlines further design of experimental set-ups is needed to unlock the responsiveness
of the RNA elements. One of the approaches can be opting for a weaker promoter to allow
more distinguishable fold changes. TS12 and TS13, having four different nucleotides between
SD sequence and the translational start codon of gfp showed a 33-fold difference at the initial
GFP fluorescence, giving significance to these several base pairs that can highly affect the
response of RNA thermometers. While analyzing the putative RNA structures of TS12 and
TS13, the striking difference is the presence of a loop after the SD sequence in TS12, however
not present in TS13 (Fig. 3). This loop seems to be an important secondary structure, as a
previous study suggested that introducing a G—C pair instead of the internal loop resulted in
complete loss of reporter activity at both low and high temperatures (Kortmann et al., 2011).
Mutations in stem-loop containing the SD by weakening the structures were shown to lead to

leaky expression at lower temperatures (Johansson et al., 2002).

It should be noted that, although there is some correlation between the theoretically calculated
stabilities of RNA secondary structures and their performance as RNA thermometers, this
correlation is not strict, especially regarding TS8 that displayed higher GFP fluorescence in
comparison to the constructs harboring TS with similar predicted free energy. However, it
should be taken into account that in silico tools developed for analysis are usually based on
genetic elements from established heterotrophic hosts for molecular biology, such as E. coli
and could result in different predictions for elements intended for characterization in

Synechocystis.
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Figure 6. Characterization of RNA thermometers response in Synechocystis. The bars represent normalized GFP fluorescence
of Synechocystis cells harboring the corresponding RNAT. GFP fluorescence was measured before (0 h) and after the
temperature shift from 30 to 37 °C (4 h and 24 h). The fluorescence of the control strain harboring the empty pSEVA251 was
subtracted from each sample. Error bars correspond to standard deviations from a single experiment with technical triplicates

(measured in duplicate). Py eto02:: B0032::gfp was included for comparison purposes.

Interestingly, when the experiment was performed maintaining the cells in dark upon induction
at 37 °C, the GFP fluorescence slightly decreased over time (Fig. 7). This experiment would
need to be repeated to confirm the reproducibility of these data. However, one of the
explanations could be the difference in the rates of transcription and/or translation in light and
dark, where cells usually have slower rates during dark conditions, due to less energy
available. Additionally, there could be intrinsic regulation of ribosome activities and/or RNA

degradation under dark conditions.
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Figure 7. Characterization of RNA thermometers response in Synechocystis maintained in dark. The bars represent normalized
GFP fluorescence of Synechocystis cells harboring the RNAT. GFP fluorescence was measured before (0 h) and after the
temperature shift from 30 to 37 °C (4 h and 24 h) maintaining the cells in dark. The fluorescence of the control strain harboring
the empty pSEVA251 was subtracted from each sample. Error bars correspond to standard deviations from a single experiment

with technical triplicates (measured in duplicate). Py« .to002:: B0032::gfp was included for comparison purposes.

Previous studies suggested more intense responsiveness can be noticed by having a wider
range of temperature shifts (Neupert et al., 2008). Therefore, to further characterize the RNAT,
the library was tested following a temperature shift from 25 to 37 °C (Fig. 8). It was expected
that lower initial temperature would lead to more ’closed’ structures resulting in lower initial
GFP fluorescence and more extensive response upon induction. However, lower initial
temperature led to higher initial GFP fluorescence in almost all tested RNA thermometers.
Only the control Py xet02::B0032::gfp had relatively lower initial GFP fluorescence compared
to the previous experimental set-up. The control displayed still stable fluorescence regardless
of the temperature shift. However, these experiments will need to be repeated to include
biological replicates, for proper interpretation.

The TS13 and TS6 displayed the highest responsiveness with 2.8 and 1.84-fold change,

respectively (Fig. 8). This is higher than observed under previously tested conditions.
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However, TS1 and TS2 that showed clear inducibility under the previously tested temperature
shift, now had slightly less fold change with 1.25 and 1.32, respectively. Although TS12 had
high initial GFP fluorescence, under wider temperature shift displayed a 1.5-fold increase in
GFP fluorescence upon shifting from 25 to 30 °C. This indicates this approach could be

interesting to broaden up the responsiveness of the regulatory RNA elements.
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Figure 15. Characterization of RNA thermometers response in Synechocystis. The bars represent normalized GFP fluorescence
of Synechocystis cells harboring the RNAT. GFP fluorescence was measured before (0 h) and after the temperature shift from
25 to 37 °C (4 h and 24 h). The fluorescence of the control strain harboring the pSEVA251 was subtracted from each sample.
Error bars correspond to standard deviations from a single experiment with technical triplicates (measured in duplicate). P x et02::
B0032::gfp was included for comparison purposes.

Further on, if the designed RNA thermometers indeed function by the proposed temperature-
dependent melting mechanism, they should function even more efficiently at temperatures
higher than 37 °C. Therefore, we tested the library for a temperature shift from 25 to 40 °C.
For this experiment, some cultures (TS1, TS13 and Pic.xtet02::B0032::9fp) had to be excluded
from the testing, due to technical issues. Under these tested conditions, TS12, TS2 and TS4
displayed the highest responsiveness with 1.6, 1.6 and 1.5-fold differences in GFP
fluorescence upon temperature shift, respectively (Fig. 9).
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Figure 16. Characterization of RNA thermometers response in Synechocystis. The bars represent normalized GFP fluorescence
of Synechocystis cells harboring the RNAT. GFP fluorescence was measured before (0 h) and after the temperature shift from
25 to 40 ° (4 h and 24 h). The fluorescence of the control strain harboring the pSEVA251 was subtracted from each sample.
Error bars correspond to standard deviations from a single experiment with technical triplicates (measured in duplicate).

3.4. Assessment of computational analysis and experimental data

Finally, we assessed the correlation between experimental measurements and the predicted
free energies. Therefore, we compared the fold change during the temperature shift from 25
to 37 °C with the differences in the calculated minimum free energy of the structures at these
temperatures. If there was a correlation, we would expect a linear trend where having a higher
difference would result in a higher fold change. However, this is not observed (Fig. 10). The
possible discrepancy observed could be a result of assumptions during computational
analysis, where we selected only one of the predicted free energy of several possible, and
parameter values that may not correspond to the cellular conditions. Although the correlation

is too low, there seems to be a trend between the responsiveness of the RNA element and

the difference in the predicted free energy (Fig. 10).
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Figure 10. Assessment of the correlation between experimental measurements and computational analysis. The plot represents
the fold change of the GFP fluorescence during the temperature shift from 25 to 37 °C and the difference in the predicted free
energy of the elements under these temperatures. TS9 was excluded from the analysis, as it was an outliner. The prediction was
done using the Quikfold program (Markham and Zuker, 2005, Markham and Zuker, 2008).

Altogether, these preliminary results show the feasibility of utilizing redesigned RNA
thermometers as the regulatory elements in the model cyanobacterium Synechocystis. The
previous study focused on developing a toolbox of RNA thermometers reported up to a 3-fold
range reported for a set of synthetic RNA thermometers in E.coli (Sen et al., 2017). Additional
experiments are required to validate these data and further characterize the response of the
RNA thermometers. Specifically, further experiments are needed to demonstrate the changes
in expression levels at different temperatures were due to translational control rather than to
different transcript levels. Therefore, Northern blot analysis and/or RT-gPCR experiments

should be performed to elucidate the level of transcription.

4. Conclusions

Here we report the first study with a focus on redesigning and characterizing RNA
thermometers as regulatory elements in cyanobacteria. We designed 11 synthetic RNAT
based on the native hsp717 thermometer, previously described in Synechocystis. We

successfully established a methodology for testing an RNAT library and evaluated the RNA
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thermometer's response to different temperature changes. A library of 12 RNAT was tested
under three different temperature shifts, displaying a diverse set of temperature profiles.
Functional control of translation up to approximately 3 and 2-fold change under temperature
shifts from 25 to 37 °C and 30 to 37 °C was achieved, respectively, for the TS13 and T1 RNA
elements. Interestingly, even a couple of base changes in the sequence of an RNA
thermometer led to a substantial change in the temperature response. Therefore, elements
showing good inducibility offer revenue toward higher responsiveness by further redesigning
focused on different single nucleotide changes. Using various computational tools, such as
developed software RNAIiFold2T(Garcia-Martin et al., 2016), support the rational design of
RNA elements. This together with systematic mutational analysis of these simple RNA
elements will offer plenty of possible elements to be tested. Good high-throughput
methodologies are needed to facilitate these analyses. However, those available for
cyanobacteria fall behind those developed for other model organisms currently used in

synthetic biology, offering space for parallel development.

It would be also interesting to test the most promising candidates with a different reporter
expression system or an enzyme, to demonstrate the versatility of these tools. Finally, these
preliminary results offer insights regarding design choices and optimization protocol that will
be valuable in the implementation of these, or similar, RNA thermometers in future work, with

wide potential applicability in synthetic biology of cyanobacteria.
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CHAPTER IV

Internal illumination to overcome the cell
density limitation in the scale-up of whole-
cell photobiocatalysis

M. Hobisch, J. Spasic, L. Malihan-Yap, G. D. Barone, K. Castiglione, P. Tamagnini,
S. Kara, R. Kourist, ChemSusChem 2021, 14(15), 3219.
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Internal lllumination to Overcome the Cell Density
Limitation in the Scale-up of Whole-Cell Photobiocatalysis

Markus Hobisch*,®™" Jelena Spasic*,™©

9 Lenny Malihan-Yap,* Giovanni Davide Barone,

[b, ¢, dl

Kathrin Castiglione,” Paula Tamagnini,’? Selin Kara,*® and Robert Kourist*"!

Cyanobacteria have the capacity to use photosynthesis to fuel
their metabolism, which makes them highly promising produc-
tion systems for the sustainable production of chemicals. Yet,
their dependency on visible light limits the cell-density, which is
a challenge for the scale-up. Here, it was shown with the
example of a light-dependent biotransformation that internal
illumination in a bubble column reactor equipped with wireless
light emitters (WLEs) could overcome this limitation. Cells of the
cyanobacterium Synechocystis sp. PCC 6803 expressing the
gene of the ene-reductase YgjM were used for the reduction of
2-methylmaleimide to (R)-2-methylsuccinimide with high opti-

Introduction

Photobiocatalysis has emerged as a new, exciting research area
that combines photocatalysis and biocatalysis, two of the most
research-intensive fields of catalysis.” In particular, whole-cell
biotransformations in cyanobacteria allow to produce highly
selective biocatalysts from carbon dioxide and water, and to
exploit photosynthesis for the regeneration of adenosine
triphosphate (ATP) and redox cofactors.”’ This allows the saving
of stoichiometric addition of auxiliary cosubstrates such as
isopropanol and glucose for redox biotransformations. As only
a minor part of the donor molecule’s electrons is used for the
redox reaction, the use of catalytic water splitting leads to a
more favorable atom economy, one of the 12 principles of
green chemistry.”’) Furthermore, the formation of coupled by-
products often complicates downstream processing. Using
water as a sacrificial electron donor is a radical approach that
has the potential to solve this critical limitation of the
sustainability of enzymatic redox processes. Coupling of oxidor-

cal purity (>99% ee). Compared to external source of light,
illumination by floating wireless light emitters allowed a more
than two-fold rate increase. Under optimized conditions,
product formation rates up to 3.7 mmh ' and specific activities
of up to 65.5 Ugpey ' Were obtained, allowing the reduction of
40 mm 2-methylmaleimide with 650 mg isolated enantiopure
product (73% vyield). The results demonstrate the principle of
internal illumination as a means to overcome the intrinsic cell
density limitation of cyanobacterial biotransformations, obtain-
ing high reaction rates in a scalable photobioreactor.

eductases to the photosynthetic electron transport chain of
cyanobacteria has been demonstrated for a wide range of
biocatalytic reactions,™ including ene-reductases,”? alcohol
dehydrogenases,”” Baeyer-Villiger monooxygenases,® heme-
independent moncoxygenases,” P450 monooxygenases,® and
imine reductases® with reaction rates as high as 150 units per
gram cells." A major environmental advantage of cyanobacte-
rial biotransformation is the sustainable production of the
biocatalyst, with light as an energy source and CO, as a carbon
source."" From a physiological viewpoint it is important to note
that light-driven biotransformations consume electrons from
the photosynthetic electron transport chain, but do not require
fixation of carbon dioxide. This could be an explanation why
cyanobacterial photobiotransformations are much faster than
the production of various C-metabolites."” For the metabolic
engineering of cyanobacterial whole-cell biocatalysts, both the
variation of the intracellular enzyme concentration and the
deletion of other electron-consuming processes®'? have been
proven as successful strategies. While photobiotransformations
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have been established with high reaction rates, the scale-up of
the reaction requires a photobioreactor geometry with very
short light penetration pathways. On the one hand, this regards
the overall light availability in a reactor, taking into account
that the light penetration in water is limited and cells strongly
absorb visible light. On the other hand, the reactor should have
a continuous light distribution to avoid fluctuation, which has
physiological consequences for the cells."® Typical photobior-
eactors are based on flat-panels or tube reactors with low-to-
moderate surface/volume ratios (SVR). Reactor concepts with
internal illumination can shorten light pathways."* Among
them is a new concept developed by Buchholz and co-workers,
which utilizes freely suspended wireless light emitters (WLEs)."™!
These WLEs consist of a single light emitting diode (LED) with a
receiving coil encapsulated in a polycarbonate shell powered
via induction by emitting coils from outside of the reactor.
Among the various concepts mentioned above, this approach
shows the highest SVR"® and provides evenly distributed light
within the photobioreactors;™® this was exploited recently by
Duong etal. for the intensification of a photoenzymatic
reaction."” This concept is especially intriguing as it allows to
work with column reactors of a larger diameter than externally
illuminated photobioreactors.

As a model system, we chose the light-driven ene-reduction
of 2-methylmaleimide (2-MM) catalyzed by an ene-reductase
YqjM from Bacillus subtilis heterologously expressed in a model
cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis from
here). This reaction proceeds with high stereoselectivity and
represents a typical stereoselective redox reaction for the
synthesis of fine chemicals. The specific activity of 180 umol per
hour and per mg chlorophyll a (umolmgg,, 'h )" consumes a
considerable part of the total photo-production of nicotinamide

% e
YqjM
HNﬁ/ 7%‘ HN
(0]

adenine dinucleotide phosphate (NADPH) that has been
estimated to be in the range of 530-1070 pmolmgg,, 'h"."¥ In
this article, we investigate the effect of internal illumination on
the initial reaction rate and volumetric yield in the scale-up of a
photobiocatalytic asymmetric enzymatic ene-reduction in re-
combinant cells of Synechocystis.

Results and Discussion

Synechocystis P,:yqiM was cultivated in 200 mL gas washing
bottles under continuous light illumination reaching an optical
density at 750 nm (OD,s) of 1-3 (Supporting Information,
Figure S3a), harvested and utilized in whole-cell light-driven
reduction of 2-MM to (R)-2-methylsuccinimide (2-MS) (Figure 1a)
with external illumination using LED lamps (200 pEm?s™"). As
reported previously,>'? the specific activity and the product
formation rates showed a strong dependency on the cell
density applied (Figure 1). Within the analyzed cell density
range (0.48-2.4 gL™") at 1 mL scale, the specific activity of the
cells dropped notably at cell densities higher than 1.2 gL ™"
Notably, the specific activity at 2.4 gL' was only about half of
that at 0.48 gL" (Figure 1b). The correlation between the initial
reaction rate with cell density was observed up to a cell density
of 1.8 gL', where a further increase to 2.4 gL' did not improve
the rate anymore.

The results in 1mL scale show a clear decrease of
productivity per cell at higher cell density. A larger reaction
volume with longer light pathways is expected to increase this
effect. Yet, achieving high reaction rates requires higher cell
densities. Additionally, it should also be noted that a steady
light intensity is important because fluctuating light affects the
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Figure 1. (a) Whole-cell light-driven biotransformations catalyzed by Synechocystis P,,.:yqjM. (b) Specific activity and initial product formation rates achieved
at 1 mL scale using various cell densities, independent biological triplicates. (c) Conversion of 2-MM during photobiotransformations (1 mL, 10 mm 2-

2.1

methylmaleimide, 160 rpm, 30°C, 200 uEm~s™'), independent biological triplicates.
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physiology of the cyanobacteria.'” On basis of these consid-
erations, we reasoned that it would be difficult to achieve a
high productivity at cell densities exceeding 1.8gL ' with
external illumination. Internal illumination, however, provides
much shorter light pathways and the beneficial effect for
photo-biocatalytic reactions has been demonstrated recently.”’
Therefore, a bubble column reactor (BCR) with internal illumina-
tion provided by WLEs appeared to be the ideal solution for the
intensification and scale-up of cyanobacterial biotransforma-
tions (Figure 2).

The effect of the number of WLEs on the photo-biotransfor-
mations was initially evaluated. Therefore, 20, 30, or 40 WLEs
were used in a 200 mL reaction volume with Synechocystis P,
ygiM at a cell density of 048 gL' and 30°C and 10 mm 2-
methylmaleimide as a substrate. Among the investigated
numbers of WLEs, the use of 40 yielded the highest specific
activity of 83 U gpaw |, which is well within the range of the
rates observed in 1 mL-scale experiments (Figure 3a and Fig-
ure 1b). At a cell density of 1.2 gL™", 20 WLEs led to an activity
of 35.8 Ugpew ', whereas 40 WLEs allowed to reach an activity
of 65.5Ugpqy ' (corresponding to 531 Umgc,, ") (Figure 3a).
The initial product formation rate for the latter reaction was
3.6 mmh™". Besides the overall availability of the light, its
distribution should be as even as possible in the photo-
bioreactor because the cells adapt to fluctuating light with the
activation of protection systems such as flavodiiron proteins
that constitute an additional electron sink."® Figure 2 shows
that at a cell density of 0.48 gL', the light distribution in the
bubble column reactor is quite even. At a cell density of

2.4 gL', however, a considerable light fluctuation is apparent,
both visually and by measuring at a specific site at different
time points.

Further increasing the cell density to a value of 24gL™'
resulted in shortening the reaction time, which allowed to
achieve a full conversion after 3.5 h with an initial activity of
325Ugpey ' (274Umgg,, ) and an initial reaction rate of
3.7mmh™" (Figure 3a). At a cell density of 2.4 gL', the strong
effect of the light absorption of the cells could be clearly seen
as light intensity inside the BCR dropped by 53% (Figure 2).
Increasing the cell density from 0.48 to 2.4 gL resulted in a
61% decrease of the specific activity. This activity drop is
stronger than the one observed in the externally illuminated
1 mL scale. Nevertheless, using internal illumination allowed to
retain 80% of activity at a cell density of 048 gL™", 64% at
1.2gL", and 58% at 24 gL' compared to the 1 mL scale
reactions. Using cells at a density of 24 gL' resulted in the
highest initial reaction rate of 3.7 mmh~', corresponding to
47% of the initial product formation rate from 1 mL scale.
Keeping the reaction time short is not only important for cost-
effectiveness, but also needed for selectivity towards the target
product as the cells can also unproductively consume the
substrate 2-MM (Supporting Information, Figure 56). Doubling
the cell concentration and the number of WLEs increased the
reaction rate almost two-fold, as 1.2 gL' of cells with 20 WLEs
resulted in 1.2 mm h™' while 24 gL' and 40 WLEs resulted in
23mmh.

Comparison of internal illumination using WLEs with
external illumination and biotransformations without illumina-
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Figure 2, Top: Photo-biotransformations performed in the BCR with internal illumination provided by 40 floating wireless light emitters at a cell density of
0.48 gL' (left side) and 2.4 gL' (right side). Bottom: determination of the light intensity inside BCR with internal illumination by 40 WLEs at a cell density of

0.48 or 24 gL', respectively.
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Figure 3. Whole-cell biotransformation catalyzed by Synechocystis P_,.;zyqjM in a BCR. (a) Specific activity and initial product formation rate of Synechocystis

P_,5:yqiM in a BCR with internal illumination provided by WLEs (200 mL, 10 mm 2MM, 0.6 Lmin "

airflow), independent biological triplicates. (b) Time course

of the reactions using different cell densities with 40 WLEs, independent biological triplicates. (c) Specific activity and initial product formation rate of

Synechocystis P,g:yqjM in a BCR externally illuminated with LED strips (300 pEm?s™') or in dark (200 mL, 10 mm 2-MM, 0.6 Lmin "'

airflow), single

measurements. (d) Time course of the reactions with external illumination or in dark, single measurements.

tion underlined clearly the beneficial effect of the WLEs on the
productivity of the whole-cell biocatalyst. It is known that
Synechocystis cells have the capacity to achieve some con-
version in darkness or in presence of inhibitors of
photosynthesis,?**'” which has been attributed to the utiliza-
tion of storage compounds that were accumulated during the
cultivation phase. During the light cycle, cyanobacteria produce
NADPH via photosynthesis. In absence of light, the pentose
phosphate pathway is assumed to be the main source of
reducing equivalents.” It should be noted, however, that the
contribution of glycolytic routes in cyanobacteria is far from
being understood.”" For these reasons, we expected some
conversion for reactions in darkness or with external illumina-
tion. Indeed, external illumination with an intensity of
300 uEm 25" provided by LED strips (Supporting Information,
Figure S7), resulted in a 75% drop of specific activity for cell
density of 1.2 gL' and 81% for 24 gL™".

At 1.2 and 2.4 gL' of cell density, the specific activity was
2.7 and 3-fold higher, respectively, when using internal
illumination with 40 WLEs, clearly showing the advantage of
the WLE technology. The specific activities of Synechocystis
PocsiyaiM at a cell density of 2.4 gL' externally illuminated
were surprisingly similar to the reaction in darkness, although
the dark reaction slows down over time (Figure 3d). The light
measurements inside BCR using external illumination
(2uEm~s™", Supporting Information, Figure S1c) show that
cells might be facing darkness occurring locally or temporarily,
which is a typical problem of large-scale photobioreactors."

ChemSusChem 2021, 14, 3219-3225 www.chemsuschem.org
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Nevertheless, the comparison of the internal and external
illumination clearly shows the advantage of the former for
photobiotransformations at higher cell densities.

We have shown previously that a higher cellular enzyme
concentration leads to improved reaction rates.*'” Therefore,
we use the light-inducible promoter P,,, for the expression of
the enzyme. For induction, we cultivated the cells at a light
intensity of 230 uEm s, which is sufficient for an induction of
this promoter. The results of the biotransformation with
Synechocystis P,.,:ygiM indicated a slight improvement in the
initial specific activity of 38 Ugpey ' compared to 32.5 Ugpey '
obtained with Synechocystis P_,z:yqjiM, with 4.1 mmh~' product
formation rate (Figure4b). In order to achieve fast full
conversion, a reaction was run with Synechocystis P,,g:yqjM at a
cell density of 24 gL' and 40 WLEs using 10 mm 2-MM as
substrate (Figure 4c). The product was isolated after 5 h of the
reaction. After cell removal and extraction with ethyl acetate,
NMR analysis showed an isolated yield of 157.4mg pure
product (71% yield) (R)-2-methylsuccinimide (2-MS) in out-
standing optical purity [99% enantiomeric excess (ee)].

It should be noted that the product could be obtained in
very high purity without the need for purification by flash
chromatography, which simplifies the downstream processing
and cuts the costs (Supporting Information, Figures S4 and S5).

Further intensifying the process by the addition of 40 mm 2-
MM by substrate feeding approach resulted in full conversion in
22 h (Figure 4d), producing 650 mg pure (R)-2-methyl-
succinimide (73 % yield) with >99% ee.

@© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH



FCUP

Engineering the cyanobacterial chassis for improved electron supply 121
Chemistry
Full Papers Europe

European Chemical
Societies Publishing

ChemSusChem doi.org/10.1002/cssc.202100832

a

100

. 80
ES
§ 60
&
240
8
o

20 =S. PepegiiygiM 2-MM 120

" = 8. PpspaziygiM 2-MM .
0 1 2 3 4 5
time | h
[
=
=
I~
2
£
<
8
S - 2-MM
-2-MS
= mass balance

time / h

b
p 65
§40 g
o T 3
230 48
2> S
2 20 2
©
g 3
£ =
5] i
0 0

8. Pepeg yQiM - 8. P st ygiM

d

240

>

230

S ZOmM
8

G 20

2

T 20mM

210 I

’ ll

o '
0o 1 2

nme ! h

Figure 4. (a) Conversion of 10 mm 2-MM into corresponding 2-MS during photobiotransformations catalyzed by Synechocystis P...5:yqiM and Synechocystis
P..s0i¥qiM both at a cell density of 2.4 gL™". (b) Specific activity and initial product formation rate of Synechocystis P,:yqjM and Synechocystis P as:yqiM. (c)
Time course of the preparative 10 mm 2-MM photobiotransformation catalyzed by Synechocystis P..s:yqiM, single measurements. (d) 2-MM substrate
converted by Synechocystis P,:yqjM cells (2.4 gL™") using a substrate feeding approach, with initial substrate concentration introduced 20 mm and a

subsequent feeding of 20 mm at 3 h, single measurements.

Previous light-driven biotransformations scale-up systems
using stirred-tank photobioreactors at the cell density of 0.5-
0.8% or 1.6 gL '®! point to the problem of high cell densities
to be applied. Photobiotransformations could benefit from the
developed technologies for the high cell density cultivation
that reached up to 50gL™", such as thin-layer cascade
photobioreactors® and CellDeg system cultivations.”” How-
ever, the application of these set-ups in the scale-up of light-
driven biocatalysis needs to be followed by the appropriate
development of efficient light sources with beneficial light
penetration depths, where WLEs and technologies such as light
guides (e.g., optical-fibers illumination') can play an important
role. The cost of the WLEs itself, their durability, and the
efficiency of energy transfer via inductions might be drawbacks
of the BCR; nevertheless, our results show that the principle of
internal illumination bears clear advantages over external light
supply. Future research will focus on the identification of the
best way to combine an internal light source with an efficient
mixing of the reaction, both in view of efficiency and
practicability.

Easier handling and scalability of BCR with higher volume is
an advantage of this technology, as these bioreactors can be
filled up to higher volume without influencing SVR (while
appropriately increasing the number of WLEs). This reactor
concept is generally applicable for recently described whole-cell
biotransformations,"® keeping in mind that volatile substrates
pose a problem. Other reactor concepts, such as capillary
biofilm reactors operated at higher cell densities up to 52 gL~",

ChemSusChem 2021, 14, 3219-3225 www.chemsuschem.org
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show another promising approach, but one of the bottlenecks
for applications are the extreme long times for biofilm
maturation (up to 5 weeks).” One of the concerns with
cultivation set-ups for high cell density is the CO, supply across
the gas-liquid interface, which could be problematic with longer
BCR geometries. It should be noted, however, that the
biotransformation does not require CO, itself. Moreover, the
presence of the ene-reduction as a strong electron sink might
alleviate the need of CO, fixation from a metabolic point of
view.” While we indeed did not observe any positive effect of
higher CO, supply or NaHCO; addition during small-scale
biotransformation reactions (unpublished), this idea remains to
be proven experimentally. Another problem that might limit
the applicable length of the BCR could be the accumulation of
oxygen, which could lead to photoinhibition.”

Conclusion

The strong light absorption of cyanobacteria is a main limiting
factor for the scale-up of cyanobacterial biotransformations.
Here we demonstrate that internal illumination in a bubble
column reactor can alleviate this limitation. At a cell density of
24 gL', internal illumination with 40 wireless light emitters in
200 mL reaction volume allowed to obtain a reaction rate of
3.7 mmh ™" and a specific activity of 32.5 Ugpey, - An intensified
reaction with stepwise feeding of 40 mm ran to completion:
Isolation of 650 mg product (73 % yield) underlined the practical

@© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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usefulness of the approach. The fact that purification of the
compound was not necessary highlight the practical advan-
tages of cyanobacterial biotransformation. Compared to exter-
nal source of light, illumination by floating wireless light
emitters allowed a more than two-fold rate increase. The results
demonstrate the principle of internal illumination as a means to
overcome the intrinsic cell density limitation of cyanobacterial
biotransformations, obtaining high reaction rates in a scalable
photobioreactor.

Experimental Section

Chemicals

The substrate 2-methylmaleimide (2-MM) was synthesized as
previously described.” The product 2-methylsuccinimide (2-MS)
was obtained as a white powder from Chiracon GmbH (Luck-
enwalde, Germany). All other chemicals were purchased from
Sigma-Aldrich  (Steinheim, Germany) or Carl Roth (Karlsruhe,
Germany) unless otherwise indicated.

Strains

All Synechocystis strains utilized are listed in Table S1.

Cultivation of Synechocystis strains

Seed cultures of Synechocystis were grown in liquid BG-11 medium
(pH 8) supplemented with 50 ugmL™' kanamycin in 300 mL
Erlenmeyer flasks with a working volume of 100 mL. The cultures
were maintained in a plant growth chamber (SWGC-1000, WISD lab
instruments) fitted with white fluorescent lamps delivering a light
intensity of 40-60 uEm?s™". The cultures were placed on a rotary
shaker (140 rpm) under ambient CO, and 50% humidity and a
temperature of 30°C. Cell growth was monitored by measuring the
OD;5. Upon reaching OD.5,=1-2, the cells were harvested by
centrifugation (24°C, 15 min, 3500 rpm), resuspended in fresh BG-
11, and inoculated in gas washing tubes (V=200 mL) to OD;;,=0.1.
The tubes were maintained in an aquarium regulated at 30°C and
illuminated with six fluorescent lamps delivering a light intensity of
200-250 uEm ?s ™' (Supporting Information, Figure S3b). Aeration
and mixing of the cultures were ensured by bubbling using an air
pump (Boyu S-4000B pump) and filtered through a 0.2 um filter to
ensure the sterility.

Whole-cell biotransformation

Upon reaching an OD;;,=1-3, cells were harvested by centrifuga-
tion (24°C, 15 min, 3500 rpm). The pellet was resuspended in an
appropriate volume of BG-11 to a specific OD,5, and subsequently
utilized in whole-cell biotransformations 10 mm 2-MM with a
working volume of 200 mL (stock solution in BG-11). OD;5,=10
corresponded to 24gL™' of cell density, as previously
determined."” Reactions were performed using a bubble column
reactor (BCR; ¢,=5 cm, h=50 cm) with a working volume of 200-
800 mL fitted with emitting coils. WLEs in varying numbers were
suspended in the reactor to provide internal illumination. The WLEs
consist of a white LED plus a receiving coil inside a polycarbonate
shell (Supporting Information, Figure S2b). Air was supplied by a
pump (Boyu S-4000B) at a rate of 0.6 Lmin~". A fan was utilized to
provide cooling for reactions to keep the temperature at 30°C.
Reaction temperature was measured four times over the course of

ChemSusChem 2021, 14, 3219-3225 www.chemsuschem.org

1 h, then again after 3.5 and 20 h, and was found to be stable and
did not increase above 30°C. Large-scale biotransformations with
external illumination were performed by wrapping the BCR with
LED stripes (BOXXX) (Supporting Information, Figure S7). The light
intensity was maintained constant as an internally illuminated
reactor.

For small-scale biotransformation, the cells obtained from centrifu-
gation were resuspended in fresh BG-11 to OD750=20 and
adjusted accordingly. Reactions were performed in 5 mL glass vials
with a working volume of 1 mL and initiated with the addition of
10 mm 2-MM (stock solution: 100 mm in BG-11). The vials were
placed in a bioreactor maintained at 30°C (160 rpm) and equipped
with LED lamps with an intensity of 200 uEm™?s™". Aliquots
(100 pL) of the reaction mixture were taken at several time points
(0, 2, 5,10, and 20 min, 1, 2, 3.5, 5, and 24 h) and immediately
frozen in liquid nitrogen. Samples were stored at —20°C prior to GC
analysis. Specific activities were calculated at <10% substrate
conversion.

GC analysis

The substrate 2-MM and its corresponding product 2-MS were
analyzed using a GC equipped with a flame-ionization detector
(FID) (GC-2010 Plus, Shimadzu, Japan) outfitted with a ZB-5 column.
Samples (100 pl) were extracted with ethyl acetate containing
2mm n-decanol as an internal standard. The organic phase was
dried in anhydrous MgSO, and subsequently analyzed. The ee of
the obtained product after biotransformation was analyzed using
chiral GC-FID (GC-2030, Shimadzu, Japan) equipped with a f3-
6TBDAc column. Detailed GC procedure is given in Table S2.

Determination of light intensity

The light intensity was measured using an LI-250A light meter
(LICOR Biosciences, Hamburg, Germany) equipped with a spherical
micro quantum sensor US-SQS/L (Walz, Effeltrich, Germany). Values
were taken as an average (15s) as well as a plot for 40s
(Supporting Information, Figure S2a).

Product isolation

After the reaction, the mixture was extracted three times with ethyl
acetate (1:1.33, w/v). The organic layer was dried in anhydrous
MgSO, and evaporated in vacuo. The obtained product was
analyzed using chiral GC-FID and 'H and *C NMR spectroscopy.

Quantification of chlorophyll a content

The amount of chlorophyll a was determined as previously
described." A sample of cell culture (100 pL) with a known OD;s,
was pelleted, resuspended in 100 pL dH,0, and 900 uL methanol
was added. Samples were briefly vortexed and incubated in
darkness for 10 min. The absorption at 665 nm was measured and
the amount of chlorophyll a was determined using the extinction

coefficient £=78.74 Lg™'cm™.
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List of Abbreviations

In alphabetical order

2-MM 2-Methylmaleimide

2-MS 2-Methylsuccinimide

BCR Bubble Column Reactor

chla Chlorophyll a

DCW Dry Cell Weight

GC-FID Gas Chromatography Flame Ionization Detector
LED Light Emitting Diode

NADFH Nicotinamide Adenine Dinucleotide Phosphate
NMR Nuclear Magnetic Resonance

OD759 Optical Density at 750 nm

PAM Pulse Amplitude Modulation

Synechocystis Synechocystis sp. PCC 6803

WLE Wireless Light Emitters

WT Wild Type
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Supporting Tables and Figures

Table S1. Strains utilized in this work.

Strains Description Reference
Synechocystis sp. PCC 6803 WT  Wild type cyanobacterium Synechocystis (il
sp. PCC 6803
Synechocystis sp. PCC 6803 Transgenic Synechocystis sp. PCC 6803 21
Pepes::ygiM constructed in WT background harboring

the gene ygjM from Bacillus subtilis under

the control of the Pepcp promoter in the

genome locus slr0168
Synechocystis sp. PCC 6803 Transgenic Synechocystis sp. PCC 6803 2]
Ppswaz.yqgiM constructed in WT background harboring

the gene ygjM from Bacillus subtilis under

the control of the promoter Ppgaz in the

genome locus slr0168

Table S2. Gas Chromatography Flame Ionization Detector Method.
Achiral GC-FID (GC-2010 Plus, Shimadzu, Japan)

Column Phase ZB-5 (5% phenyl, 95% dimethyl polysiloxane)
Dimension Length = 30 m; Film Thickness = 0.25 um; Inner
Diameter = 0.32 mm
Temperature 100 °C
FID Detector Temperature 320 °C
Air flowrate 400 mL min™!
H> flowrate 40 mL min™!
Injection port Volume 1.0 uL
Carrier Gas Nz (1.5 mL min'")
Temperature 230 °C
Split Ratio 20
Temperature Program 1) 80 °C for 1 min; 2) 80-160 °C (50 °C min
1); 3) 160-220 (15 °C min'); 4) 220-300 °C (50
°C min!) and 5) 300 °C for 3.8 min
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The percent enantiomeric excess (% ee) was determined using Chiral GC-FID as detailed below:

Chiral GC-FID (GC-2030 Plus, Shimadzu, Japan)

Column Phase B-6TBDAc (Column ID: 23254-3)
Dimension Length =50 m; Film Thickness = 0.25 pm; Inner
Diameter = 0.25 mm
Temperature 180 °C
FID Detector Temperature 250 °C
Air flowrate 200 mL min-!
H: flowrate 32 mL min‘!
Injection port Volume 1.0 uL
Carrier Gas N2 (24 mL min'!)
Temperature 230
Split Ratio 100
Temperature Program 1) 180 °C (2 min); 2) 220 °C (5 °C min"! for

3min)
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Figure S1. Light Intensity Measurements inside BCR with a) internal illumination at cell density
1.2 g L'!; b) internal illumination at cell density 2.4 g L'!; ¢) external illumination provided by
LED strips.

The light intensity of the cyanobacterial mixture was determined using an LI-250A light
meter (LI-COR Biosciences UK Ltd, Cambridge, United Kingdom) with a US-SQS/L light sensor
(Waltz, Effeltrich, Germany) submerged at a depth of 5 cm from the surface in the center of the

reactor.
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Figure S2. a) Schematic illustration of the Bubble Column Reactor with a working volume of
200 mL cyanobacterial mixture, air was delivered using a pump at a flowrate of 0.6 L min-!. b)
Wireless Light Emitters (WLEs) utilized for internal illumination in the BCR.[?!

Table S3. Average light intensity in BCR

Conditions Average light intensity [uE m2s]
BGI11 WLE 40 302.3
BG11 external LED stripes 300.5
0.48 g L-"WLE 20 145.1
0.48 g L'TWLE 30 238.1
0.48 g L-'WLE 40 268.4
1.2 gL "WLE20 76.3
1.2 g L' WLE 40 142.3
24 g L'"WLE40 60.7
1.2 g L' external LED stripes 3.01
2.4 g L' external LED stripes 1.66

Synechocystis was maintained in an aquarium-type reactor at 30 °C using a heater (Thermo

Fisher Scientific, Waltham, USA). Each gas washing tube contains 200 mL of cell culture

supplemented with 50 ug mL-! of kanamycin as a selectable marker. The cells were allowed

to

grow to an OD7so of 1-3, harvested, centrifuged (24 °C, 15min, 3500 rpm) and subsequently

S7



FCUP
132 Engineering the cyanobacterial chassis for improved electron supply

utilized in whole-cell light driven biotransformations. The OD7s0 10 corresponded to 2.4 g L! of

cell density as previously determined.?! For this cell density, measured chlorophyll a content was

in the range of 29-31 ug mL !,
b
7
13 20 : . = =
) Slot # Light Intensity Slot # Light Intensity
6 1 20738 11 2431
12 19
2 230.6 12 2324
5 - 3 249.9 13 211.9
" : 4 256.1 14 220.0
4 o 5 2503 15 2227
10
_ 6 2396 16 227.0
3
. 16 7 2204 17 223.5
. g 2187 18 2207
%)
‘ " 15 9 2327 19 20838
| 10 240.0 20 197.48
i Light Intensity in uE 2 s

Figure S3. a) Cultivation of Synechocystis in gas washing tubes in an aquarium maintained at 30
°C, air was delivered using a pump and passed through 0.2 pum filters; b) Light intensity
measurements for each tube (measured in water).
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Synthesis of 2-Methylmaleimide

2-Methylmaleimide was synthesized as described elsewhere.[*] In a typical reaction,
citranoic anhydride (89 mmol) and ammonium acetate (178 mmol) were reacted in acetic acid
(40 mL). The mixture was allowed to heat under reflux for 2.5 h. After the reaction, the solvent
was partially removed in vacuo. The remaining solution was mixed with 100 mL of saturated NaCl

and 40 mL of water. The solution was then extracted with ethyl acetate (8 x 25 mL). The crude

product was purified by silica column chromatography using a mobile phase of 5:1 (Cyclohexane:
Ethyl acetate) obtaining a white solid product (3.5 g, 35.3% yield).

IH NMR (300 MHz, DMSO-d6) 8 10.73 (s, br, 1H, NH), 8 6.54-6.56 (m, 1H,=CH-), 5 1.94
(Jur=1.5Hz, d, 3H, CH3)

13C NMR (300 MHz, CDCl3) 8 10.377, & 128.166, & 146.129, & 172.422, § 173.310

2-MS Extraction and characterization

Optically pure (> 99% ee) 2-MS was isolated as a solid powder (157.4 mg, 71% yield).

The product was analyzed by 'Hand '3C NMR.

"H NMR (300 MHz, CDCl3) & 7.86 (s, br, 1H, NH), § 3.02-2.81 (m, 2H, —CH2-), § 2.46-2.23 (m,
1H, -CH-), 6 1.41-1.28 (m, 3H, —CH3)

13C NMR (300 MHz, CDCl5) § 17.098, & 36.768, & 38.194, & 176.618, & 180.920
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Figure S4. '"H NMR of 2-MS obtained after whole-cell biotransformation.
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Figure S5. C NMR of 2-MS obtained after whole-cell biotransformation.
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Figure S6. Consumption of 2-MM substrate over time by Synechocystis sp. PCC 6803 WT (1.2
g L-1,200 mL, 10 mM 2-methylmaleimide, 0.6 L min ' airflow, 40 WLES).

Figure S7. External illumination of BCR provided by LED strips (BOXXX)
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Figure S8. Example GC-Chromatogram with 2-MM substrate (ret. time 5.660 min) and 2-MS
product (ret. time 6.262 min). n-decanol (ret. time 7.229 min) was used as an internal standard.

Measurement of emission spectrum

The emission spectrum of a white WLE was measured with a MSC15 spectrometer
(Gigahertz-Optik, Tiirkenfeld, Germany).
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CHAPTER V

Conclusions and future perspectives
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Conclusions

Biocatalysis has become state-of-the-art technology for the synthesis of a wide variety of
chemical products. In this context, the oxygenic photosynthesis-driven cofactor recycling
hosted in cyanobacteria offers a sustainable alternative for industrially relevant asymmetric

catalysis as it greatly increases the atom economy (Chapter I).

The work developed during this thesis contributed to corroborate that the power of light can
be exploited for biocatalytic production utilizing cyanobacteria. This kind of innovative
approach brings us closer to creating a circular economy based on clean technology concepts
mitigating our dependence on fossil fuels. In this work, we tackle different aspects of
improvement in the field of photobiocatalysis from chassis engineering, development of

regulatory elements for controllable gene expression to scaling up photobiotransformations.

Engineering cyanobacterial chassis for improved electron supply toward a

heterologous ene-reductase

Fundamental research on photosynthetic microorganisms, particularly regarding the electron
flow, provided the foundation for rational engineering-based research directions. Using the
knowledge gained regarding the regulation of photosynthetic electron flow proved to be an
interesting direction to follow, however only several published studies focused on streamlining
reducing energy into the activities of biocatalysts. During this work, we have successfully
constructed several deletion mutants lacking different electron transfer pathways, envisioning
customized chassis for the expression of a heterologous ene-reductase. We have
demonstrated that redirecting chassis electron flow can lead up to a 39% improvement of the
specific activity of the YqgjM, namely in the mutant lacking active bidirectional hydrogenase
(Chapter Il). Achieving higher specific activities is of particular interest for the further
development of light-driven biotechnology. Further on, we explored different cultivation
conditions to understand their impact on the productivity of the engineered strains. The
particular emphasis was on light as energy input, employing different light regimens, light
quantity and quality. As light is the main source of energy for photobiotransformation, these
cultivation parameters proved to be an important aspect to address. We have observed that
adaptation of the chassis before light-driven reactions changes the outcome, namely specific

and product formation rates. Finally, we addressed the aspect of cultivation media and the
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subsequent effect on the photobiotransformations. Here, we challenged cells with nitrogen
limiting conditions. However, the results indicated this kind of strategy needs to be
accompanied by a physiological analysis to better choose directions toward improved
productivities of the chassis. Overall, the work performed on developing customized chassis
demonstrated synthetic biology and rational engineering can be used to improve productivity

toward further developments of light-driven biotechnology.

Characterization of a library of RNA thermometers as potential regulatory elements

Harnessing the power of synthetic biology, the design and development of regulatory tools,
such as RNA thermometers offered an approach to expand the customized toolbox for
Synechocystis. During this work, we designed and characterized a library of redesigned
cyanobacterial RNA thermometers (RNAT) based on the native hsp17 thermometer from
Synechocystis. We successfully characterized a library of 12 RNAT under three different
temperature shifts, displaying a diverse set of temperature profiles. Functional control of
translation up to a 3-fold change under temperature shifts was achieved (Chapter lll). The
elements showing good inducibility offer possibilities for further redesigning focused on single
nucleotide changes. It would be interesting to develop thermo-regulated tools that respond
with greater fold change upon temperature shifts of only a few degrees, to facilitate their
applications. Although RNA-based regulatory tools, such as thermometers have been
previously designed and characterized in several hosts, the lack of their further applications
underlines there are challenges to be overcome before these regulatory elements fully show
their potential. Regarding cyanobacteria, the in silico predictions and experimental data
validations should be accompanied by the development of good high-throughput
methodologies to facilitate the development and further analysis of these and other regulatory

elements.

Investigating redox biotransformation in a scale-up system using internal illumination

Successful biocatalytic methods need to be scalable in order to have a positive impact on the
environment. This requires interdisciplinary collaboration between genetic engineers and
process engineers. During this work, we showed that internal illumination provided with
floating wireless light emitters can overcome the limitations of the scale-up of photobiocatalytic
systems, particularly intrinsic cell density limitation caused by the short light-penetration
pathways and cell absorption (Chapter IV). The established system used for the cultivation of

photosynthetic microorganisms, a bubble column reactor, was equipped with wireless light
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emitters (WLEs) to provide an efficient internal light source. As a model system, we chose the
light-driven ene-reduction of 2-methylmaleimide catalyzed by YqjM heterologously expressed
in Synechocystis. Compared to an external source of light, illumination by floating WLEs
allowed a more than a two-fold rate increase. Under the optimized conditions, we achieved
product formation rates up to 3.7 mM h" and specific activities of up to 65.5 U gocw™' applying
the cell density of 2.4 g L. Further intensifying the process allowed the reduction of 40 mM
2-methylmaleimide producing 650 mg pure (R)-2-methylsuccinimide (73 % yield) with >99 %
ee. Interestingly, the product could be obtained in very high purity without the need for
purification steps, highlighting the practical advantages of cyanobacterial biotransformation
by simplifying the downstream processing and reducing the costs. Compared to the previous
light-driven biotransformation scale-up systems operating at the cell density of 0.5t0 1.6 g L
', our established system allows the application of higher cell densities by using internal

illumination for the efficient light supply.

Future perspectives

This work unveiled several aspects of light-driven biocatalysis performed in cyanobacteria,
with a particular emphasis on directions for optimization of the photobiocatalytic systems, such
as the development of customized cyanobacterial chassis, regulatory tools and efficient scale-
up systems. However, several other aspects emerged and other research directions are still

waiting to be explored, such as:

1. The effect of lacking a combination of different electron valves on the activity of

heterologous enzymes for further improvement of the chassis productivity

2. Experimental validation of the redirected electron flow using different heterologous
enzymes
3. Assessment of the additional factors that affect light-driven biotransformations

hosted in chassis regarding cultivation and/or the biotransformation

4. Further development and characterization of RNA thermometers using different
reporter systems/heterologous enzymes

5. Characterization of deletion mutants in the scale-up system using established
bubble column reactor equipped with internal illumination

6. Further scaling of different light-driven biotransformations, with a particular focus

on exploring factors that can affect productivity e.g. CO- provision
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