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ABSTRACT 

Cyanobacteria are excellent model organisms for studying the regulation of 
photosynthesis. Furthermore, they serve as biocatalysts in light-driven whole-cell 
biotransformation applications, utilising solar energy for the production of 
chemicals. However, introducing additional electron sinks in the form of 
heterologous enzymes into a tightly regulated network of native pathways is 
challenging and requires a thorough understanding of photosynthesis and its 
regulation. 

In this thesis, I focus on the Mehler-like reaction mediated by flavodiiron 
proteins, their electron donors, and activity modulation. I show that ferredoxin serves 
as their primary electron donor while their activity is dynamically controlled by 
changes in cytosolic pH. Furthermore, I demonstrate that a strong heterologous 
electron sink with high NAD(P)H consumption can outcompete flavodiiron proteins 
and other auxiliary electron transport pathways for electrons, thereby maintaining 
the photosynthetic electron transport chain in an oxidised state. Identifying and 
addressing the bioenergetic bottleneck is a crucial prerequisite for improving and 
deploying this technology on an industrial scale. If the bottleneck is cofactor 
availability, adding glucose at the start of the biotransformation reaction increases 
NAD(P)H production and enhances biotransformation. Similarly, a CO2-rich 
atmosphere or a modified light spectrum can improve the biotransformation of 
enzymes where the bottleneck is their protein accumulation. 

The results of my thesis expand our understanding of the regulation of 
flavodiiron proteins and the impact of biotransformation on the photosynthetic 
apparatus of Synechocystis sp. PCC 6803. Furthermore, they stress that the 
characterisation of each enzyme/strain combination is an essential step in 
engineering cyanobacteria as a future solar-to-chemical platform. 

 
 
 
 
 

KEYWORDS: cyanobacteria, photosynthesis, biotransformation, flavodiiron 
protein, photosynthetic regulation, ene-reduction, oxyfunctionalisation   
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TIIVISTELMÄ 

Syanobakteerit ovat erinomaisia malliorganismeja fotosynteesin säätelyn tutki-
mukseen. Lisäksi ne voivat toimia biokatalyytteinä biotransformaatiosovelluksissa, 
hyödyntäen auringonvaloa kemikaalien tuotantoon. Uusien elektroninielujen, kuten 
heterologisten entsyymien, tuominen luonnollisten reaktioteiden tiukasti säädeltyyn 
verkostoon on kuitenkin haastavaa ja edellyttää perusteellista ymmärrystä foto-
synteesistä ja sen säätelystä. 

Tässä väitöskirjassa keskityn flavodiiron-proteiinien välittämään Mehler-tyyp-
pisen reaktion elektroniluovuttajiin ja reaktion aktiivisuuden säätelyyn. Osoitan, että 
ferredoksiini toimii ensisijaisena elektroniluovuttajana flavodiiron-proteiineille, ja 
että sytosolin pH-muutokset säätelevät niiden aktiivisuutta dynaamisesti. Lisäksi 
osoitan, että heterologinen entsyymi, joka kuluttaa voimakkaasti NAD(P)H:ta, voi 
kilpailla tehokkaasti flavodiiron-proteiinien ja muiden vaihtoehtoisten elektronin-
siirtoreittien kanssa. Tämä pitää fotosynteettisen elektroninsiirtoketjun hapettu-
neessa tilassa. Bioenergeettisen pullonkaulan tunnistaminen ja poistaminen on 
keskeinen edellytys tämän teknologian kehittämiselle ja teolliselle hyödyntämiselle. 
Mikäli pullonkaulana on kofaktorien saatavuus, glukoosin lisääminen biotrans-
formaatioreaktion alkuvaiheessa lisää NAD(P)H:n tuotantoa ja parantaa biotrans-
formaatiota. Vastaavasti korkea hiilidioksidipitoisuus tai muokattu valospektri voi 
tehostaa biotransformaatiota, kun pullonkaulana on itse entsyymin pitoisuus solussa. 

Väitöskirjani tulokset laajentavat ymmärrystä flavodiiron-proteiinien säätelystä 
sekä biotransformaation vaikutuksista Synechocystis sp. PCC 6803:n foto-
synteettisen koneiston toimintaan. Lisäksi ne korostavat sitä, että jokaisen ent-
syymi/solukanta-yhdistelmän karakterisointi on olennainen osa syanobakteerien 
kehittämistä tulevaisuuden auringonvaloon perustuvaksi kemikaalituotantoalustaksi. 

 
 
 
 
 

ASIASANAT: syanobakteerit, fotosynteesi, biotransformaatio, flavodiiron-prote-
iinit, fotosynteesin säätely, kaksoissidosten pelkistys, oksidatiivinen funktionali-
saatio  
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Ac-CoA acetyl-coenzyme A 
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ADH alcohol dehydrogenase 
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BPG 1,3-bisphosphoglycerate 
BVMO Baeyer-Villiger monooxygenases 
CBB cycle Calvin-Benson-Bassham cycle 
CCCP carbonyl cyanide m-chlorophenylhydrazone 
CCM carbon concentrating mechanism 
CET cyclic electron transport 
Chl a chlorophyll a 
CorrO2 corrected BVMO-specific O₂ uptake 
COX aa3-type cytochrome c oxidase 
CRISPR clustered regularly interspaced short palindromic repeats 
Cyd quinol oxidase 
Cyt b6f cytochrome b6f 
Cyt c6 cytochrome c6 
Cyt f cytochrome f 
DCMU 3-(3,4-dichlorophenyl)-1,1-dimethyl urea 
DCW dry cell weight 
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DHAP dihydroxyacetone phosphate 
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- bicarbonate ion 
HOX Ni-Fe hydrogenase 
IPTG isopropyl β-d-1-thiogalactopyranoside 
LC atmospheric CO2 levels, 0.04% 
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MIMS membrane inlet mass spectrometry 
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NADPH nicotinamide adenine dinucleotide phosphate 
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1 Introduction 

The global CO2 concentration in our atmosphere reached ~425 ppm in December 
2024 (Lan et al., 2025), a significant increase from the pre-industrial levels of 
~280 ppm. This increase is driven by human activity, mainly by the fossil fuels 
combustion, but also by land use changes, agriculture, forestry, and other sectors of 
our society. The World Meteorological Organization has confirmed 2024 as the 
warmest year on record. It was also the first year with the average temperature higher 
by more than 1.5 °C compared to the pre-industrial level, a target outlined by the 
Paris Agreement (UNFCCC, 2015; “WMO confirms 2024 as warmest year on 
record,” 2025). 

The framework of planetary boundaries introduced in 2009 (Rockström et al., 
2009) has recently received a new update with the evaluation of all nine boundaries 
(Richardson et al., 2023). This framework establishes areas and their tipping points, 
which, upon transgression, threaten to take Earth systems out of the Holocene-like 
interglacial state (Fig. 1). Six boundaries have already been transgressed globally 
according to Richardson et al. (2023). These are: Novel entities, Climate change, 
Biosphere integrity, Land system change, Freshwater change and Biogeochemical 
flows. However, the latest updates to the Ocean acidification boundary assesments 
indicate it has already been transgressed (Findlay et al., 2025).  The only boundary 
with a positive development is Stratospheric ozone depletion, thanks to the adoption 
of the Montreal Protocol in 1987, which regulates the production and use of ozone-
depleting substances. In 2015, the Sustainable Development Goals (SDGs) were 
introduced as part of the United Nations 2030 Agenda. They focus on several areas 
of human society, such as strengthening peace, eradicating poverty, improving 
human rights, protecting the environment and promoting a shift to a sustainable 
future. Goal 13: Climate action and Goal 9: Industry, innovation and infrastructure 
are two of the 17 SDGs related to this thesis (Transforming our world: the 2030 
Agenda for Sustainable Development, 2015). Together, these concepts provide 
a framework and guidelines for sustainable development and innovations. 
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Figure 1. The current status of nine planetary boundaries with six boundaries being transgressed 

(ocean acidification is approaching the boundary). The green zone marks the safe 
operating space, while yellow to red represents the zone of increasing risk. Purple 
indicates the high-risk zone where interglacial Earth system conditions are transgressed 
with high confidence (Richardson et al., 2023). 

1.1 Role of photosynthesis in future technologies 
Photosynthesis is arguably the most important process on Earth. It converts solar 
energy and atmospheric CO2 into the building blocks necessary for all living 
organisms. Photoautotrophic organisms, such as cyanobacteria, microalgae, and 
plants, are an essential part of primary production and form the basis of the food 
web. Fossil fuels are also the outcome of photosynthetic reactions performed by 
organisms millions of years ago. Continuous research efforts into understanding 
photosynthesis will lead to new paths exploiting this natural process in future 
technologies, which show promise in addressing the current climate emergency and 
the growing food and biomass demands. 

On average, plant foods supply over 80% of the world's calorie intake (Food and 
Agriculture Organization of the United Nations, 2023), with rice, maize and wheat 
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forming the vast majority. In order to improve food security for regionally growing 
populations, improvements to crop yields are necessary. Furthermore, more resilient 
crop varieties that are able to adapt to the changing climate will be necessary (Croce 
et al., 2024). One prospective example is the transfer of the pyrenoid-based carbon 
concentrating mechanism (CCM) from the green alga Chlamydomonas reinhardtii 
(Chlamydomonas) into the chloroplast of C3 plants, such as rice or wheat, to improve 
yields (Adler et al., 2022; Mackinder, 2018). Another research direction is 
engineering C4 photosynthesis in C3 plants (Furbank et al., 2023; Smith et al., 2023; 
Talukder et al., 2024). 

Cyanobacteria and eukaryotic microalgae already play an important role in 
biotechnological applications. Many strains are used in the pharmaceutical or health 
supplement industries and for the production of food, feed, bioactive compounds or 
pigments. Advances in synthetic biology toolkits, such as the CRISPR-Cas system 
for targeted DNA modification or suitable promoter availability, have opened the 
possibility of using recombinant organisms. This expands the microalgae potential 
into the production of oral vaccines, specific pharmaceutical proteins, modified lipid 
profiles for food and feed applications and many more (Barbosa et al., 2023; 
Borowitzka, 2015). Unfortunately, the regulation of genetically modified organisms 
in the European Union (EU) is strict and presents a hurdle to innovation. 

Microalgae can serve as sustainable production platforms for carbon-based fuels 
and chemicals (Noreña-Caro and Benton, 2018). These applications rely on natively 
present pathways such as sucrose (Santos-Merino et al., 2023), ethylene (Vajravel et 
al., 2020; Zavřel et al., 2016), acetate (Roussou et al., 2025) or polyhydroxybutyrate 
(PHB) (Ilhami et al., 2025; Yashavanth et al., 2021). Alternatively, synthetic biology 
tools are used to steer metabolic flux towards novel pathways producing 
terpenes/terpenoids (Dienst et al., 2020; Rodrigues and Lindberg, 2021a, 2021b), 
ethanol (Dexter and Fu, 2009), butanol (Liu et al., 2022; Nilsson et al., 2020; Yeong 
et al., 2018), and many more (Matson and Atsumi, 2018). Both native and novel 
pathways require further strain optimisation. Among these are the introduction of 
exporters (Ducat et al., 2012; Niederholtmeyer et al., 2010), enhanced photosynthetic 
efficiency (Oliver and Atsumi, 2015; Santos-Merino et al., 2021), better extraction 
methods (Lo et al., 2024, 2023) or the deployment of natural or artificial biofilms 
(Bozan et al., 2025; Kosourov et al., 2025; Tóth et al., 2024). 

Unfortunately, many of the abovementioned applications remain in the lower 
technology readiness levels (TRL), especially solar-to-fuels and solar-to-chemicals 
technologies (TRL3-6 – Reasearch/Development stage). Biomass productivity, 
scaling up and knowledge gaps remain as the major challenges to microalgal 
biotechnologies (Barbosa et al., 2023; Deprá et al., 2025). 
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1.1.1 Circular Bioeconomy 
Our current economic model is based on the linear take-make-dispose approach. 
Considering that six planetary boundaries have been transgressed, a change to this 
approach is necessary. An alternative is the circular economy, defined as an 
“economic system that uses a systemic approach to maintain a circular flow of 
resources by recovering, retaining or adding to their value, while contributing to 
sustainable development” (“ISO 59004,” 2024). Transitioning to a circular economy 
addresses several SDGs; however, the terminology surrounding circularity is 
susceptible to misuse, misinterpretation and greenwashing. Therefore, a careful 
assessment of the presented claims and implementation strategies is in order (Nobre 
and Tavares, 2021). 

The circular bioeconomy is at the intersection of the circular economy and the 
bioeconomy. It generally encompasses the ideas of minimising the depletion of 
virgin materials, encouraging regenerative practices, protecting natural resources 
and stimulating the reuse and recycling whenever possible, thus ensuring we stay 
within the limits of planetary boundaries. Its implementation requires developing 
new technologies, a shift in consumer lifestyle and biomass valorisation in a cascade 
style (Muscat et al., 2021; Vogt and Weckhuysen, 2024). It will likely impact how 
we grow food, raise animals, fertilise fields or make packaging materials (Korhonen 
et al., 2020). Microalgae are expected to be an important player in the circular 
bioeconomy as the feedstock for novel materials, bioplastics or biofuels (Fernández 
et al., 2021; Majhi, 2024). Additionally, they can valorise wastewater or anaerobic 
digestate (Abdelfattah et al., 2023; Stiles et al., 2018). 

As an example, the biogeochemical flow of nitrogen (N) and phosphorus (P), 
one of the planetary boundaries introduced above, has transgressed the tipping point 
mainly due to the excessive use of synthetic fertilisers in agriculture. While they are 
an important building element of living organisms, in excess, they cause the 
eutrophication of water bodies, which can lead to algal blooms. Various microalgal 
strains have been explored to recover these nutrients from hydroponic greenhouse 
wastewater (Abdelfattah et al., 2023; Salazar et al., 2023). This approach combines 
biomass production for further applications with nutrient recovery and safe water 
discharge according to the current EU regulations setting limits on N and P 
concentrations in urban wastewater from large settlements at 8 mg∙L-1 and 
0.5 mg∙L1, respectively (European Parliament, Council of the European Union, 
2025). In addition to wastewater, microalgal cultivation can utilise flue gases or 
direct air capture technology to source CO2. This can reduce CO2 emissions for 
combustion plants (flue gas) and serve as a carbon sink, according to the final 
application of the biomass. 
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1.1.2 Policy Framework 
The European Green Deal is the EU's response to the challenges of climate change and 
the need for sustainable development. It establishes a broad framework for all EU 
policies, ranging from clean energy production to preserving biodiversity and 
maintaining food security (Fig. 2). It requires the EU to aim at net-zero emissions by 
2050, with economic growth decoupled from resource use (European Commission, 
Secretariat-General, 2019). In line with the European Green Deal, the EU passed “A new 
Circular Economy Action Plan: For a cleaner and more competitive Europe” to support 
its ambitions (European Commission, Directorate-General for Environment, 2020). 

To support the proposed transition, the EU announced up to a trillion euros in 
funding, which is sourced from various sources, such as the EU budget, InvestEU or 
the Just Transition Mechanism. Horizon Europe allocates over €90 billion to support 
excellent research and innovations tackling climate change, the EU’s 
competitiveness and the SDGs (European Parliament, Council of the European 
Union, 2021). Indeed, the latest synthesis report of the Intergovernmental Panel on 
Climate Change, published in 2023, underscores the urgency of taking ambitious 
actions to secure a liveable and sustainable future for all (Intergovernmental Panel 
on Climate Change, 2023). The development of Solar-to-X technologies is strongly 
supported by the European Innovation Council, which currently focuses on 
sustainable hydrogen and CO2 and N2 valorisation (European Commission: 
European Innovation Council and SMEs Executive Agency, 2024). 

 
Figure 2. The various elements of the European Green Deal. (European Commission, 

Secretariat-General, 2019). 
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1.2 Cyanobacteria 
Cyanobacteria, informally often called green-blue algae due to their pigmentation, 
are one of the most abundant taxa on Earth. These Gram-negative prokaryotes 
occupy a wide range of habitats. They have a significant presence in aquatic 
environments but can also be found in extreme conditions such as hot springs, polar 
regions or animal fur. Cyanobacteria likely evolved around three billion years ago, 
prior to the Great Oxygenation Event (2.4 billion years ago), during which the O2 
concentration in our atmosphere increased to less than 10% of the present 
atmospheric level and remained stable for the next 1.4 billion years. The current O2 
levels were reached following the Second Great Oxygenation Event (540–
850 million years ago). However, the exact mechanisms and interplay between 
biological, geochemical, and geological factors remain up for debate (Ligrone, 2019; 
Olejarz et al., 2021; Ossa Ossa et al., 2022; Schirrmeister et al., 2015). Recently, 
dark O2 production on the deep seafloor by seawater electrolysis was reported 
(Sweetman et al., 2024), adding to the complexity of our atmosphere’s origin. 
Oxygenic photosynthesis evolved only once. Thus, all plants and algae share 
a common ancestor that absorbed a cyanobacterial cell. This event, known as 
endosymbiosis, occurred around 1.5 billion years ago and gave rise to the chloroplast 
(McFadden, 2001; Yoon et al., 2004). 

Despite being classified as Gram-negative bacteria with only a thin 
peptidoglycan layer nestled between the cytoplasmic and outer membranes, 
cyanobacteria possess a more complex cell wall with varying thickness and cross-
linking of the peptidoglycan layer (Hoiczyk and Hansel, 2000). The innermost layer, 
the thylakoid membrane, forms a shell-like structure at the cell’s periphery, unlike 
in the chloroplast, where it is organised into grana stacks. Furthermore, in 
cyanobacteria, respiration and photosynthesis are situated in the thylakoid 
membrane, sharing several protein complexes and making up the cell’s energy centre 
(Mullineaux, 2014). 

In the biotechnological context, cyanobacteria are grouped with eukaryotic 
photosynthetic microorganisms under the term microalgae due to their similarities 
in cultivation and nutrient requirements. However, their cell structures and metabolic 
processes are different. Eukaryotes have a nucleus and specialised organelles for 
photosynthesis and respiration, while prokaryotes contain all cellular components in 
the cytoplasm. This thesis focuses on cyanobacteria, although references to 
eukaryotic organisms will be included where appropriate. 

1.2.1 Environmental Significance 
Cyanobacteria, along with eukaryotic microalgae and other protists, are the primary 
producers in aquatic environments and form the foundation of the aquatic food chain. 
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Although they represent only about 1% of total plant biomass, they account for half 
of the Earth's photosynthetic activity and O2 production (Behrenfeld et al., 2001). 
They also contribute to the carbon cycle by fixing atmospheric CO2 into organic 
compounds, which are then taken up by the food chain or become a part of the marine 
biological pump involved in long-term carbon storage deep on the ocean floor (Basu 
and Mackey, 2018; Passow and Carlson, 2012). In addition to the carbon cycle, some 
cyanobacteria are crucial components of the N cycle, fixing atmospheric N2 into 
bioavailable compounds for other organisms in their surroundings (X. Zhang et al., 
2020). 

Despite their ecological importance, cyanobacteria can cause significant 
environmental and economic damage under certain conditions. When present in high 
abundance, they lead to algal blooms that can dye water bodies red, produce toxins 
harmful to fish and humans, and create anoxic conditions during eventual decay, 
effectively killing other vertebrates in the water column. While this is a natural 
process, it has become increasingly common due to nutrient runoff and 
eutrophication (Enevoldsen et al., 2003). 

In addition to phytoplankton and benthic lifestyle (forming mats and biofilms), 
cyanobacteria can live in symbiosis with other organisms. Their symbiotic 
relationship with fungi evolved approximately 600 million years ago (Yuan et al., 
2005), even before the first terrestrial lichens appeared. They can also be found in 
marine sponges (Charpy et al., 2012) or with higher plants (Álvarez et al., 2023). 
Eukaryotic microalgae from the Simbiodinium genus are commonly found in 
symbiosis with corals. The roles of cyanobacteria and microalgae in these 
relationships can vary from providing energy through photosynthesis and fixing 
atmospheric N2 to producing UV-protective compounds or toxins serving as 
antibiotics or antifeedants (Usher et al., 2007). 

1.2.2 Synechocystis sp. PCC 6803 - the model organism  
Synechocystis sp. PCC 6803 (hereafter Synechocystis) is one of the most studied 
cyanobacteria. It was isolated from a lake in California, USA, in 1968 (Stanier et al., 
1971), and its genome (3.6 Mbp) was fully sequenced (Kaneko et al., 1996). It is 
a unicellular, non-toxic freshwater β-cyanobacteria without N-fixing ability. Its 
versatility and natural transformability (Ikeuchi and Tabata, 2001) make 
Synechocystis the perfect model organism for fundamental studies of photosynthesis 
and biotechnological applications. While the originally isolated strain does not 
tolerate glucose, subsequent sub-strains developed glucose tolerance, enabling 
growth under various trophic conditions (Williams, 1988). These became the 
common “lab” strains used worldwide. However, it soon became evident that a large 
diversity had arisen between the wild-type (WT) strains, resulting in difficulties in 
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comparing results between different research groups and mutant strains not 
constructed in the same WT background (Koskinen et al., 2023). 

1.3 Cyanobacterial photosynthetic electron 
transport chain 

Photosynthetic reactions comprise the light reactions taking place in the thylakoid 
membrane, converting solar energy into chemical energy while producing O2 as 
a by-product, and the dark reactions in which CO2 is fixed into organic molecules in 
the Calvin-Benson-Bassham (CBB) cycle.  

Four major protein complexes support the light reactions: photosystem II (PSII), 
cytochrome b6f (Cyt b6f), photosystem I (PSI), and adenosine triphosphate (ATP) 
synthase. Electrons released from H2O at PSII pass through the photosynthetic 
electron transport chain (PETC) until they reach ferredoxin-NAD(P)H 
oxidoreductase (FNR), which then reduces nicotinamide adenine dinucleotide 
phosphate (NADPH). This flow of electrons, known as linear electron transport 
(LET), is supplemented by auxiliary electron transport (AET) pathways, which play 
an important regulatory and photoprotective role. Cyclic electron transport (CET) is 
essential for increasing the ATP/NADPH ratio required by the CBB cycle. The 
following sections describe the main protein complexes and soluble electron carriers 
of the PETC, LET, and AET, as well as the regulation of photosynthetic activity 
(Fig. 3). 

1.3.1 Major membrane protein complexes 
Based on the Z-scheme (Hill and Bendall, 1960), the first protein complex in the 
PETC is PSII, a transmembrane water-plastoquinone oxidoreductase. Its functional 
form is presumed to form a dimeric supercomplex with each monomer composed of 
two core subunits (D1 and D2), two core antenna proteins (CP43 and CP47) and 
other smaller subunits; however, a functional monomeric PSII in vivo has also been 
reported (Gisriel et al., 2022; Nickelsen and Rengstl, 2013; Takahashi et al., 2009; 
Yu et al., 2021). There are 35 chlorophylls bound in the PSII monomer, two of which 
constitute the reaction centre, P680. The oxygen-evolving complex (OEC), located 
on the lumenal side of the thylakoid membrane, harbours the Mn4CaO5 cluster, the 
catalytically active part of the OEC (Li et al., 2024; Umena et al., 2011). 

The second protein complex is Cyt b6f, a functional dimer with each monomer 
consisting of four major subunits: cytochrome f (Cyt f), cytochrome b6, Rieske iron-
sulphur protein and subunit IV; and four minor subunits. It plays an indispensable 
role in connecting PSII to PSI by transferring electrons from the plastoquinone (PQ) 
pool to plastocyanin (Pc) or cytochrome c6 (Cyt c6). 
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PSI in cyanobacteria is generally organised as a trimer, although dimeric or 
tetrameric formations have also been isolated (Li et al., 2014). Tetrameric PSI is 
especially prevalent among heterocyst-forming species (Kato et al., 2019; Li et al., 
2019). Synechocystis contains trimeric PSI, with each monomer consisting of eleven 
subunits (PsaA-F and PsaI-M), 95 chlorophylls, 24 carotenes, and 17 lipid molecules 
(Malavath et al., 2018). PsaA and PsaB form the reaction centre containing the 
chlorophyll dimer P700. The PSI complex further includes two phylloquinones and 
three iron-sulphur clusters (FX, FA, and FB) involved in the electron transfer from 
P700 to Fd (Kanda et al., 2021). In Thermosynechococcus elongatus, Fd binds to 
PsaA, PsaC, and PsaE (Kubota-Kawai et al., 2018; Li et al., 2022), while in 
Synechocystis, PsaC, PsaD, and PsaE were proposed to bind Fd (Chitnis, 1996). 
However, a high-resolution crystal structure of PSI with bound Fd clearing out this 
discrepancy in Synechocystis is missing. Pc likely transfers electrons directly to PsaA 
and PsaB since cyanobacterial PsaF lacks the lysine-rich lumenal extension of 
eukaryotic PsaF, which carries the binding site (Sun et al., 1999; Viola et al., 2021). 

Lastly, the ATP synthase consists of the membrane-peripheral F1 portion and the 
membrane-embedded Fo portion, composed of five and three subunits, respectively. 
While F1 contains the catalytic site for ATP production, Fo harbours the motor, which 
generates the rotational energy (Hahn et al., 2018). Fourteen protons are required for 
one rotation, producing three ATP molecules (Hisabori, 2020; Pogoryelov et al., 
2007; Walker, 2013). However, tight regulation of its activity is needed as it can also 
perform an ATP hydrolysis reaction. While the structure and catalytic mechanism of 
ATP-synthase are generally well-conserved, the two Fo subunits, gamma and 
epsilon, show a high degree of diversity, likely due to their involvement in fine-
tuning the ATP synthase activity (Imashimizu et al., 2011). The ATP synthase 
activity is redox-regulated via the interaction of the thioredoxin (Trx) system and the 
gamma subunit (Junesch and Gräber, 1987). 

1.3.2 Mobile electron carriers 
In addition to the above-mentioned protein complexes, several mobile electron 
carriers are an integral part of the PETC. PQ is a membrane-bound lipophilic electron 
carrier transferring electrons from PSII to Cyt b6f. PQ also receives electrons from 
the NAD(P)H dehydrogenase-like complex 1 (NDH-1) complex in CET and 
respiration, and from succinate dehydrogenase (SDH) in respiration (Cooley et al., 
2000). The reduced PQ (plastoquinol, PQH2) then donates electrons to Cyt b6f. Pc 
and Cyt c6 transfer electrons from Cyt f to PSI. Their expression depends on copper 
availability in the medium. Pc is expressed in the presence of copper, while in 
copper-limiting conditions, Cyt c6 expression is induced. This transition is gradual, 
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as both can be present at a copper concentration of 0.3 µM (Sétif et al., 2019; Zhang 
et al., 1992). 

Fds are small iron-sulphur soluble proteins that shuttle electrons between 
reactions. They serve as the electron distribution hub downstream of PSI, donating 
electrons to various pathways (Lea-Smith et al., 2016). The main pathway of Fd is 
the reduction of NADP+ by FNR, the final step of LET. However, a large proportion 
of reduced Fd can be used by NDH-1 complex in CET or transferred to O2 by FDPs 
according to environmental conditions (see 1.3.5). Other pathways include the 
assimilation of nitrate and nitrite (Flores et al., 2005), sulphite (Kaneko et al., 1996), 
glutamate (Navarro et al., 2000) and biliverdin (Frankenberg et al., 2001). 
Furthermore, in N2-fixing cyanobacteria, reduced Fd donates electrons to 
nitrogenase (Magnuson and Cardona, 2016). Lastly, the Trx system, which regulates 
multiple essential metabolic processes, also needs reduced Fd (Mallén-Ponce et al., 
2022). There are eleven Fd isoforms in Synechocystis, with Fd1 being the main 
isoform and the remaining ten having a minor or unknown function (Artz et al., 2020; 
Cassier-Chauvat and Chauvat, 2014; Hanke et al., 2011; Mustila et al., 2014). 

1.3.3 Light harvesting and Linear Electron Transport 
In cyanobacteria, light harvesting is mediated by the phycobilisome (PBS) antennas. 
They are large protein supercomplexes composed of colourless linker proteins and 
phycobilin-binding phycobiliproteins such as phycocyanin, phycoerythrocyanin, 
phycoerythrin and allophycocyanin. Their absorption ranges from 490 nm to 
650 nm, complementing chlorophyll a (Chl a) absorption maxima at ~440 and 
~670 nm. Typically, PBS is organised into several rods extending from the core 
subcomplex. This arrangement allows a unidirectional transfer of excitation energy 
from anywhere in the antenna towards its core and, further, the photosystems 
(Watanabe and Ikeuchi, 2013). Different cyanobacterial strains possess 
morphologically distinct PBS. Synechocystis belongs to the hemi-discoidal PBS 
family with a tri-cylindrical core (Arteni et al., 2009; Domínguez-Martín et al., 
2022). 

The LET is initiated by charge separation at the reaction centre of PSII, P680, 
upon transferring the photon’s energy from PBS. A positively charged P680+ and 
a negatively charged pheophytin are created. The electron ejected by pheophytin is 
captured by the primary plastoquinone QA, which transfers the electron to the 
secondary plastoquinone QB. P680+ regains the missing electron from the Mn4CaO5 
cluster of the OEC via redox-active tyrosine Tyr Z. Upon the second excitation and 
charge separation at P680, the electron is passed to QB

-, creating a doubly reduced 
QB

2, which gets protonated by cytosolic protons to QBH2 (PQH2) and released to the 
PQ pool. A free PQ then replaces this PQH2 in the QB binding site. P680+ again 
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regains an electron from the OEC. Four charge separations are needed to complete 
one oxidation cycle of OEC, also known as the Kok cycle (Kok et al., 1970), splitting 
two H2O molecules, releasing one O2 molecule and two PQH2 molecules, each 
carrying two electrons (Rexroth et al., 2017). 

PQH2 donates the two electrons to Cyt b6f at the Qp binding site and releases two 
protons into the lumen. One electron is passed through the high-potential chain of 
Rieske iron-sulphur protein and Cyt f, ultimately reducing Pc or Cyt c6. The other 
electron joins the low-potential chain in the Q-cycle, reducing first heme bL, then 
heme bH, and finally heme ci at the Qn binding site near the cytosol. A second PQH2 
molecule donates its electrons, with the low-potential chain electron reducing heme 
bH and forming the highly reducing redox-coupled heme ci/bH pair. This leads to 
a quasi-concerted two-electron, two-proton reduction of PQ to PQH2. This PQH2 is 
released into the PQ pool and again oxidised by Cyt b6f. Thus, two protons are 
translocated from the cytosol to the lumen for each electron passed through Cyt b6f 
to Pc/Cyt c6. The oxidised PQ returns to the PQ pool and eventually returns to the 
QB binding site in PSII (Malone et al., 2021). 

Another charge separation takes place at the P700 reaction centre of PSI. The 
ejected electron is rapidly (picosecond scale) passed to the primary acceptor 
chlorophyll A0 and then to phylloquinone A1. The subsequent reduction of the iron-
sulphur clusters is considerably slower (nanosecond to microsecond scale). Finally, 
the electron is transferred to Fd (millisecond scale). The missing electron at P700+ is 
obtained from Pc/Cyt c6 on the lumenal side of PSI. Reduced Fd donates an electron 
to FNR to reduce NADP+ in the final step of LET, producing NADPH. Two electrons 
are needed per one NADPH molecule (Rexroth et al., 2017). 

Proton motive force (pmf) builds up during the LET. It has two components: 
a difference in H+ concentration (ΔpH) and an electric field (ΔΨ) between the 
lumenal and cytosolic sides of the thylakoid membrane. The ΔpH is formed by 
water-splitting at PSII and the proton translocation at Cyt b6f, NDH-1 and the 
aa3type cytochrome c oxidase (COX). Furthermore, H+ consumption in the cytosol 
by respiratory terminal oxidases (RTO), FDPs, and the CBB cycle contributes to 
ΔpH. A significant fraction of pmf is stored as ΔΨ, which builds up as a result of ion 
flux across the thylakoid membrane, charge separation in the photosystems, and the 
electron transfer between bL and bH in the Qcycle (Checchetto et al., 2012; Kramer 
et al., 2003; Nikkanen et al., 2021). The built-up pmf is mainly released by the 
activity of ATP synthase, which translocates protons to the cytosol while producing 
ATP. 
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1.3.4 Regulation and photoprotection of photosynthesis 
Cyanobacteria are exposed to dynamic environmental conditions, such as inorganic 
carbon limitation or sudden fluctuations in light intensity. Under these conditions, 
the balance between harvested energy and cellular metabolism (source/sink ratio) 
can be disrupted, leading to electrons pooling in the PETC (PQ pool) and the Fd 
pool, which puts pressure on PSII or PSI, respectively (Kramer et al., 2004). This 
can trigger the generation of reactive oxygen species (ROS), which are toxic to the 
cell (Khorobrykh et al., 2020). To prevent oxidative damage, especially to PSI, 
which lacks the rapid repair cycle available to PSII, cyanobacteria have evolved 
several regulatory and photoprotective mechanisms. 

In high-light intensity conditions, LET exceeds the electron demand of 
downstream processes. This leads to a build-up of electrons in the Fd pool, which 
increases CET and ΔpH generation. The decrease in lumenal pH slows down PQH2 
oxidation at the Qp site of Cyt b6f. This process, known as photosynthetic control, 
protects PSI from photodamage by limiting the LET rate (Malone et al., 2021). The 
excess absorbed energy can be redistributed between PSI and PSII by PBS 
associating with either photosystem via state transition. The latest proposed model 
suggests that the detachment of PBS from one or both photosystems, rather than their 
movements, is involved in the state transition, with the signal transduction pathway 
remaining uncertain (Calzadilla and Kirilovsky, 2020). Excess excitation energy can 
also be dissipated as heat through non-photochemical quenching (NPQ) induced by 
the orange carotenoid protein (Kerfeld et al., 2017; Liguori et al., 2024). Lastly, AET 
pathways relieve the pressure on PSI by circulating electrons around PSI or 
transferring electrons from the Fd pool, the PQ pool, or Pc. 

1.3.5 Auxiliary Electron Transport 
Several AET pathways exist in Synechocystis (Fig. 3): (i) CET mediated by the 
NDH-1 complex; (ii) Mehler-like reaction performed by FDPs; (iii) RTOs with 
relatively lower capacity (Ermakova et al., 2016); (iv) bidirectional Ni-Fe 
hydrogenase (HOX). 

There are two RTOs located in the thylakoid membrane: COX takes electrons 
from Pc/Cyt c6, and the quinol oxidase (Cyd) oxidises the PQ pool directly (Lea-
Smith et al., 2013; Viola et al., 2021). They contribute to ΔpH generation by 
consuming H+ in the reduction of O2 to H2O, releasing H+ by oxidising PQH2, or, in 
the case of COX, by translocating H+ to the lumen (Brändén et al., 2006). HOX can 
divert electrons from Fd to produce H2 or oxidise H2 to reduce electron carriers 
(Appel et al., 2000; Gutekunst et al., 2014; Lettau et al., 2025). 
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1.3.5.1 Cyclic Electron Transport 

Cyanobacterial NDH-1 is homologous to the respiratory complex I found in bacteria 
and mitochondria (Baradaran et al., 2013). However, it contains several oxygenic 
photosynthesis-specific subunits and lacks three NAD(P)H dehydrogenase subunits 
responsible for accepting electrons from NADPH; instead, Fd serves as the electron 
donor via the binding site in the K/I/S subunit region (Laughlin et al., 2019; Pan et 
al., 2020; Schuller et al., 2020, 2019; C. Zhang et al., 2020). Depending on which of 
the variable subunits are recruited to form the complex, there are four functional 
versions of NDH-1 in cyanobacteria. NDH-11 and NDH-12 (also referred to as 
NDH1L and NDH1L’) contain D1 or D2 subunit, respectively, and are primarily 
involved in CET and respiration (Battchikova et al., 2011; Peltier et al., 2016). In 
addition, they both contain F1/O/P subunits. NDH-13 and NDH-14 (or NDH1MS 
and NDH1MS’, respectively) are mainly involved in CCM converting CO2 into 
bicarbonate ions (HCO3

-). NDH13 contains D3/F3/CupB/CupS subunits, while 
NDH14 includes D4/F4/CupB subunits. All NDH-1 versions share the same core 
module, NDH-1M, formed by 14 subunits (A-C, E, G-O, and S) (Peltier et al., 2016). 

CET mediated by the NDH-1 complex fulfils two roles: it alleviates excess 
electrons from Fd by transferring them back to the PQ pool, and contributes to the 
build-up of pmf, thus increasing ATP synthesis (Nikkanen et al., 2021; Zhang et al., 
2023). NDH-1 also functions as a proton pump, translocating two protons for every 
electron (Strand et al., 2017), thus inducing the photosynthetic control by acidifying 
the lumen. Consequently, the ATP/NADPH ratio increases, which is essential to 
meet the CBB cycle requirement of 1.5 ATP/NADPH to fix one CO2 molecule, given 
that the output of LET alone is only 1.3 ATP/NADPH. This ratio rises to 2–3 
ATP/NADPH with CET involvement to support downstream metabolism (Kramer 
and Evans, 2011). Indeed, up to 40% of ΔpH generation was maintained by NDH-1 
when PSII activity was blocked (Miller et al., 2021), demonstrating the significant 
contribution of CET in maintaining the ATP/NADPH ratio, and its regulatory role. 

There are two isoforms of FNR in Synechocystis, both encoded by the petH gene, 
which contains two initiation methionines. The larger isoform, FNRL, attaches to 
PBS and primarily functions in NADP+ reduction. In contrast, the second, smaller 
isoform, FNRS, is less abundant under standard conditions, soluble, and involved in 
NADPH oxidation, donating electrons to Fd, therefore supporting CEF via NDH-1 
(Miller et al., 2022; Thomas et al., 2006). 

1.3.5.2 Flavodiiron proteins 

Four FDP proteins are present in Synechocystis, designated Flv1-Flv4 (Helman et 
al., 2003). The flv4 and flv2 genes are arranged in an operon containing an additional 
gene, sll0218, coding for a small protein involved in PSII stabilisation (Bersanini et 
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al., 2017). In contrast, flv1 and flv3 genes are located separately, although their 
protein accumulation is interlinked (Allahverdiyeva et al., 2015; Mustila et al., 
2016), with Flv3 being significantly more abundant (Allahverdiyeva et al., 2013). 
Their minimal functional organisation is in a dimeric head-to-tail conformation, 
which brings together the diiron catalytic centre of one protein close to the 
Cterminal flavodoxin-like domain with a bound flavin mononucleotide (FMN) of 
the other. In Synechocystis, the hetero-oligomeric formations Flv1/3 and Flv2/4 are 
involved in the Mehler-like reaction, reducing O2 to H2O, while higher-order 
oligomers with additional functions cannot be excluded. The homodimer Flv3/3 has 
been detected in vivo (Mustila et al., 2016; Santana-Sanchez et al., 2019), but its role 
remains unknown. 

The Mehler-like reaction, also known as the water-water cycle, performed by 
Flv1/3 and Flv2/4 hetero-oligomers alleviates excessive electrons downstream of 
PSI (Allahverdiyeva et al., 2011; Santana-Sanchez et al., 2019). Unlike the Mehler 
reaction, in which O2 is reduced to superoxide radical mainly at the iron-sulphur 
clusters or phylloquinone at PSI (Kozuleva et al., 2021; Mehler, 1951), the Mehler-
like reaction does not produce ROS. The presence of Flv1 and Flv3 is vital during 
sudden changes in light intensity, a common occurrence in cyanobacteria’s natural 
environment. Their loss is lethal for Synechocystis when exposed to fluctuating light 
intensity (Allahverdiyeva et al., 2013). During the transition from dark to light or 
low to high light intensity, FDPs can redirect up to 60% (carbon-deplete conditions) 
or 20% (carbon-replete conditions) of electrons to O2 (Allahverdiyeva et al., 2011; 
Helman et al., 2005), protecting PSI from over-reduction when downstream electron 
acceptors such as the CBB cycle are limited or inactive. 

The electron donor to FDPs has remained elusive for a long time. Earlier in vitro 
studies and the presence of the C-terminal domain suggested NAD(P)H as the 
electron donor to Flv1, Flv3 and Flv4 (Brown et al., 2019; Shimakawa et al., 2015; 
Vicente et al., 2002). However, in these studies, FDPs were in a homo-oligomeric 
constitution, which is not responsible for the Mehler-like reaction (Mustila et al., 
2016). The donor to FDP hetero- and homo-oligomers might be different. 
Alternatively, Fd or FNR could donate electrons to FDPs. Indeed, recent studies 
suggested Fd as the primary electron donor of the Flv1/3 heterodimer (Nikkanen et 
al., 2020; Sétif et al., 2020). However, in vivo electron donor to the Flv2/4 
heterodimer remains uncertain. Furthermore, interactions of FDPs with putative 
electron donors or each other in vivo have not been fully reported. 

In addition to their photoprotective role, FDPs contribute to pmf generation by 
consuming protons in the cytosol and allowing a higher rate of LET. Upon 
illumination, they are responsible for up to 75% of the generated pmf (Nikkanen et 
al., 2020). While Flv1/3 is mainly responsible for the O2 photoreduction in the first 
30s of illumination, Flv2/4 maintains its activity for longer (Nikkanen et al., 2020; 
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Santana-Sanchez et al., 2019). Thus, their activity must be tightly regulated. On the 
one hand, a large capacity to redirect excess electrons is needed, but on the other, 
competition with the CBB cycle would be undesirable. Redox regulation of their 
activity could be possible, as Flv1 and Flv3 demonstrated light-dependent redox 
modulation (Guo et al., 2014); therefore, they could respond to regulation by the Trx 
system, similarly to FDPs from the moss Physcomitrium patens (Beraldo et al., 
2024). This mode of regulation could provide rapid and reversible modulation of 
their activity coordinated with the activation of the CBB cycle. Regulation by pmf, 
ionic concentration, or phosphorylation has also been proposed (Angeleri et al., 
2016; Zhang et al., 2012). However, strong in vivo evidence is missing. 

1.4 Carbon metabolism 
The carbon metabolism of cyanobacteria evolved around CO2 fixation and its 
incorporation into organic molecules using ATP and NADPH produced by 
photosynthesis. The CBB cycle represents a pathway with high energetic demand 
since fixing six CO2 molecules to produce one glucose molecule requires 18 ATP 
and 12 NADPH molecules (1.5 ATP/NADPH ratio). Glyceraldehyde-3-phosphate 
(G3P), the end product of the CBB cycle, is a central intermediate in carbon 
metabolism. 

There are several carbon metabolism pathways present in Synechocystis (Fig. 4). 
The Embden-Meyerhof-Parnas (EMP) pathway, also known as glycolysis, begins 
with glucose-6-phosphate (G6P) and ends with pyruvate, which is then 
dehydrogenated to acetyl-coenzyme A (Ac-CoA). Ac-CoA is metabolised in the 
tricarboxylic acid (TCA) cycle, which plays only a minor role in energy production 
in cyanobacteria (Wan et al., 2017) or is utilised to produce PHB as carbon/energy 
storage (Yashavanth et al., 2021) or other metabolites. The EMP pathway is 
bidirectional, producing G6P (through gluconeogenesis), the first metabolite of the 
oxidative pentose phosphate (OPP) pathway. The OPP pathway generates NADPH 
and ribulose-5-phosphate (Ru5P) in its oxidative phase. In the non-oxidative phase, 
Ru5P is converted into other pentoses and intermediates shared with the CBB cycle 
in the opposite direction, with the final products being G3P and fructose-6-phosphate 
(F6P). These then re-join the EMP pathway to regenerate G6P. The Entner-
Doudoroff (ED) pathway was proposed to be present in cyanobacteria; however, its 
presence remained controversial (X. Chen et al., 2016; Makowka et al., 2020; 
Schulze et al., 2022). In Synechococcus elongatus PCC 7942, the ED pathway is 
incomplete, missing the 6-phosphogluconate dehydratase enzyme (Xie et al., 2025), 
similar to many other cyanobacteria, including Synechocystis (Evans et al., 2024). 
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Figure 4. Schematic of carbon metabolism pathways in Synechocystis. The arrow colour signifies 

the pathway: green - CBB, blue - EMP, purple - OPP, black - photorespiration, orange - 
other pathways. Grey dotted lines connect shared metabolites between pathways. 
Glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), fructose-1,6-bisphosphate 
(FBP), glyceraldehyde-3-phosphate (G3P), dihydroxyacetone phosphate (DHAP), 1,3-
bisphosphoglycerate (BPG), 3-phosphoglycerate (3PGA), 2-phosphoglycerate (2PGA), 
2-phosphoglycolate (2PG), phosphoenolpyruvate (PEP), acetyl-coenzyme A (Ac-CoA), 
tricarboxylic acid cycle (TCA), polyhydroxybutyrate (PHB), 6-phosphogluconolactone 
(6PGL), 6-phosphogluconate (6PGA), ribulose-5-phosphate (Ru5P), ribose-5-
phosphate (R5P), xylulose-5-phosphate (Xu5P), sedoheptulose-7-phosphate (S7P), 
erythrose-4-phosphate (E4P), ribulose-1,5-bisphosphate (RuBP), sedoheptulose-1,7-
bisphosphate (SBP). 
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During the light period, excess fixed carbon is stored as glycogen, a storage 
polysaccharide, giving the cell a high degree of plasticity. In carbon-replete 
conditions (or during N starvation), cells accumulate glycogen, which is later used 
during periods of carbon limitation. Furthermore, glycogen can be catalysed to 
supply G6P to the OPP and EMP pathways, producing NAD(P)H and ATP in the 
dark during respiration (Gründel et al., 2012). Glycogen thus plays a vital role in 
balancing the needs of cyanobacteria for carbon and electrons during different 
growth phases and environmental conditions (Ortega-Martínez et al., 2024). In 
Synechocystis, several PETC components (PQ pool, Cyt b6f and Pc/Cyt c6) are shared 
between photosynthetic and respiratory reactions as both are nestled in the thylakoid 
membrane. This arrangement complicates the regulatory network but provides 
energy during darkness, when electrons from catabolism are funnelled to the PQ 
pool, generating pmf for ATP production (Mullineaux, 2014). 

1.4.1 CO2 fixation 
During photoautotrophic growth, the energy source is light, and the carbon source is 
CO2. The ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is the 
enzyme responsible for the first step of the CBB cycle, which is the fixation of CO2 
into 3-phosphoglycerate (3PGA). However, RuBisCO has a low affinity for CO2 and 
can also use O2. Cyanobacteria, therefore, evolved CCM to increase the efficiency 
of RuBisCO’s carboxylation and minimise its oxygenation activity. RuBisCO is 
enclosed in carboxysomes, protein shells permeable to HCO3

-, containing carbonic 
anhydrase, which converts HCO3

- to CO2, increasing its concentration by 
approximately 1000-fold (Kaplan, 2017; Kerfeld and Melnicki, 2016). While CCM 
is indispensable in ambient air (0.04% CO2), it is not necessary in conditions with 
high inorganic carbon availability (Kurkela and Tyystjärvi, 2024). In those, 
cyanobacteria exhibit significantly faster growth rates. However, in conditions with 
extremely high CO2 concentrations (up to 30%), the growth becomes inhibited due 
to metabolic disbalance (Carrasquer-Alvarez et al., 2025). 

CO2 readily diffuses across cell membranes, while HCO3
- is primarily 

transported through specific transporters. There are three transporters in 
Synechocystis: the two Na+-dependent transporters SbtA (high affinity, low flux) and 
BicA (low affinity, high flux), and the ATP-dependent transporter BCT1 (high 
affinity). In addition, CO2 is converted into HCO3

- by NDH13 and NDH-14 
complexes, creating a pool of HCO3

- while consuming NADPH (Kurkela and 
Tyystjärvi, 2024; Peltier et al., 2016; Price, 2011). This process prevents CO2 from 
diffusing out of the cell and increases the cellular inorganic carbon concentration, 
which is conducive to carbon fixation. 
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Despite CCM, RuBisCO occasionally uses O2 and oxygenates ribulose-1,5-
bisphosphate (RuBP) in a process known as photorespiration. This reaction leads to 
one 3PGA and one 2-phosphoglycolate (2PG). 2PG is a toxic compound to the 
enzymes of the CBB cycle and must be converted back to 3PGA using additional 
ATP while releasing CO2. Although often considered wasteful, photorespiration is 
essential for all photosynthetic organisms at ambient air CO2 levels (Eisenhut et al., 
2019, 2008; Moroney et al., 2013). 

The CBB cycle consists of three phases. In the first phase (CO2 fixation), 
RuBisCO incorporates CO2 into RuBP, producing two 3PGA molecules. A fraction 
of 3PGA is used for biosynthesis, while the majority is phosphorylated and then 
reduced into G3P in the second phase (Reduction). In the third phase (Regeneration), 
Ru5P is regenerated via a cascade of intermediates in the opposite direction to the 
OPP pathway. Ru5P is then phosphorylated to RuBP, closing the cycle. In total, 
9 ATP and 6 NADPH molecules are required to produce one 3PGA molecule, two 
of which are needed to make one glucose (Fig. 4). 

Tight regulation of the CBB cycle is required due to its high energetic demand 
to ensure its activity occurs only under sufficient illumination. Several enzymes of 
the CBB cycle (phosphoribulokinase, sedoheptulose-bisphosphatase, fructose-1,6-
bisphosphatase and glyceraldehyde-3-phosphate dehydrogenase) were shown to be 
redox-regulated by the Trx system (Guo et al., 2014). Furthermore, the conditionally 
disordered protein Cp12 binds to phosphoribulokinase and glyceraldehyde-
3phosphate dehydrogenase under dark, oxidised conditions, thus preventing their 
activity. Upon the transition to reducing conditions, Cp12 disassociates from these 
enzymes, activating the CBB cycle. The intracellular NAD(P)+/NAD(P)H ratio is, 
therefore, a crucial aspect of the regulation of CO2 fixation (Lucius et al., 2022; 
Lucius and Hagemann, 2024).  

1.4.2 Photomixotrophy 
In addition to photoautotrophic growth, some cyanobacteria can import and 
metabolise various carbohydrates from their environment, such as glucose, glycerol, 
sucrose, or acetate. This growth mode, in which organic molecules serve as an 
additional energy and carbon source alongside light and CO2, is referred to as 
photomixotrophy. Synechocystis can grow in the presence of glucose; however, 
a low concentration of fructose is lethal (Flores and Schmetterer, 1986; Rippka, 
1972; Rippka et al., 1979; Stebegg et al., 2023). To accommodate the shift in carbon 
source, Synechocystis undergoes significant metabolic changes, resulting in faster 
growth and optimisation of the metabolic pathways (X. Chen et al., 2016; Muth-
Pawlak et al., 2022; Schulze et al., 2022). 
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The enhanced growth rate is of interest to biotechnological applications (Matson 
and Atsumi, 2018). However, metabolising the external carbohydrates releases CO2, 
negatively impacting the CO2 emissions of photomixotrophic applications (Patel et 
al., 2021). They would also compete with food production for arable land unless side 
and waste streams are used to source these carbohydrates. Engineering of strains 
capable of metabolising these streams is therefore important. Xylose, a wood 
derivative, could serve as the carbon source for an engineered Synechocystis (Ranade 
et al., 2015). 

The effect of photomixotrophic growth on photosynthesis remains unclear, with 
contrasting results. Some studies report partial inhibition of O2 evolution, while 
others indicate an increase in maximal photosynthetic activity (Haimovich-Dayan et 
al., 2011; Lee et al., 2007; Takahashi et al., 2008). Since photosynthesis is 
intertwined with respiration, the redox balance of the PETC and the NAD(P)H pool 
might be important regulatory factors. The pyridine nucleotide transhydrogenase 
PntAB localises to the thylakoid membrane and controls the NADPH/NAD+ and 
NADH/NADP+ ratios. Its expression is upregulated in photomixotrophy (Muth-
Pawlak et al., 2022). Furthermore, glucose metabolism and CO2 fixation are not 
separate in Synechocystis; thus, carbon metabolism must be rearranged under 
photomixotrophy (Nakajima et al., 2014; Yang et al., 2002). The flux through the 
CBB cycle decreases while the flux through the OPP shunt pathways increases 
(Takahashi et al., 2008), potentially replenishing the CBB cycle intermediates 
(Makowka et al., 2020). The activity of the CBB cycle is redox-regulated; 
furthermore, its activity affects the photosynthetic activity. It is, therefore, important 
to fully understand the carbon flux regulation in photomixotrophic cells before 
biotechnological application. 

1.5 Light-driven whole-cell biotransformation 
The advances in biocatalysis and photocatalysis have enabled the emergence of 
a combined approach - photo-biocatalysis - where light is utilised directly or 
indirectly to drive enzymatic reactions. Photosystems (PSI and PSII) are examples 
of photoenzymes, enzymes that directly require light for their catalytic activity. 
However, due to their structural complexity (see 1.3.1), the applications of PSII or 
PSI are mainly focused on semi-artificial photo-bioelectrochemical cells (Yehezkeli 
et al., 2013). In biocatalysis, the substrate transformation is performed by enzymes 
requiring a source of electrons in the form of a reduced cofactor. Two approaches 
exist: a purified enzyme and a sacrificial electron donor such as water or 
ethylenediaminetetraacetic acid (EDTA) in photo-chemocatalysis, or NAD(P)H/Fd 
provided by the cell’s metabolism in whole-cell photo-biocatalysis. This is where 
cyanobacteria and other photosynthetic organisms offer a compelling platform for 
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photo-biocatalytic applications thanks to photosynthetic reactions (Madavi et al., 
2022; Schmermund et al., 2019). Photosynthetic organisms provide a more 
environmentally friendly alternative to fossil-based feedstock in the chemical 
industry and traditional biocatalysis (Cheng et al., 2023a).  

Photosynthesis is the source of reducing power and continuously replenishes the 
cofactor pool under illumination. Therefore, applications that combine photosynthesis 
and biocatalytic transformation are often referred to as light-driven whole-cell 
biotransformations (hereafter biotransformations). It is important to note that while 
photosynthesis provides reduced cofactors under light, in the dark, these cofactors are 
supplied by catabolic reactions of storage compounds. Consequently, the used 
enzymes remain active in the dark, albeit with lower activities, as long as the enzyme’s 
substrates are also available. As a result, these applications are not strictly dependent 
on light but greatly benefit from it, achieving high conversion rates under illumination 
(Assil-Companioni et al., 2020; Spasic et al., 2022; Tüllinghoff et al., 2022). 

WT cyanobacteria have been used in biotransformation applications that rely on 
native enzymes to convert supplied substrates into desired products (Balcerzak et al., 
2014; Górak and Żymańczyk-Duda, 2015). For example, the reduction of 
cinnamaldehyde into cinnamyl alcohol, an important molecule for the 
pharmaceutical and food industries, was demonstrated using Synechocystis with high 
yield and strict chemoselectivity (Yamanaka et al., 2015). Additionally, new 
enzymes have been discovered by screening WT cyanobacteria for ketone reduction 
(Hölsch et al., 2008; Hölsch and Weuster-Botz, 2010). Moreover, advances in 
synthetic biology tools have enabled the creation and use of recombinant 
cyanobacteria in biotransformation applications. Proof-of-concept studies have 
demonstrated biotransformations employing ene-reductases, imine reductases, 
cytochrome P450 monooxygenases (P450), and other oxidoreductases (Fig. 5). 

In addition to a single enzyme performing one conversion step, 
biotransformations can combine several enzymes into cascades, such as the 
engineering of an in vivo two-step cascade in Synechocystis to convert 
cyclohexanone into 6-hydroxyhexanoic acid, a polymer building block (Tüllinghoff 
et al., 2023). The substrates required by the enzymes can be native or delivered 
externally. In the case of the external addition, the enzymes should remain inactive 
before the substrate is added, posing limited effects on cell metabolism. On the other 
hand, enzymes with native substrates constitute a continuous consumption of 
cofactors, with a potential impact on the energy balance of the cells. 

This thesis focuses on the applications where NAD(P)H is the donor to 
heterologous enzymes originating from different organisms expressed in 
Synechocystis (Papers II, III and IV). However, Fd-dependent systems and various 
other enzymes are included in this chapter to provide a wider overview of the current 
applications. 
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Figure 5. Examples of heterologous and native electron sinks in Synechocystis. CBB - Calvin-

Benson-Bassham cycle, FNR - ferredoxin-NAD(P)H oxidoreductase, PSI - 
photosystem I, Fd - ferredoxin, P450 - cytochrome P450 monooxygenase, Trx - 
thioredoxin, NDH-1 - NADH dehydrogenase-like complex 1, HOX - Ni-Fe hydrogenase, 
NADPH - nicotinamide adenine dinucleotide phosphate, NADH - nicotinamide adenine 
dinucleotide, ATP - adenosine triphosphate, dotted line - alternative electron donor. 

1.5.1 NAD(P)H-dependent systems 
NAD(P)H is the central electron carrier used in cyanobacterial metabolism, produced 
by FNR in the last step of the LET (see 1.3.3) and in catabolic reactions within the 
OPP and EMP pathways (see 1.4). The primary sink for NADPH under illumination 
is the CBB cycle; however, some heterologous enzymes used in biotransformations 
also rely on the supply of NAD(P)H. This pits them against the CBB cycle and the 
rest of the cellular metabolic pathways reliant on NAD(P)H. Furthermore, these 
NAD(P)H-dependent enzymes create an additional electron sink, influencing the 
ATP/NAD(P)H ratio. 

The source/sink ratio is tightly controlled. CO2 fixation by RuBisCO is regarded 
as the main limiting factor for the electron flow from PSII to downstream carbon 
metabolism, and the excess electrons must be dissipated (see 1.3.4). This is 
especially true during sudden increases in light intensity or when inorganic carbon 
is limited. Therefore, increasing the overall electron sink capacity by adding 
a heterologous enzyme can improve photosynthetic efficiency. In addition to 
heterologous electron sinks, a similar enhancement of photosynthetic efficiency can 
be achieved through carbon sink engineering by targeting and increasing the carbon 



Introduction 

 35 

flux to a desired metabolite (Ducat et al., 2012; Kugler and Stensjö, 2023; Oliver and 
Atsumi, 2015; Santos-Merino et al., 2021; Singh et al., 2022). 

1.5.1.1 Ene-reduction 

Asymmetric hydrogenation of alkenes is an important reaction in the chemical 
industry since it generates two stereogenic centres. Several enzyme families can 
reduce the carbon-carbon double bond (C=C), with ene-reductases from the Old 
Yellow Enzyme (OYE) oxidoreductase family being the most commonly applied. 
Other families include flavin-independent medium-chain dehydrogenase/reductases, 
clostridial enoate reductases, and short-chain dehydrogenase/reductases (Lonardi et 
al., 2023; Toogood and Scrutton, 2014). The OYE family is widespread in nature. 
The first enzymes were known already in the 1930s and cloned in the 1990s from 
Saccharomyces cerevisiae (Niino et al., 1995). Since then, enzymes native to 
cyanobacteria, microalgae, fungi, bacteria or plants have been tested for the 
hydrogenation of various compounds (Böhmer et al., 2020; G. Turrini et al., 2017; 
Hall et al., 2008; Meah and Massey, 2000; Robescu et al., 2022, 2020; Toogood and 
Scrutton, 2014). Furthermore, OYE showed substrate and function promiscuity. 
Through targeted protein engineering, an OYE from the thermophilic bacterium 
Geobacillus kaustophilus was modified to perform only its secondary function, the 
Morita-Baylis-Hillman reaction, a carbon-carbon bond-forming reaction whose 
products possess promising biological activity (Porto and Porto, 2023; Wang et al., 
2024). 

In papers II, III and IV, a representative of the OYE family from the soil 
bacterium Bacillus subtilis, YqjM, is used. It has been demonstrated to play a role in 
B. subtilis stress response to xenobiotics (Fitzpatrick et al., 2003) and its crystal 
structure was determined. Similarly to other OYEs, FMN is non-covalently bound 
to the Cterminus; however, in contrast to other OYEs, YqjM forms a homo-tetramer 
composed of two catalytically dependent dimers (Kitzing et al., 2005). The reaction 
mechanism is separated into two steps: the reductive half-reaction [electron transfer 
from NAD(P)H to YqjM] and the oxidative half-reaction (reduction of C=C) of 
various substrates (Kohli and Massey, 1998; Pesic et al., 2017). YqjM prefers 
NADPH as the electron donor. Furthermore, the oxidative half-reaction is 
approximately 50-fold faster when 2-methylmaleimide (2-MM) is used as the 
substrate, establishing the reductive half-reaction as the limiting step in YqjM’s 
activity (Assil-Companioni et al., 2020). 

The expression of heterologous enzymes suitable for biocatalytic application in 
cyanobacteria was established with esterase and decarboxylase, where the cell 
extract was used as the biocatalyst in vitro (Bartsch et al., 2015). The first proof-of-
concept demonstration of in vivo biotransformation used the NAD(P)H-dependent 
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ene-reductase YqjM in Synechocystis (Köninger et al., 2016). It reached a specific 
activity of ~165 U∙gDCW

-1 (OD750 = 2), the highest recorded to date with 2-MM as its 
substrate. Five additional substrates were tested, albeit reaching lower conversion 
(Assil-Companioni et al., 2020). A recent study compared YqjM with four more 
OYEs against six substrates and also evaluated their activity in larger volumes 
(Grimm et al., 2025). Nevertheless, YqjM represents a strong electron sink, 
establishing itself as a model for highly selective biotransformations. It can also 
serve as a tool in studies focusing on a fundamental understanding of photosynthetic 
electron flux. 

1.5.1.2 Baeyer-Villiger oxidation 

Another industrially relevant biotransformation reaction is the selective 
oxyfunctionalisation of cyclic ketones into their respective lactones. This reaction is 
known as the Baeyer-Villiger oxidation and is performed in the presence of 
peroxyacids or peroxides in the chemical industry. This process not only has a high 
environmental footprint but also leads to unwanted side-products (Sever and Root, 
2003). In nature, this reaction is mediated by the Baeyer-Villiger monooxygenases 
(BVMOs). There are three types: type I, which contains bound flavin adenine 
dinucleotide (FAD) and requires NADPH; type II, which requires NADH and binds 
FMN (Kamerbeek et al., 2004); and an odd type O that interacts with FAD and 
NADPH but belonging to a different flavoprotein group (Fürst et al., 2019). 

BVMOs present a diverse family, featuring examples from different organisms, 
various substrate specificities, and functional promiscuity. Furthermore, several 
crystal structures have been solved, allowing for rational protein engineering (Fürst 
et al., 2019). The availability of O2 is a limiting factor for their activity in applications 
using heterotrophs (Baldwin and Woodley, 2006). Therefore, photosynthetic 
organisms offer a solution to this limitation thanks to photosynthesis. Several BVMO 
representatives have been commonly expressed in cyanobacteria. These BVMOs 
originate from Acidovorax sp. CHX100, Parvibaculum lavamentivorans (Parvi), 
Burkholderia xenovorans (Xeno), and Acinetobacter calcoaceticus (Acineto). An 
interesting cold-active BVMO was recently isolated from Arctic bacteria, showing 
good activity at low temperatures (Chánique et al., 2023). 

ε-caprolactone is an important bulk chemical in the polymer industry. Currently, 
it is produced via a one-step reaction from cyclohexanone using acetic peracid or 
through a two-step enzymatic reaction from cyclohexanol by alcohol dehydrogenase 
(ADH) and BVMO, requiring molecular oxygen. However, BVMO is inhibited by 
its product at high concentrations (>60 mM) and, to a lesser extent, by 
cyclohexanone and cyclohexanol (Reimer et al., 2017). When expressed in 
Synechocystis, Acineto reached a specific activity of 2.3 U∙gDCW

-1 (OD750 = 10) using 
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the light-inducible PpsbA2 promoter (Böhmer et al., 2017) and 4 U∙gDCW
-1 (OD750 = 10) 

using the PcpcB promoter (Erdem et al., 2022). The specific activity of Parvi was 
~5 U∙gDCW

-1 (OD750 = 10), while Xeno reached ~20 U∙gDCW
-1 (OD750 = 10), both using 

the PcpcB promoter (Erdem et al., 2022). The expression of BVMO from Acidovorax 
sp. CHX100, under the control of a nickel-inducible promoter from the replicative 
plasmid, yielded ~60 U∙gDCW

-1 (OD750 = ~2.5), while the same plasmid integrated 
into the chromosome resulted in only ~24 U∙gDCW

-1 (OD750 = ~2.5). However, in 
a scale-up system (2L photobioreactor), the specific activity reached an initial 
maximum of 30 U∙gDCW

-1. It gradually decreased over the course of the experiment, 
likely due to substrate, product or side-product inhibitory effects (Tüllinghoff et al., 
2022). The inhibition by the product formation was circumvented by engineering an 
enzymatic cascade converting ε-caprolactone into 6-hydroxyhexanoic acid 
(Tüllinghoff et al., 2023). 

1.5.1.3 Other enzymes  

Cyanobacteria can harbour other NAD(P)H/O2-dependent enzymes and supply them 
with reducing power through photosynthesis. Indeed, imine reductases have been 
expressed in Synechocystis, and their activity against eight cyclic imines was tested 
with promising results and high specific activities (Büchsenschütz et al., 2020). 
A wide variety of imine reductases was characterised through Escherichia coli 
(E. coli) biotransformation (Velikogne et al., 2018). Furthermore, amine 
dehydrogenases and imine reductases with biocatalytic potential have been recently 
reviewed (Yuan et al., 2024). Additionally, ω-hydroxylation of nonanoic acid methyl 
ester by recombinant Synechocystis expressing the alkane monooxygenase system 
resulted in a specific activity of ~3 U∙gDCW

-1 in a 3L photobioreactor (Hoschek et al., 
2017, 2019a). 

1.5.2 Fd-dependent systems 
Reduced Fd donates electrons to several pathways (see 1.3.2). A heterologous 
enzyme will thus compete with these native pathways for electrons. However, native 
pathways also show potential for biotechnological applications. Photobiological 
hydrogen production is one of the promising technologies in the solar fuels and 
chemicals field, aiding the transition towards a sustainable future. However, its 
widespread industrial application still remains in the future (Redding et al., 2022). 
Many cyanobacteria possess native hydrogenase, which produces H2 in the dark 
during the catabolism of storage compounds (Kossalbayev et al., 2020). 
Additionally, the nitrogenase in N2-fixing strains generates H2 (Barney, 2020), as do 
some microalgal species (Kosourov et al., 2020). However, linking H2 production to 
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photosynthetic electrons is challenging, mainly because hydrogenase and 
nitrogenase are O2 sensitive (Khetkorn et al., 2017; Santana-Sánchez et al., 2023). 
The advances and strategies for improved productivity, such as introducing 
O2tolerant hydrogenase into Synechocystis (Lupacchini et al., 2021), were recently 
reviewed (Kosourov et al., 2021). 

Enzymes from the P450 superfamily offer a wide range of interesting reactions 
for biocatalysis. There are over 300,000 enzymes across all living organisms 
(Nelson, 2018). While NADPH is commonly the energy source in native systems, 
when expressed in cyanobacteria, they depend on reduced Fd to supply the necessary 
reducing power (Agustinus and Gillam, 2023). The first use of P450s in 
cyanobacteria was the expression of p-coumarate-3-hydroxylase for caffeic acid 
production in Synechocystis (Xue et al., 2014). Two P450s were co-expressed in 
Synechocystis to reconstitute the dhurrin pathway, demonstrating the suitability of 
cyanobacteria for multi-enzyme cascades (Lassen et al., 2014; Wlodarczyk et al., 
2016). Several P450s have been utilised since: mammalian P450 CYP1A1 in 
Synechococcus PCC 7002 (Berepiki et al., 2018, 2016; Torrado et al., 2022) or 
CYP450chx from Acidovorax sp. CHX100 (Hoschek et al., 2019b; Tüllinghoff et 
al., 2024), CYP110D1 from Nostoc sp. PCC 7120 (Mascia et al., 2022), and 
CYP79A1 from Sorghum bicolor (Sutardja et al., 2024) in Synechocystis. 

1.5.3 Improvement strategies  
Despite steady progress in cyanobacterial biotransformation applications, their 
large-scale deployment is still not feasible. Therefore, further improvements in 
activities and yields are necessary to make them competitive with currently used 
heterotrophic systems or traditional fossil-based catalysis. Every 
strain/enzyme/substrate/product combination might perform differently and have 
various limitations, making a uniform improvement strategy impossible. Thus, 
characterising each application regarding substrate or product toxicity on the 
selected strain, cofactor availability, enzyme expression, activity, and potential 
inhibition is essential (Köninger et al., 2016). 

Genes encoding heterologous enzymes can be integrated into the genome or 
transcribed from replicative plasmids, which generally leads to higher protein 
accumulation (Y. Chen et al., 2016). Expression from a plasmid led to higher BVMO 
accumulation and specific activity compared to expression from a genomic 
integration site (Tüllinghoff et al., 2022). Similarly, selecting the appropriate 
promoter is crucial; however, the lack of a wide variety of promoters suitable for 
cyanobacteria complicates this selection. Commonly used native promoters originate 
from CO2 fixation, PSI, or PSII components (Cheng et al., 2023b). The PcpcB 
promoter of the C-phycocyanin β subunit has been shown to lead to the highest 
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accumulation and specific activity of BVMOs and YqjM compared to PpsbA2 or Pzia 
(Assil-Companioni et al., 2020; Erdem et al., 2022). While high protein levels might 
be beneficial in some cases, a tuneable promoter might be required for other enzymes 
(Tüllinghoff et al., 2022). Recently, high-throughput screening of a large molecular 
toolbox (12 promoters, 20 ribosome-binding sites, a bicistronic domain, and 
a genetic insulator) yielded promising results and identified genetic elements leading 
to enhanced expression and biotransformation. However, it is important to note that 
selecting a universal combination of these elements suitable for all enzymes is likely 
impossible (Jodlbauer et al., 2024; Stensjö et al., 2018). 

Deletion of native electron sinks that might compete with the heterologous 
enzyme is also a popular approach. Deleting Flv1/3 hetero-oligomer improved the 
specific activity of YqjM and BVMOs in Synechocystis (Assil-Companioni et al., 
2020; Erdem et al., 2022). However, these enzymes are NAD(P)H-dependent, and 
Flv1/3 uses reduced Fd as the electron donor. They are thus not in direct competition 
for reducing power, suggesting that the improvements could have been caused 
indirectly. Indeed, the benefit was visible only under specific conditions. Similarly, 
the deletion of hydrogenase enhanced YqjM activity, but only under high culture 
density (Spasic et al., 2022). In combination with P450s (Fd-dependent enzymes), 
the deletion of COX significantly improved the activity of CYP1A1 (Torrado et al., 
2022). Knocking out the NDH-1 complex, and thus the CET, was also beneficial for 
CYP1A1 (Berepiki et al., 2018). This suggests that deleting competing electron sinks 
is a viable option for Fd-dependent enzymes, but is more complex for NAD(P)H-
dependent ones. Decreasing FNR’s affinity for Fd can increase the availability of 
reduced Fd; however, it also presents a significant metabolic burden due to decreased 
availability of NADPH (Kannchen et al., 2020). 

Localisation of heterologous enzymes is another interesting target for 
optimisation strategies. P450s are commonly bound to membranes in their original 
organisms, and anchoring them to the thylakoid membrane in Synechocystis via 
PetC1 protein (Rieske subunit of Cyt b6f) has indeed proven beneficial to their 
activity (Hanamghar et al., 2025). Similar results were obtained by linking P450 to 
PSI in Synechococcus (Lassen et al., 2014) or hydrogenase to PSI in Synechocystis 
(Appel et al., 2020). Localising NAD(P)H-dependent enzyme to the thylakoid 
membrane can also prove advantageous, thanks to the proximity to FNR. However, 
this remains to be studied in cyanobacteria. Nevertheless, localising a BVMO to the 
chloroplast in Chlamydomonas increased the specific activity 1.6-fold (Siitonen et 
al., 2023). Linking P450 CYP79A1 directly to Fd has also led to improvements in 
Nicotiana benthamiana (Mellor et al., 2016), while a PSI/Fd/FNR fusion system 
enhanced NADPH regeneration in Synechocystis (Medipally et al., 2023). This can 
potentially enhance biotransformation using NADPH-dependent enzymes by fusing 
them to this complex. 
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Lastly, to overcome limitations in light availability, new types of 
photobioreactors need to be developed and optimised for use with cyanobacteria as 
biocatalysts. Promising results were achieved with an internal illumination system 
(Hobisch et al., 2021) or a thin coil bioreactor (Malihan-Yap et al., 2025). 
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2 Aims of the Study 

Cyanobacteria hold promise for biotechnological applications, supporting the 
development of bio-based industries and the production of green chemicals. Light-
driven whole-cell biotransformations are an emerging field harnessing solar energy 
to produce fine chemicals, replacing their fossil-based equivalents. However, 
a thorough understanding of the cell’s physiological response to the presence of 
a strong electron sink in the form of heterologous enzymes is still lacking. 

Understanding the regulation of photosynthesis and electron partitioning is of 
utmost importance for guiding the targeted approaches in engineering cyanobacteria 
as a viable chassis for sustainable green chemicals. Further development is needed 
to improve these applications' overall performance and economic competitiveness 
with the already established processes. This thesis aims to fill the knowledge gaps in 
understanding the regulatory mechanisms of native electron sinks and the interplay 
between native and heterologous electron sinks in the light-driven whole-cell 
biotransformation and to identify potential targets for improving strategies. 

 
This thesis focuses on the following objectives: 

I. Study the regulatory mechanisms controlling the activity of the strong 
inherent electron sink - flavodiiron proteins. 

II. Investigate the effect of a strong heterologous electron sink (YqjM) on the 
photosynthetic apparatus of Synechocystis and elucidate the electron 
partitioning from ferredoxin, the central electron distribution hub 
downstream of PSI. 

III. Address the bottleneck of ene-reduction using the strong heterologous 
enzyme YqjM. 

IV. Identify and alleviate the limiting factors of the Baeyer-Villiger oxidation 
reaction in light-driven whole-cell biotransformation. 

V. Review the role of photosynthetic microorganisms as biocatalysts. 
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3 Materials and Methods 

3.1 Cyanobacterial strains and culturing conditions 

3.1.1 Strains and cultivation conditions 
Synechocystis sp. PCC 6803 was used in all studies included in this thesis. The 
complete list of strains used in this thesis and their brief descriptions are included in 
Table 1. E. coli Dh5α was used for cloning purposes and plasmid cryopreservation. 

The dry cell weight (DCW) was previously determined using lyophilisation of 
the cell suspension at various ODs, with OD = 10 corresponding to 2.4 gDCW∙L-1 
(Assil-Companioni et al., 2020). 

Synechocystis strains were maintained as cryostocks (10% dimethyl sulfoxide, 
DMSO) at -80 °C for long-term storage or on 1.5 % agar BG-11 plates for short-term 
storage. Prior to experiments, strains were recovered in BG-11 medium (20 mM 
HEPES, pH = 7.5) at 30 °C and dim light. Subsequently, stock cultures were 
maintained using 100 mL Erlenmeyer flasks with a working volume of 30 mL of 
BG-11 at 30 °C, ambient CO2 (0.04%), 50 µmolphotons∙m-2∙s-1 continuous broad white 
light illumination (fluorescent light) and orbital shaking at 115 rpm. 

All experiments performed in Turku (Papers II, III and IV) followed the 
following cultivation procedure. Stock/recovery culture (3–5 days) - Preculture I 
(OD750 = 0.1, 2–3 days) - Preculture II (OD750 = 0.1, 2–3 days in experimental 
conditions) - Experimental culture (OD750 = 0.1, 4–5 days in experimental 
conditions). Antibiotics were used in all but experimental cultures. The precultures 
in Paper I were grown at 30 °C, 3% CO2 (0.04%) and continuous 
50 µmolphotons∙m2∙s1 broad white illumination. After harvesting, the cells were 
resuspended in fresh BG-11 with the starting OD750 = 0.2 for experimental cultures 
and grown at 30 °C, ambient CO2 (0.04%) and 50 µmolphotons∙m2∙s1 broad white 
illumination. 
Growth conditions in Paper II were 30 °C, ambient CO2 (0.04%), 
50 µmolphotons∙m2∙s1 of constant broad white illumination (fluorescent light), and 
orbital shaking at 115 rpm. 
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The experimental conditions in Paper III were set at 30 °C, ambient CO2 
(0.04%), 200 µmolphotons∙m2∙s1 constant broad white illumination in a growth 
chamber equipped with LED lights (AlgaeTron AG230, PSI, Czechia), and orbital 
shaking at 115 rpm. All experiments performed by the collaborators in Graz in Paper 
III used modified conditions. For low-light cultivation, a plant growth chamber 
(SWGC-1000, witeg Labortechnik, Germany) with white continuous illumination, 
30 °C, 50% relative humidity, 40–60 µmolphotons∙m2∙s1 and 140 rpm was used. For 
high-light cultivation, a chamber from Thermo Electro Corporation at 30 °C was 
combined with tuneable red and blue LED illumination set to 200 µmolphotons∙m2∙s1. 
The orbital shaker was set to 160 rpm. Furthermore, cells were grown 
photoautotrophically or photomixotrophically with 5 mM D-glucose added during 
inoculation. 

Photoautotrophic cultivation in Paper IV was performed under 30 °C, ambient 
CO2 (0.04%, LC) or 3% CO2 (HC), 150 µmolphotons∙m2∙s1 continuous broad white or 
white light enriched with red and blue wavelengths (W+R/B) and orbital shaking at 
115 rpm. Precultures II and experimental cultures were kept in a growth chamber 
with LED lights (AlgaeTron AG230, PSI, Czechia) equipped with custom red and 
blue LED strips. 

3.1.2 Spectra measurements 
The light spectra were measured using SpectraPen (PSI, Czech Republic). For Paper 
I, the spectra of the light source in membrane inlet mass spectrometry (MIMS) and 
DUAL-KLAS-NIR, set to 500 µmolphotons∙m2∙s1 (Paper II - Fig. S1), were measured. 
For Paper IV, the white and W+R/B light spectra were measured at 
150 µmolphotons∙m2∙s1and 300 µmolphotons∙m2∙s1 (Paper IV - Fig. S2). 

3.1.3 Construction of mutant strains  
Strains for the Bimolecular Fluorescence Complementation (BiFC) test were created 
using a modular cloning approach (details in Paper I - Supplementary text). Briefly, 
proteins of interest were fused with either the N- or C-terminus of the Venus 
fragment through a short linker and co-expressed under an isopropyl β-d-1-
thiogalactopyranoside (IPTG)-inducible lac2 promoter and S3 ribosome binding site 
of the cpcB gene on the pDF-lac2 plasmid (Thiel et al., 2018). 

To create the two ferredoxin mutants in Paper I, the respective genome fragments 
were amplified by PCR and the final plasmids were constructed using the Gibson 
assembly technique (Gibson et al., 2009). Plasmids were sequenced to verify the 
assembly and transformed into Synechocystis (Williams, 1988). Our collaborators 
from Graz kindly provided the plasmid for Syn::Xeno creation in Paper IV, and the 



Materials and Methods 

 45 

standard transformation protocol was followed. In both papers, colony PCR was 
performed to confirm the full segregation of mutant strains. 

3.2 Light-driven whole-cell biotransformation 

3.2.1 Biotransformation conditions 
Before the biotransformation reaction, cells were harvested in the logarithmic growth 
phase (OD750 = ~0.8 in LC or OD750 = ~1.8 in HC in Papers II and IV) by 
centrifugation (5000 g, 8 min, 21 °C). The pellet was resuspended in fresh BG-11 
and adjusted to the desired OD. Samples were left in the growth conditions for 
30 min before continuing with experimental procedures. 

To measure the biotransformation rate over time, samples were set to OD750 = 2.5 
(Paper I) or OD750 = 10 (Paper IV). The reaction was initiated by adding 10 mM of 
2-MM for YqjM or 5 mM of cyclohexanone for BVMOs. The final volume of the 
reaction was 5 mL. Samples (300 µL) were taken at specified intervals, quickly 
frozen in liquid N2 and stored at -20 °C until liquid-liquid extraction and gas 
chromatography (GC) analysis. The reaction conditions were 30 °C, 
200 µmolphotons∙m2∙s1 white light, ambient CO2 (Paper II) or 30 °C, 
300 µmolphotons∙m2∙s1 white or W+R/B light and ambient or 3 % CO2 (Paper IV). 

To calculate the dark biotransformation rates, samples were placed in Falcon 
tubes covered in aluminium foil in the incubator for 60 min (Paper II). 

Samples for biophysical and gas exchange measurements were set to OD750 = 2.5 
(Papers II and III) or Chl a = 10 µg∙mL-1 (OD750 = ~2.5, Paper IV). The reaction time 
was 5 min (Paper II) or 30 min (Paper III), after which samples were taken for 
specific measurements. When applicable, 2.5 mM D-glucose was added to the 
samples (Paper III). In Paper IV, the cyclohexanone concentration was 1.25 mM, 
and the reaction time was 50 min. The remaining conditions for the 
biotransformation rate experiment were as described above. 

Further experiments in Paper III were performed in Graz under the following 
conditions. The cells were harvested after 4–5 days of growth (OD750 = 1–2). The 
pellet was resuspended in fresh BG-11 and set to a specific OD. The reaction was 
set up in a vial with a final volume of 1.2 mL and initiated by adding 10 mM 
substrate. Samples (250 µL) were taken at specified time points, quickly frozen in 
liquid N2, and stored for analysis. To study the effect of external carbon sources, 
various concentrations of selected carbohydrates (D-fructose, D-galactose, 
Dglucose, D-saccharose or D-sorbitol) were added simultaneously with the 
substrate (Paper III). 
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3.2.2 Large-scale application using a bubble column reactor 
Cells were grown until OD750 = 1–1.5. They were then centrifuged (3220 g, 20 min, 
24 °C), and the pellet was resuspended in fresh BG-11 to reach OD750 = 10. The 
biotransformation reaction was run using the bubble column reactor (φi = 5 cm, 
h = 50 cm, V = 200 mL) fitted with emitting coils. 40 Wireless Light Emitters 
(WLEs) were suspended in the reactor to provide internal illumination. The WLEs 
consist of a white LED and a receiving coil inside a polycarbonate shell, as described 
previously (Hobisch et al., 2021). The air was supplied via an electric pump (Boyu 
S-4000B) at a rate of 0.6 L∙min-1. A fan was used to maintain the temperature at 
30 °C. The reaction was initiated by adding 10 mM 2-MM alongside 5 mM 
Dglucose. At predetermined time points, 100 µL aliquots were taken, quickly frozen 
in liquid N2 and stored until liquid-liquid extraction and GC analysis (Paper III). 

3.2.3 Liquid-liquid extraction and gas chromatography 
For the detection of 2-MM and 2-methylsuccinimide (2-MS) in Paper II and 
cyclohexanone, cyclohexanol and ε-caprolactone in Paper IV, samples were thawed 
out at room temperature and extracted using a 3-step liquid-liquid extraction with 
ethyl acetate. The organic phase was dried with anhydrous MgSO4 and analysed on 
GC-2010 Pro gas chromatograph (Shimadzu, Japan) equipped with an HP-5MS 
30 m × 0.25 mm (5%-Phenyl)-methylpolysiloxane column (19091S-133, Agilent) 
with nitrogen as the carrier gas in splitless injection mode. Compounds were 
separated at 35 °C (hold 3 min), 200 °C (hold 3 min, 10 °C∙min-1) and 300 °C (hold 
3 min, 25 °C∙min-1). The linear velocity was 11 cm∙sec-1. Acetophenone (2 mM) was 
used as the internal standard. Samples containing known amounts of 2-MM and 
2MS (Papers II and IV) or cyclohexanone, ε-caprolactone and cyclohexanol (Paper 
IV) were used to obtain calibration curves. 

The quantification of substrates (2-MM, N-methylmaleimide and 2-methyl-N-
methylmaleimide) and their respective products in Paper III was performed at the 
facilities of our collaborators in Graz according to the following description. 
Samples were extracted by adding 300 µL ethyl acetate with 2 mM n-decanol as the 
internal standard. The organic phase was dried using anhydrous MgSO4, centrifuged 
and analysed using a Gas Chromatography Flame Ionization Detector (GC-FID) 
GC2010 Pro gas chromatograph (Shimadzu, Japan) equipped with a ZB-5 column 
(Macherey-Nagel, Düren, Germany). For the substrate 2-cyclohexen-1-one and its 
product, dichloromethane was used instead of ethyl acetate. See Paper III and Assil-
Companioni et al. (2020) for detailed information. 
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3.3 Biophysical methods to study photosynthesis 

3.3.1 Fluorescence and absorbance measurements 
Chl a fluorescence was followed with a DUAL-PAM 100 spectrophotometer (Walz, 
Effeltrich, Germany) equipped with red actinic light. In Paper II, biotransformation 
samples were dark-adapted for two minutes before exposure to 100 µmolphotons∙m2∙s1 
for 240 s, followed by 240 s of 170 µmolphotons∙m2∙s1. An additional 60 s were 
recorded in the dark to observe the dark relaxation of the fluorescence signal and the 
F0 rise. A saturating pulse (5000 µmolphotons∙m2∙s1, 500 ms) was distributed every 
20 s to calculate the effective yields of PSI and PSII [Y(I) and Y(II), respectively]. 
Their values were taken from the DUAL-PAM software (Papers II and III). For 
simultaneous quantification of the electron transport rates through PSII and PSI 
(ETR(II) and ETR(I), respectively) in Paper II, Chl a fluorescence and P700 
absorbance changes were followed. Samples were dark-adapted for ten minutes 
before exposure to 200 µmolphotons∙m2∙s1 for 120 s. The following equations were 
used to calculate ETR(II) and ETR(I): ETR(II) = Y(II) x PAR x 0.5 x 0.84 and 
ETR(I) = Y(I) x PAR x 0.5 x 0.84, PAR is the photosynthetically active radiation 
(in µmolphotons∙m2∙s1), 0.84 is the proportion of photons absorbed by the cells, and 
0.5 is a correction factor assuming that photons are absorbed equally by PSII and 
PSI (Baker et al., 2007). 

To examine the redox changes of Pc, P700, and Fd, I used the DUAL-KLAS-
NIR spectrophotometer (Walz, Effeltrich, Germany) as described previously 
(Nikkanen et al., 2020). In brief, absorbance changes between 780–820, 820–870, 
840–965 and 870–965 nm were used to deconvolute the redox changes using 
differential model plots. These were prepared by measuring a set of Synechocystis 
mutants with scripts provided by the manufacturer and modified according to 
(Theune et al., 2021). The Chl a concentration of the samples was adjusted to 
10 µg∙mL-1 (Paper II) or 20 µg∙mL-1 (Paper I), and the samples were dark-adapted 
for ten (Paper II) or fifteen minutes (Paper I). The NIRMAX script 
(3400 µmolphotons∙m2∙s1 red actinic light for 3 s, dark for 4 s, and far-red light for 
10 s) was used to follow the redox changes. A saturating pulse to achieve complete 
Fd pool reduction was given after 200 ms of red actinic light illumination. BG-11 
used in these experiments was copper-replete; therefore, Pc was the dominant 
electron carrier between Cyt b6f and PSI. The presence of Cyt c6 could have a minor 
effect on the Pc signal (Sétif et al., 2019). 

NAD(P)H fluorescence was followed using the NADPH/9-AA module 
(Schreiber and Klughammer, 2009) for DUAL-PAM (Walz, Effeltrich, Germany). 
Samples with Chl a set to 5 µg∙mL-1 (Papers I, II and IV) or 2.5 µg∙mL-1 (Paper III) 
were dark-adapted for ten (Papers II, III and IV) or fifteen minutes (Paper I). The 
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fluorescence was monitored for 10 s of darkness followed by 180 s of 
200 µmolphotons∙m2∙s1 (Papers II and III) or 300 µmolphotons∙m2∙s1 (Paper IV) of red 
actinic light and 60 s of a dark period. In Paper I, fluorescence was followed for 40 s 
under 500 µmolphotons∙m2∙s1 and 40 s in the dark. The light-induced NADPH 
accumulation was calculated as the difference between fluorescence shortly after the 
onset of illumination and the initial dark period. 

3.3.2 Redox changes of cytochrome b6f complex 
The redox changes of Cyt f and b hemes of the Cyt b6f protein complex were 
deconvoluted from the absorbance changes at 546, 554, 563 and 573 nm, measured 
by JTS-10 spectrophotometer (BioLogic, Seyssinet-Pariset, France). Appropriate 
10 nm full width at half-maximal interference filters (EdmundOptics, Barrington, 
NJ, USA) and BG39 filters (Schott, Mainz, Germany) were used to protect the light 
detectors from scattering effects. The Chl a concentration was adjusted to 5 µg∙mL1. 
Samples were dark-adapted for three minutes before exposure to 
500 µmolphotons∙m2∙s1 green actinic light for 5 s with white detection flashes 
administered during 200 µs dark intervals. 

3.3.3 Electrochromic shift as the means to calculate pmf 
Electrochromic shift (ECS) was measured as established previously (Nikkanen et al., 
2020) using a JTS-10 spectrophotometer (BioLogic, Seyssinet-Pariset, France) with 
appropriate filters (Edmund Optics). In brief, the Chl a concentration was set to 
7.5 µg∙mL-1. Samples were dark-adapted before exposure to 500 µmolphotons∙m2∙s1 
green actinic light interrupted with dark intervals. pmf was calculated as the extent 
of the ECS decrease at the dark intervals. Proton flux (vH+) was calculated as 
pmf × gH+, where gH+ represents thylakoid conductivity calculated as the inverse of 
the time constant of a first-order fit to ECS relaxation kinetics during a dark interval 
(Cruz et al., 2005). In Paper I, low- and high-cation BG-11 variants were used in 
addition to standard BG-11. 

3.3.4 Cyclic electron transport rate assessment 
To quantify linear and cyclic electron transport rates, I measured the dark interval 
relaxation kinetics (DIRK) of the P700 and Pc signals using DUAL-KLAS-NIR 
(Walz, Effeltrich, Germany), as established previously (Theune et al., 2021). The 
Chl a concentration was adjusted to 15 µg∙mL-1. Briefly, the sample was pre-
illuminated for two minutes with 500 µmolphotons∙m2∙s1, after which the light was 
repeatedly turned off for 20 ms (100x). The P700 and Pc signals were averaged, and 
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the electron flow through PSI was calculated using a script in Origin developed by 
Lauri Nikkanen based on the equations in Theune et al. (2021). Samples were 
measured with or without 20 µM DCMU. 

3.3.5 Acridine orange and acridine yellow fluorescence 
measurements 

The acridine orange (AO) and acridine yellow (AY) fluorescence changes were 
monitored to assess the light-induced alkalisation of the cytosol (Teuber et al., 2001). 
The AO/AY module for DUAL-PAM 100 was used (Schreiber and Klughammer, 
2009). The Chl a concentration was set to 5 µg∙mL-1, and 5 µM of AO or AY were 
added before ten minutes of dark adaptation. The fluorescence was measured under 
216 or 500 µmolphotons∙m2∙s1 as specified in Paper I. 

3.4 Biochemical approaches 

3.4.1 Chlorophyll concentration 
Chl a concentration was quantified by extraction with 90% methanol. Briefly, 
100 µL of samples were mixed with 900 µL of pure methanol (≥99.9%, Sigma-
Aldrich), incubated at 65 °C for 15 min and centrifuged down. The extract was 
measured at OD665 and multiplied by 12.7 to obtain the final Chl a concentration in 
µg∙mL-1. 

3.4.2 Protein extraction and immunoblotting 
Total protein extracts were isolated as previously described (Zhang et al., 2009), 
separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis on 
BioRad Mini-PROTEAN TGX 4-15% precast gels and blotted on polyvinylidene 
fluoride membranes. Membranes were probed with commercial Anti-polyHistidine-
Peroxidase antibody (Sigma-Aldrich) recognising His-tagged heterologous enzymes 
in Paper IV, followed by detection using Amersham ECL (GE Healthcare, Chicago, 
IL, USA). In Paper II, the membranes were probed with custom polyclonal 
antibodies raised against Flv1, Flv2, Flv3 and Flv4 (GenScript, USA). Horseradish 
peroxidase-conjugated secondary antibody (GE Healthcare, Chicago, IL, USA) and 
Amersham ECL (GE Healthcare) were used for detection. In Paper I, the samples 
were taken from light, dark-adapted for 20 minutes, light-supplemented with 30 µM 
CCCP, and frozen in liquid N2. They were then treated as above with membranes 
probed with antibodies against the N-terminal fragment of YFP (Origene), Flv1 and 
Flv4 (Genscript), Flv2 and Flv3 (Antiprot), and PetH (kindly shared by H. Matthijs).  
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3.5 Gas exchange monitoring 

3.5.1 Membrane Inlet Mass Spectrometry 
The in vivo fluxes of 16O2 (m/z = 32), 18O2 (m/z = 36), and CO2 (m/z = 44) were 
followed by an in-house built MIMS as described (Mustila et al., 2016). The final 
Chl a concentration was ~10 µg∙mL-1 (Papers I and IV) or ~6 µg∙mL-1 (Paper II). 
When necessary, the total dissolved inorganic carbon concentration was adjusted to 
1.5 mM by adding NaHCO3. Samples were briefly flushed with N2 to partially 
remove O2, enriched with 18O2 and measured. Samples with no substrate (control 
samples) were handled in the same way as biotransformation samples. 

In Papers I and II, the illumination period was set to 5-5-5 minutes of dark-light-
dark with the light intensity adjusted to 500 µmolphotons∙m2∙s1. A broad white light 
was used, or a filter (LEE Filter, 106 Primary Red) set in front of the light source 
provided red illumination. 

In Paper IV, the illumination period was 2-5-3 minutes of dark-light-dark, and 
the broad white light intensity was 300 µmolphotons∙m2∙s1. 

Gas exchange rates were calculated as reported previously (Beckmann et al., 
2009). The rates are calculated from a sliding window; thus, they appear to increase 
before the onset of illumination and decrease before the end of the illumination 
period. 

The sample was set in the MIMS chamber with minor modifications to couple 
the gas exchange measurements with a biotransformation reaction. The Chl a 
concentration was 11 ± 1 µg∙mL-1, and the volume was 1 mL. The samples were set 
as described above; 10 mM of 2-MM was added, and the measurement was started 
with five minutes of darkness followed by ten minutes of illumination 
(200 µmolphotons∙m2∙s1) and five minutes of darkness. After that, samples were frozen 
in liquid N2 and stored at -20 °C before GC analysis. 

The electron flux towards active YqjM was calculated from the light-dependent 
product concentration (total product concentration - dark rate in 20 minutes) and the 
amount of evolved O2 during the illumination period. The ratio of electrons released 
at PSII per one molecule of O2 and the production of one molecule of NADPH is 
2:1. YqjM requires one molecule of NADPH to reduce one molecule of 2-MM. 

The corrected BVMO-specific O2 uptake was calculated to account for the 
substrate effect on each strain’s respective background. See Paper IV - Equation 1 
and the adjacent section for detailed information. 
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3.6 Bimolecular fluorescence complementation  
Strains were grown in the presence of antibiotics at 30 °C, 3% CO2 and continuous 
50 µmolphotons∙m2∙s1 white light illumination until OD750 = 0.5. Then, cultures were 
set to OD750 = 0.25 in standard BG-11, BG-11 without Mg2+ or Ca2+, or BG-11 with 
25 mM MgCl2 and 30 mM CaCl2. 1 mM IPTG was added to induce the expression 
of BiFC proteins. Cells were grown, harvested and resuspended in 2 mL of fresh 
BG-11 and taken for imaging with a Zeiss LSM880 confocal microscope. Venus 
fluorescence and Chl a autofluorescence were measured with excitation at 488 and 
543 nm and detection at 517–597 nm (for Venus) and 651–758 nm (for Chl a). When 
specified, 30 µM CCCP, 20 µM Nigericin, 20 µM DCMU, or 40 µM Valinomycin 
were added to the sample. The fluorescence co-localisation was analysed using Fiji 
software with the EzColocalization plugin and Pearson correlation coefficient 
(Stauffer et al., 2018). 

3.7 In silico modelling 
The detailed description can be found in the Materials & Methods section of Paper 
I. Briefly, sequences for Flv1, Flv2, Flv3 and Flv4 were retrieved from the UniProt 
database. The crystal structures were obtained via BLAST from PDB using these 
sequences. The 3D models were built using MODELLER v.10.4 (Webb and Sali, 
2016). 

3.8 Statistical analysis  
Analysis and visualisation were conducted using R statistical software (R Core 
Team, 2020) and Origin, version 2016 or 2024 (“Origin,” 2024; “Origin,” 2016). 
Two-way ANOVA or unpaired t-tests were used to test for significance. Tukey’s test 
was used to compare the means of different groups with one another, with p<0.05 as 
the significance cut-off. 
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4 Results 

4.1 Regulation of the activity of flavodiiron proteins 
is dependent on cytosolic pH changes 

4.1.1 Ferredoxin is likely the primary electron donor of FDPs 
To investigate whether FDPs use FNR or NADPH as their electron donors, 
I monitored the NAD(P)H fluorescence changes and O2 photoreduction of the FNR 
mutants deficient in the large (ΔFNRL) or the small (ΔFNRS) FNR isoform (Thomas 
et al., 2006). In ΔFNRL, the light-dependent reduction of NADP+ decreased 
compared to WT and ΔFNRS, which showed no difference between each other 
(Paper I - Fig. 1a-b). However, O2 photoreduction in ΔFNRL was not significantly 
impacted, contrary to what would be expected should NADPH serve as the electron 
donor to FDPs (Paper I - Fig. 1c-d). The slight decrease in O2 photoreduction could 
be attributed to lower Flv2 and Flv4 accumulation under air CO2 levels (Paper I - 
Fig. 1e). When grown under 3% CO2, where Flv2 and Flv4 are not expressed (Zhang 
et al., 2009), no difference in O2 photoreduction was observed between ΔFNRL and 
WT (Paper I - Fig. S4f). However, NADP+ reduction remained impaired in ΔFNRL 
even under 3% CO2 (Paper I - Fig. S5a-b). Deleting Flv1/3 prevents the re-oxidation 
of Fd, P700 and Pc during the first seconds of illumination (Nikkanen et al., 2020; 
Sétif et al., 2020). Indeed, ΔFlv3 demonstrated a sustained reduction of Fd, P700 and 
Pc, while ΔFNRL and ΔFNRS showed kinetics similar to WT (Paper I - Fig. 1g). 
Furthermore, Fd reduction was faster in ΔFNRL than in WT, but the standard re-
oxidation kinetics resumed once FDPs were activated after ~500 ms (Nikkanen et 
al., 2020). 

There are 11 Fd isoforms in Synechocystis (Wang et al., 2022). I assessed how 
the absence of one or multiple of them affects the Mehler-like reaction. No 
significant changes were observed in Mehler-like activity, which was calculated as 
the ratio of maximal O2 photoreduction to gross O2 evolution, or in Fd, P700, and Pc 
redox kinetics in Fd2-11 (Paper I - Fig. 3; Fig. S2; Fig. S9). Therefore, low-
abundance Fds likely do not constitute a major contributor to the Mehler-like 
reaction. 
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Potential protein-protein interactions were investigated using the Bimolecular 
Fluorescence Complementation (BiFC) system. Due to the nature of the 
Synechocystis cell structure and the localisation of the thylakoid membrane at the 
periphery, Chl a fluorescence forms an M-shaped pattern across the cell’s cross-
section. The Pearson correlation coefficient (PCC) was calculated to assess the co-
localisation of Chl a and Venus fluorescence, indicating the protein-protein 
interaction. The interaction of Flv3 with FNRL localised to the thylakoid membranes 
(Paper I - Fig. 2). No interaction was detected for Flv1 with FNRL or Flv2 with FNRL 
or FNRS (Paper I - Fig. 2; Fig. S7). Furthermore, the possible interactions of Fd1 
with FDPs were also tested. The Fd1-Flv1 interaction co-localised to thylakoid 
membranes, while the Fd1-Flv3 interaction showed cytosolic localisation (Paper I - 
Fig. 4a-b). Similarly, Fd1-Flv2 showed cytosolic localisation, while Fd1-Flv4 
showed no interaction. This suggests that the Flv2/4 hetero-oligomer might receive 
electrons from Fd1 via Flv2. Interestingly, Fd9 showed the same interaction pattern 
with Flv1 and Flv3 as Fd1 (Paper I - Fig. S11), suggesting a possible minor role of 
Fd9 as the electron donor to the Flv1/3 hetero-oligomer or their respective homo-
oligomers. 

The self-interaction between FDPs was also tested. The Flv1-Flv1 interaction 
was detected mainly at the thylakoid membrane (Paper I - Fig. S26a), while the Flv3-
Flv3 interaction varied, with one subpopulation of cells showing cytosolic 
localisation and another showing thylakoidal localisation (Paper I - Fig. S26b). No 
interaction was detected for Flv2-Flv3, which supports the inability of these two 
FDPs to form a hetero-oligomeric complex (Mustila et al., 2016). 

4.1.2 Regulation of FDP localisation through cytosolic pH 
changes  

The reversible association of FDPs with the thylakoid membrane has previously been 
hypothesised to depend on cytosolic pH changes, pmf generation, or cation 
concentrations (Nikkanen et al., 2021; Zhang et al., 2012). Under standard conditions 
during the BiFC test, the interaction between Flv1-Flv3 and Flv2-Flv4 showed 
predominantly cytosolic localisation, with a small subpopulation showing an 
association with the thylakoid (Fig. 6a-b). Thus, the interactions were tested in the 
presence of several chemical effectors to evaluate the hypothesis of reversible 
regulation. These effectors included the proton gradient uncoupler carbonyl cyanide 
m-chlorophenyl hydrazone (CCCP), H+/K+ exchanger nigericin, K-specific 
ionophore valinomycin, and PSII electron transport inhibitor 3-(3,4-
dichlorophenyl)-1,1-dimethyl urea (DCMU). 
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Figure 6. Subcellular localisations of Flv1/3 and Flv2/4 interactions. BiFC tests between (a) Flv1-

VN and Flv3-VC. (b) Flv2-VC and Flv4-VN. (c) Flv1-VN and Flv3-VC with 30 µM CCCP 
added in the medium. (d) Flv2-VC and Flv4-VN with 30 µM CCCP added in the medium. 
The upper panels show representative confocal micrographs from the Chl a and Venus 
fluorescence channels. Fluorescence intensity across the cell’s cross-section 
demonstrates localisation. The histogram shows the distribution of the Pearson 
correlation coefficient (PCC) for Chl and Venus fluorescence co-localisation (Adapted 
from Paper I - Fig. 4). 

The addition of 30 µM of CCCP effectively diminished pmf generation (Paper I 
- Fig. S13). As a result, the thylakoid localisation of Flv1-Flv3 and Flv2-Flv4 
interactions increased significantly (Fig. 6c-d). A similar effect was also observed 
after adding 20 µM nigericin (Paper I - Fig. 5e-f; Fig. S16). Nigericin, in 
combination with valinomycin, further increased the thylakoid localisation of Flv2-
Flv4 (Paper I - Fig. 5f). DCMU also increased the thylakoid association of Flv1-Flv3 
and Flv2-Flv4 interactions, although this change was visually less evident (Paper I - 
Fig. S17). Immunoblotting analysis of samples with and without CCCP showed 
a lower accumulation of Flv1, Flv2, and Flv3 in the soluble fraction, while Flv4 was 
consistently detected only in the membrane fraction (Paper I - Fig. S18). 

Reliance on ΔpH would benefit the rapid activation of the Mehler-like reaction 
needed upon strong illumination. In the dark, when cytosolic pH is close to neutral, 
FDP hetero-oligomers associate with the membrane, while upon illumination and the 
subsequent cytosol alkalisation, they disassociate. Indeed, in the presence of CCCP, 
the maximal O2 photoreduction to gross O2 evolution ratio increases significantly. 
A similar effect was also observed with nigericin, which, unlike CCCP, does not 
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negatively affect O2 evolution (Paper I - Fig. S19-20). Fluorescence measurements 
of Acridine Orange (AO) and Acridine Yellow (AY) showed delayed cytosol 
alkalisation, suggesting that FDPs remain associated with the thylakoid membrane 
(Paper I - Fig. S21). Contrastingly, changes in cation concentrations or the thiol 
redox state (by adding dithiothreitol or CuCl2) did not significantly alter the Flv1-
Flv3 or Flv2-Flv4 localisation. CuCl2 caused a slight elevation of pmf while 
decreasing the thylakoid association (Paper I - Fig. S22-25). 

4.1.3 Surface charge modelling supports pH-dependency  
The natural range of cytosolic pH is between 7 in the dark and 8.5 during strong 
illumination, depending on extracellular pH (Coleman and Colman, 1981; Mangan 
et al., 2016). Low pH may protonate acidic protein residues, making their surface 
charge more positive, thereby enhancing electrostatic interactions with negatively 
charged membranes (Johnson and Cornell, 1999; Mulgrew-Nesbitt et al., 2006). 
Therefore, the surface charge of FDP monomers and oligomers was modelled at the 
relevant pH. Flv1 and Flv3 monomers have a negative surface charge at neutral pH, 
which becomes more negative at alkaline pH. Flv1/3 hetero-oligomers carry a net 
negative charge at neutral pH with positive patches, allowing them to interact with 
the negatively charged membrane. At alkaline pH, their charge is strongly negative, 
increasing repulsion from the membrane. In contrast, Flv2 has a strong negative 
charge at both pH levels, while Flv4 has a positive charge at neutral pH and only 
a slightly negative one at alkaline pH with large positive patches. The Flv2/4 hetero-
oligomers have a negative surface charge at neutral pH and a highly negative surface 
charge at alkaline pH, hindering their membrane interaction (Paper I - Fig. 7). 
However, the positive patches on Flv4 might allow the Flv2/4 to associate with the 
membrane for longer compared to Flv1/3. 

4.2 Cell’s response to light-driven whole-cell 
biotransformation 

Despite various recent attempts to engineer and improve the biotransformation yield 
of several enzymatic applications by altering the PETC, a thorough understanding of 
the effects of employing cyanobacterial cells as a chassis for biotransformation on 
the cell’s bioenergetics has been missing. The strong electron sink - NAD(P)H-
dependent ene-reductase YqjM from B. subtilis - serves as an appropriate tool to 
address this knowledge gap. 

2-methylmaleimide (2-MM), the substrate of YqjM, is a thiol-active organic 
compound that has previously shown toxic effects on the viability of Synechocystis, 
as observed by growth on agar plates after exposure. The reaction’s product, 
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2methylsuccinimide (2-MS), did not affect the cell’s viability (Assil-Companioni et 
al., 2020). However, the specific effects of 2-MM on the photosynthetic apparatus 
have remained unknown. I added 2-MM to WT cells (background of Syn::YqjM) 
and assessed the response of the photosynthetic apparatus by biophysical 
measurements (Paper II - Fig. S3-4; Fig. S6-9; Fig. S12). 2-MM inhibits CO2 
fixation, likely due to its thiol-binding activity affecting the redox regulation of the 
CBB cycle. O2 evolution was also inhibited. As a result, the ratio of O2 
photoreduction to gross O2 evolution increased, as did the CET:LET ratio. However, 
in the strain expressing YqjM (Syn::YqjM), O2 evolution remained unchanged in the 
presence of 2-MM (Paper II - Fig. 2), demonstrating that 2-MM did not directly 
affect PSII. Furthermore, 2-MM caused an increase in the proton conductivity of the 
thylakoid membrane, dissipating the pmf, thus preventing the induction of 
photosynthetic control. The expression of YqjM with no substrate present did not 
cause any detectable effects on the photosynthetic apparatus (Paper II - Fig. S2). 

4.2.1 Ferredoxin, the electron distribution hub downstream 
of PSI 

Fd is the electron distribution hub downstream of PSI, with several metabolic 
pathways dependent on reduced Fd as their electron donor. The main pathway for 
reduced Fd is the production of NADPH by FNR. YqjM has a strong affinity for 
NADPH, and the decay of NAD(P)H fluorescence in Syn::YqjM in the presence of 
2-MM is significantly faster (Assil-Companioni et al., 2020). Therefore, it creates 
a strong electron sink. Indeed, I did not detect light-induced NADPH accumulation 
in Syn::YqjM with 2-MM added (Fig 7c; Paper II - Fig. S9). As a result, the Fd pool 
remained oxidised upon illumination and demonstrated even stronger oxidation after 
2 s of strong illumination (Fig. 7d). 
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Figure 7. The electron distribution downstream of PSI in Syn::YqjM ± S. (a) Schematic of electron 

flux. The black arrows signify Syn::YqjM - S, while the purple arrows signify Syn::YqjM 
+ S. The arrows’ thickness indicates the electron flow. (b) The product concentration 
(2MS) and the initial specific activity of YqjM. (c) Light-induced accumulation of NADPH. 
(d) The Fd redox kinetics and the maximal reduction of Fd upon illumination relative to 
the dark level. (e) The post-illumination F0 rise, and CET ratio as assessed by dark-
interval relaxation kinetics of P700 and Pc during illumination. (f) The kinetics of the O2 
photoreduction rate upon illumination and the maximal and steady-state O2 
photoreduction rate as a proxy for the activity of FDPs. (Paper II - Fig. 3). 

The AET pathways are also dependent on reduced Fd. Since no reduced Fd was 
observed, I assessed the activity of the FDPs and CET mediated by the NDH-1 
complex. The post-illumination rise in fluorescence was eliminated, and the 
CET:LET ratio decreased from 19 ± 13% to 3 ± 1% (Fig. 7e). The activity of FDPs 
was monitored by measuring the O2 photoreduction upon strong illumination. When 
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2-MM was added to Syn::YqjM, no O2 photoreduction was detected (Fig. 7f). No 
changes in the abundance of individual FDPs were observed (Paper II - Fig. S10). 
Thus, the active YqjM, which maintains the NADPH/NADP+ pool oxidised, drives 
up the activity of FNR, which in turn outcompetes AET for electrons. 

4.2.2 The photosynthetic electron transport chain is strongly 
oxidised 

The high FNR activity keeps the Fd pool oxidised during illumination. I, therefore, 
examined the redox state of PSI and Cyt b6f complexes and the soluble electron 
carrier Pc. The P700 reaction centre of PSI lacked the standard transient reduction 
upon illumination, which coincides with the transient Fd reduction observed under 
control conditions (Fig. 7d - black trace; Fig. 8f). Similarly, Pc showed no reduction 
and was strongly oxidised during illumination with an incomplete re-reduction in the 
dark (Fig. 8e). Cyt f and b hemes, the integral components of Cyt b6f, lacked the 
standard kinetics and the transient reduction peak shortly after illumination. 
Furthermore, both components demonstrated strong oxidation in the dark after the 
lights were turned off (Fig. 8c-d). Despite the low CET contribution, the total PSI 
electron transport rate increased (Fig. 8b; Paper II - Fig. S4; Fig. S7). 

4.2.3 Coupling light-driven whole-cell biotransformation with 
real-time gas exchange measurements 

To perform an electron flux analysis of the YqjM biotransformation, I coupled real-
time gas exchange measurements using MIMS with biotransformation. I followed 
the O2 evolution and analysed substrate and product concentrations (2-MM and 
2MS, respectively) of YqjM’s activity by liquid-liquid extraction and GC. The 
samples were illuminated in the MIMS sample chamber for ten minutes, and 
0.69 ± 0.07 mM of 2-MS was detected. By subtracting the dark rate 
(0.01 mM∙min1), I determined that the light-dependent production yielded 
0.45 ± 0.07 mM of 2-MS (Paper II - Fig. 5; Fig. S13). After including the 
0.41 ± 0.03 mM of total evolved O2 in the calculations, it was concluded that YqjM 
used 54 ± 5% of electrons released from PSII to reduce 2-MM into 2-MS. Thus, 
active YqjM consumes a significant fraction of the chemical energy downstream of 
PSI. 
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Figure 8. The redox state of the PETC and the electron transport through PSI in Syn::YqjM ± S. 

(a) Schematic of the oxidation/reduction steps of the PETC upon illumination in 
Syn::YqjM - S (black) and Syn::YqjM + S (purple). (b) Total electron transport through 
PSI and the individual cyclic and linear electron transport during steady-state 
illumination. Redox signatures of Cyt b6f components (c) b hemes and (d) Cyt f. The 
redox signature of (e) the electron carrier Pc and (f) PSI reaction centre chlorophylls 
P700. The triangle represents a saturating pulse distribution. The dashed vertical line 
points at the transient reduction of P700, Pc, b hemes and Cyt f (Paper II - Fig. 4). 

4.3 YqjM is NADPH-limited under standard 
conditions 

Based on theoretical calculations of NADPH production (Kauny and Sétif, 2014) 
and the results of Paper II, ene-reduction mediated by YqjM is presumed to be 
NADPH-limited. In addition to photosynthesis, NADPH is produced through 
glucose metabolism via the OPP pathway. YqjM can also utilise NADH, although 
YqjM’s affinity for NADH is significantly lower than that for NADPH (Assil-
Companioni et al., 2020). Therefore, the addition of D-glucose and other 
carbohydrates to the biotransformation reaction was studied to determine whether it 
leads to an improved specific activity of YqjM. 

4.3.1 The addition of D-glucose transiently enhances light-
driven whole-cell biotransformation 

The biotransformation reaction was performed at various cell densities, light 
regimes, and with or without the addition of D-glucose to observe the contribution 
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of glycolytic pathways under different conditions. As expected, the specific activity 
was highest at low cell densities and decreased with increasing culture density. 
However, the specific activity in the dark did not change with increasing culture 
density. This is a common occurrence in biotransformation reactions using 
heterotrophic organisms, where the specific activity remains stable in relation to cell 
density until a limitation in substrate or energy is reached. Concerning the different 
light intensities tested, the highest specific activity was reached when the 
biotransformation reaction was performed under high light intensity with cultures 
grown in high light, although the differences between different illuminations were 
less pronounced at higher cell densities (Fig. 9). 

The addition of 2.5 mM D-glucose enhanced the production of 2-MS in several 
conditions, with the most significant improvement observed in OD750 = 2.5, while 
dense cultures showed mostly insignificant change (Paper III - Fig. 2a-b). However, 
a consistent improvement was reached in biotransformation reactions performed in 
the dark (Fig. 9). This improvement was also universal for other tested substrates of 
YqjM (Paper III - Fig. 3), suggesting NADPH limitation as the universal bottleneck 
for YqjM with all substrates, despite their different specific activities. Interestingly, 
increasing the concentration of D-glucose did not result in further improvements in 
the biotransformation activity (Paper III - Fig. S2a). Furthermore, other saccharides 
(D-fructose, D-galactose, D-saccharose, or D-sorbitol) had negligible effects (Paper 
III - Fig S2b). Thus, this improvement was specific only to 2.5 mM D-glucose. 

 
Figure 9. Specific activity of YqjM at different optical densities ± D-glucose. HL = high light 

cultivation and low light reaction; LL = low light cultivation and reaction; HH = high light 
cultivation and reaction; LH = low light cultivation and high light reaction (Adapted from 
Paper III - Fig. 2). 

I assessed the effect of 2.5 mM D-glucose addition during biotransformation on 
the photosynthetic apparatus by measuring the effective yield of PSI and PSII [Y(I) 
and Y(II), respectively]. No significant changes in Y(II) or Y(I) were observed when 
D-glucose was added on top of 2-MM (Paper III - Fig. 4). I also measured the light-
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induced NAD(P)H kinetics in samples with or without D-glucose. As in Paper II, no 
light-induced reduction of NADPH was observed in samples with 2-MM. 
Furthermore, in samples with D-glucose added, the NAD(P)H fluorescence 
continued to increase steadily (Paper III - Fig. 5). This suggests an increase in the 
overall NAD(P)H pool size, supporting higher biotransformation activity. 

4.3.2 Mixotrophic growth is detrimental to light-driven whole-
cell biotransformation activity 

To verify whether the addition of D-glucose during the growth phase could benefit 
biotransformation, the cultures were grown under photomixotrophy for two days. 
However, the specific activity decreased significantly compared to cells grown 
photoautotrophically, except for the reaction run in the dark (Fig. 10). The 
intracellular in vitro activity of YqjM also decreased in mixotrophically grown cells 
(Paper III - Fig. S3). Interestingly, addition of D-glucose at the start of the 
biotransformation reaction improved the activity; however, it remained lower than 
in autotrophically grown cells (Fig. 10). 

 
Figure 10. Conversion of 2-MM by Syn::YqjM grown in photoautotrophy or photomixotrophy. The 

yield was obtained after 30 minutes of the reaction (Adapted from Paper III - Fig. 6). 

4.3.3 Upscaling with bubble column reactor 
The use of internal illumination in a bubble column reactor to overcome self-shading 
in high-density biotransformation has been previously reported (Hobisch et al., 
2021). To test whether the addition of D-glucose provides the same benefit in 
a small-scale-up system, the experiment was performed using the 200 mL bubble 
column reactor. Indeed, the volumetric productivity of 2-MS increased by 2.4-fold, 
and complete conversion was reached within an hour, which is twice as fast as 
without D-glucose (Paper III - Fig. 7). 
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4.4 Baeyer-Villiger oxidation for lactone production 
in cyanobacteria 

Caprolactone is an important bulk chemical in the polymer industry. Engineered 
cyanobacteria expressing BVMOs can replace the traditional production method 
using acids. I characterised two BVMOs, Parvi and Xeno, under standard conditions: 
ambient air CO2 (0.04%, LC) and white light illumination. In line with previous 
research (Erdem et al., 2022), Xeno exhibited higher specific activity than Parvi. 
However, the previously reported benefit of deleting Flv1 was replicated for Parvi 
but not for Xeno (Paper IV - Fig. 1; Fig. S4). This suggests a more nuanced cause 
behind the improvement from Flv1 deletion. 

4.4.1 Identifying the limiting factor of BVMO activity 
BVMOs require O2 and NADPH for their activity. Therefore, I focused on 
establishing whether their availability could be the limiting factor. The light-induced 
accumulation of NADPH was assessed by measuring the changes in NAD(P)H 
fluorescence upon illumination. No difference was observed in samples with or 
without cyclohexanone (Fig. 11a). 

The dynamics of O2 consumption were monitored by MIMS under 
biotransformation conditions with and without cyclohexanone. A significant 
increase in total O2 uptake in all BVMO-expressing strains was observed in the 
presence of cyclohexanone. Interestingly, the background strains responded 
differently; total O2 uptake increased in WT but did not change in ΔFlv1 (Paper III - 
Fig. 1b, c). To normalise each BVMO-expressing strain to its background and the 
respective cyclohexanone effect, I calculated the “corrected BVMO-specific O₂ 
uptake” (CorrO2). Syn::Xeno showed significantly higher CorrO2 than Syn::Parvi, 
while ΔFlv1::Xeno and ΔFlv1::Parvi were comparable (Fig. 11b). Interestingly, the 
CorrO2 of ΔFlv1::Xeno is (though insignificantly) lower than that of Syn::Xeno, 
despite their specific activities being the same (Paper IV - Fig. 1e). CorrO2 correlates 
with the biotransformation rate, where after five hours, Syn::Xeno showed a higher 
ε-caprolactone concentration than ΔFlv1::Xeno, while Syn::Parvi reached a slightly 
lower concentration than ΔFlv1::Parvi (Paper IV - Fig. S4). 
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Figure 11. Characterisation of WT, ΔFlv1 and strains expressing BVMO under standard conditions 

- white light illumination and ambient air. (a) The light-induced NADPH level determined 
as the difference between NAD(P)H fluorescence shortly after and before the onset of 
illumination. (b) CorrO2 of BVMO-expressing strains. The column bars represent Mean 
± SD. Black - WT, blue - ΔFlv1, red - Syn::Parvi, green - ΔFlv1::Parvi, magenta - 
Syn::Xeno, orange - ΔFlv1::Xeno, striped - - S, full - + S, (Adapted from Paper IV - 
Fig. 1). 

4.4.2 Growth under elevated CO2 enhances light-driven 
whole-cell biotransformation 

I decided to optimise growth and biotransformation conditions to enhance BVMOs’ 
activity. Cells were grown, and biotransformation was performed under a CO2-rich 
atmosphere (3%, HC). Syn::Xeno reached a 4-fold higher specific activity, while 
Syn::Parvi demonstrated a 3-fold increase. In line with the higher specific activity, 
Syn::Xeno fully converted the supplied 5 mM cyclohexanone in under two hours 
(Fig. 12a). The immunodetection of the N-terminal His-tag revealed an increased 
abundance of BVMOs in cells grown under HC conditions compared to LC 
(Fig. 12c). Furthermore, a significant difference was detected between WT and 
ΔFlv1 background strains, with ΔFlv1::Parvi showing a significantly higher 
abundance of Parvi compared to Syn::Parvi. ΔFlv1::Xeno also demonstrated a higher 
abundance of Xeno than Syn::Xeno, although this difference was smaller (Paper IV 
- Fig. S5). 

The light-induced accumulation of NADPH showed no differences between 
samples with and without cyclohexanone, consistent with observations under LC 
conditions. However, strains expressing Xeno showed a decrease in light-induced 
NADPH accumulation, particularly ΔFlv1::Xeno compared to its background ΔFlv1. 
This suggests that the strong expression of Xeno might affect light-induced NADPH 
accumulation even in the absence of the enzyme’s substrate (Fig. 12b). The CorrO2 
of Xeno-expressing strains was 5-fold higher than that of those expressing Parvi (Fig. 
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12e). Interestingly, the ΔFlv1 background displayed a higher CorrO2 for both 
enzymes, while the specific activity was higher only with Parvi. ΔFlv1::Xeno 
showed lower specific activity than Syn::Xeno (Fig. 12a,e). 

The improvements achieved with BVMOs were promising; therefore, I decided 
to test whether the same approach would also benefit other enzymes. To do this, 
I grew two strains expressing the ene-reductase YqjM (also used in Papers II and III) 
under LC and HC conditions. However, no changes were observed in the specific 
activity or the biotransformation rate. No difference was further observed between 
Syn::YqjM and ΔFlv1::YqjM under LC or HC conditions. YqjM accumulation 
remained constant in the WT background and slightly decreased in the ΔFlv1 
background under HC (Paper IV - Fig. 4). 
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Figure 12. Characterisation of strains expressing BVMO under HC conditions and white light 

illumination. (a) Specific activity calculated from the 45-min time point of the 
biotransformation reaction and the concentration of ε-caprolactone during the 
biotransformation reaction. (b) The light-induced NADPH accumulation calculated as 
the difference between NAD(P)H fluorescence shortly after and before the onset of 
illumination. (c) Immunodetection of BVMO enzymes with an anti-His antibody and 
relative protein abundance change in relation to the LC sample. Syn::E - Synechocystis 
expressing Parvi or Xeno, ΔFlv1::E - ΔFlv1 strain expressing Parvi or Xeno. (d) The total 
O2 uptake under illumination with and without substrate in the media. (e) CorrO2 of 
BVMO-expressing strains. The column bars represent Mean ± SD [SEM in (c)]. Black - 
WT, blue - ΔFlv1, red - Syn::Parvi, green - ΔFlv1::Parvi, magenta - Syn::Xeno, orange - 
ΔFlv1::Xeno, striped - -S, full - +S, (Adapted from Paper IV - Fig. 2). 
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4.4.3 Light quality strongly influences light-driven whole-cell 
biotransformation 

In addition to CO2 availability, the effect of modified light quality during growth and 
biotransformation reaction was tested with Xeno-expressing strains. I used broad 
white light enriched with red and blue wavelengths (W+R/B, Paper IV - Fig. S2). 
Under LC conditions, the cells grown under W+R/B lights showed a 2-fold increase 
in specific activity compared to those under white light (Fig. 13a; Paper IV - Fig. 
1e). However, when W+R/B lights were combined with HC conditions, no further 
benefit to biotransformation was observed, and the specific activity was comparable 
to that under white light and HC conditions (Fig. 13a; Fig. 12a). The results of 
immunodetection showed a nonsignificant increase in protein accumulation in 
W+R/B light compared to white light samples in both LC and HC conditions (Fig. 
13b). This suggests that the effects of light quality and CO2 availability might differ, 
with each enhancing the biotransformation through different mechanisms. 

 
Figure 13. Effects of W+R/B illumination under LC or HC conditions on Xeno-expressing strains. 

(a) Specific activity calculated from the 45-min time point of the biotransformation 
reaction and the concentration of ε-caprolactone during the biotransformation reaction. 
The column bars represent Mean ± SD. (b) Immunodetection of BVMO enzymes with 
anti-His antibody and relative protein abundance change in relation to the LC sample. 
The column bars represent Mean ± SEM. W - white light, W+R/B - white light enriched 
with red and blue wavelengths, magenta - Syn::Xeno, orange - ΔFlv1::Xeno, full colour 
- W, light colour - W+R/B, (Paper IV - Fig. 4). 
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5 Discussion 

Cyanobacteria are excellent model organisms for studying the regulation of 
photosynthesis, the process responsible for life on Earth. Moreover, they are poised 
to play a significant role in the green transition. This thesis focuses on deciphering 
the regulation of FDP-mediated Mehler-like reaction (Paper I), the physiological 
response of Synechocystis to light-driven whole-cell biotransformation (Paper II), 
enhancing the activity of ene-reductase YqjM by boosting NADPH production 
(Paper III), characterising and enhancing the Baeyer-Villiger oxidation in 
Synechocystis (Paper IV), and reviewing the role of microalgae in future 
technologies as biocatalysts (Paper V). 

5.1 Self-regulatory feedback mechanism controls 
the activity of the FDP-mediated Mehler-like 
reaction 

FDPs, in their hetero-oligomeric composition, constitute one of the main safety 
outlets of the LET by dissipating excess electrons from Fd to O2. The activity of the 
Flv1/3 hetero-oligomer is indispensable under fluctuating light intensity and during 
the transition from dark to high light, whereas the Flv2/4 hetero-oligomer is rather 
involved in steady-state O2 photoreduction. The rapid changes in light intensity 
necessitate quick activation and flexible regulation of FDPs’ activity. Several aspects 
of their activity, localisation, and regulation remain unclear, and contrasting results 
have been reported. Paper I exploited the BiFC technique to study in vivo protein-
protein interactions and the localisation of FDPs and Fd isoforms. 

Although previous in vitro studies demonstrated FDP activity using NAD(P)H 
as their electron donor (Brown et al., 2019; Shimakawa et al., 2015; Vicente et al., 
2002), the reported rates were several-fold lower than the O2 photoreduction rates 
observed in in vivo studies (Santana-Sanchez et al., 2019). Furthermore, these in 
vitro studies used FDPs in their monomeric or homo-oligomeric composition; 
however, Flv1 or Flv3 monomers and homo-oligomers do not contribute to the 
Mehler-like reaction in vivo (Mustila et al., 2016). Our results showed that no 
significant impairment of O2 photoreduction could be observed in the ΔFNRL mutant 
lacking the large FNR isoform responsible for NADP+ reduction. Should NADPH 



Michal Hubáček 

68 

be donating electrons to the Mehler-like reaction, a decrease would be expected. No 
differences were also observed in P700 or Fd redox kinetics (Paper I - Fig. 1). The 
increased abundance of Flv1 and Flv3 in ΔFNRS (an insignificant increase was also 
observed in ΔFNRL) could be related to the increased pressure on the Fd pool due to 
a missing electron sink (ΔFNRL) or disrupted CET (ΔFNRS), as both Flv1/3 hetero-
oligomer and CET contribute to the oxidation of Fd (Nikkanen et al., 2020; Storti et 
al., 2020). Based on the results in Paper I and previous studies (Nikkanen et al., 2020; 
Sétif et al., 2020), it is unlikely that FNR or NADPH could serve as the main electron 
donors to Flv1/3 and Flv2/4 hetero-oligomers performing the Mehler-like reaction. 
However, NADPH could still play a role as the electron donor in the unknown 
physiological role of FDP homo-oligomers. Accordingly, FNRL can interact with 
Flv3 homo-oligomers in BiFC tests (Paper I - Fig. 2), and their additional 
physiological role has been suggested (Mustila et al., 2016). 

Out of the ten low-abundant Fd isoforms (Fd2-11), only Fd2, which is involved 
in a low-iron response (Schorsch et al., 2018), is essential for photoautotrophic 
growth (Cassier-Chauvat and Chauvat, 2014). Fd9 is involved in photomixotrophic 
growth (Wang et al., 2022), and its interaction with Flv3 in a two-hybrid system was 
reported (Cassier-Chauvat and Chauvat, 2014). Furthermore, Fd1 interacted with 
Flv1, Flv2, and Flv3 (Paper I - Fig. 4) and Fd9 with Flv1 and Flv3 (Paper I - Fig. S9). 
The contribution of the low-abundant Fd isoforms to the Mehler-like reaction is 
likely rather insignificant, as demonstrated by WT-like O2 photoreduction in strains 
lacking one or multiple Fd isoforms (Paper I - Fig. 3). This confirms Fd1 as the likely 
main electron donor to Flv1/3 and Flv2/4 hetero-oligomers in vivo; though, a minor 
role of Fd9 cannot be excluded. 

The protein-protein interactions of Fd1 with Flv1 were primarily localised to the 
thylakoid, whereas interactions with Flv3 occurred in the cytosol (Paper I - Fig. 4). 
However, the localisation might be further controlled by the physiological state of 
the cell. Upon the addition of the pmf-uncoupler CCCP or nigericin, the Flv1/3 
interaction showed stronger thylakoid localisation, while Flv2/4 presented a smaller 
change (Fig. 6). In agreement, the ΔD1D2 mutant, deficient in the D1 and D2 
subunits of NDH-1, which has disrupted CET and pmf generation, maintains high O2 
photoreduction (Nikkanen et al., 2020). The loss of the ΔpH component of pmf 
strongly influences Flv1/3 hetero-oligomers, while the localisation of Flv2/4 hetero-
oligomers might be further influenced by ionic balance across the membrane since 
it responded more strongly to the potassium-specific ionophore valinomycin (Paper 
I - Fig. 5). 

Thus, the results of Paper I suggest that FDP activity is regulated by cytosolic 
pH changes (Paper I - Fig. 8). In dark or low light, the cytosol is near-neutral, 
promoting the localisation of FDP hetero-oligomers on the thylakoid membrane. 
Upon the shift to high light, FDPs catalyse rapid O2 photoreduction. It takes 3–4 
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minutes to reach full alkalisation of the cytosol (Paper I - Fig. S21b). FDPs then 
disassociate from the thylakoid membrane, lowering the O2 photoreduction rate 
(Santana-Sanchez et al., 2019). 

The results of in silico modelling are in agreement with this proposed 
mechanism. The net surface charge changes with the physiological range of cytosolic 
pH. At near-neutral pH, Flv1/3 and Flv2/4 hetero-oligomers showed low negative 
charge with positive patches, allowing for association with the negatively charged 
thylakoid membrane. Upon the alkalisation of the cytosol, the surface charge became 
more negative, repelling FDP hetero-oligomers from the membrane. Interestingly, 
the Flv2/4 hetero-oligomer retained positive patches on Flv4, which could enable it 
to remain associated with the membrane for longer and potentially explain the 
distinct kinetics of Flv1/3 and Flv2/4. 

5.2 Strong heterologous sink outcompetes 
alternative electron pathways for electrons 

Fd is not only the donor to FDP hetero-oligomers (Paper I) but also serves as an 
important electron distribution hub downstream of PSI. The CET, hydrogenase, 
nitrogen assimilation, or the Trx regulation system use Fd as their electron donor. 
Furthermore, it plays a central role in electron sink engineering applications that 
directly utilise photosynthetic reducing power. Thus, Paper II explores the 
orchestration of the electron distribution from Fd using a strong heterologous 
electron sink, NAD(P)H-dependent ene-reductase YqjM from B. subtilis. 

I showed that the substrate of YqjM, 2-MM, blocked carbon fixation via the CBB 
cycle and dissipated pmf, affecting ATP synthesis. It is important to note, that its 
effects on the Trx system can have broader physiological impact (Paper II - 
Appendix S1). As a result of pmf dissipation, the photosynthetic control at Cyt b6f at 
acidic lumenal pH (Malone et al., 2021) was not induced. Once YqjM was activated 
by adding 2-MM, it efficiently consumed available NAD(P)H, keeping the 
NADP+/NADPH pool oxidised (Fig. 7). This, in turn, caused the FNR to readily 
oxidise any available reduced Fd, preventing the accumulation of reduced Fd upon 
illumination (Fig. 7). The lack of reduced Fd potentially disrupts other metabolic and 
regulatory pathways, which can have detrimental effects on the long-term efficiency 
of biotransformation by lowering the cell’s fitness. The longevity of YqjM ene-
reduction remains to be explored. 

The lack of reduced Fd eliminated the O2 photoreduction and decreased the CET 
mediated by the NDH-1 complex (Fig. 7). The energetic demand of YqjM is high 
enough to outcompete FDPs for electrons despite the pmf dissipation, which 
promotes their activity (Paper I). Furthermore, the ETR(I) increased, but the 
contribution of CET was strongly diminished. This finding is counterintuitive since 
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O2 evolution at the OEC at PSII and ETR(II) did not change significantly. 
A simultaneous measurement by DUAL-PAM showed a higher ETR(I)/ETR(II) 
ratio, removing the uncertainty introduced by measurements performed with 
different instruments (DKN and MIMS for separate assessments of PSI and PSII, 
respectively). It is important to note that discrepancies between increases in ETR(I) 
and ETR(II) have been previously reported (Ermakova et al., 2016; Torrado et al., 
2022; Viola et al., 2021), and the simultaneous quantification of electron transport is 
challenging (Fan et al., 2016; Kauny and Sétif, 2014). 

The strong electron consumption of YqjM was also observed in the PETC 
components. The transient reduction upon illumination observed in standard 
conditions was completely missing from Fd, P700, Pc, and both components of 
Cyt b6f (Fig. 7; Fig. 8). During the transition from dark to light, when downstream 
processes such as CO2 fixation are not yet active, electrons pool at Fd and further 
upstream in the PETC. However, active YqjM prevented this pooling, maintaining 
the PETC in an oxidised state up until the b hemes of Cyt b6f, which remained 
reduced during illumination (Fig. 8). This demonstrates that a highly catalytically 
active NADPH-dependent heterologous enzyme can “empty” the PETC by driving 
up the activity of FNR.  

In conclusion, the availability of NADP+ limits the activity of FNR under 
standard conditions. However, when a strong NADPH sink is introduced, and 
NADP+ is no longer a limiting factor for FNR’s activity, it will outcompete other 
electron acceptors that rely on reduced Fd. It is important to note that the substrate’s 
broad effects make the physiological assessment complex. Nevertheless, the results 
of Paper II shed light on the electron distribution between Fd-dependent pathways. 

5.3 Identification of bottlenecks is a crucial 
prerequisite to successful engineering 

To design targeted modifications for biotransformation improvements, it is 
important to thoroughly characterise the selected enzymatic system and assess its 
potential bottlenecks. The cofactors required by each enzyme can differ; thus, an 
improvement strategy that is effective for one might not benefit another. YqjM 
(Papers II and III) requires NAD(P)H as the electron donor, and while it has 
a stronger affinity for NADPH, it can also oxidise NADH (Assil-Companioni et al., 
2020). On the other hand, BVMOs used in Paper IV are type I (Kamerbeek et al., 
2004; Malito et al., 2004) and require NADPH and O2. It is necessary to determine 
whether the availability of the cofactor or O2 might be the limiting factor. Therefore, 
bottlenecks must be assessed separately for each enzyme and setup. 

Based on the results of Paper II and previous studies (Assil-Companioni et al., 
2020), NADPH availability was pinpointed as the limiting factor for YqjM. 
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Therefore, an approach to increase the rate of NADP+ reduction could be beneficial. 
Indeed, this direction was explored in Paper III with promising results. In contrast, 
neither NADPH nor O2 availability appeared to limit the activity of BVMOs under 
the studied conditions (Paper IV). BVMOs also showed lower specific activity than 
YqjM, indicating that their limitation lies within the inherent enzymatic activity, 
expression levels or other characteristics. Indeed, targeting their protein levels in 
Paper IV proved beneficial. 

Deleting competing electron sinks has become a popular approach to improving 
biotransformation yields. The deletion of FDPs increased the specific activity of 
YqjM or BVMOs (Assil-Companioni et al., 2020; Erdem et al., 2022; Spasic et al., 
2022); however, the results of Paper II suggest that this improvement was likely 
caused indirectly rather than by removing the competition for electrons. It is 
important to note that NADPH-dependent enzymes are not in direct competition with 
Fd-dependent pathways. Paper II demonstrates that FNR can fully oxidise the Fd 
pool when the NADP+/NADPH pool is also oxidised. Instead, other NADPH-
consuming pathways, such as the CBB cycle, could be considered direct competitors. 
It is important to note that every modification of the PETC or wider metabolism 
carries a risk of unexpected side effects and necessitates careful characterisation. 
Cells will attempt to acclimate and rebalance themselves after these modifications. 
Additionally, the role of FDPs is complex, with the function of their homo-
oligomeric organisation unknown and their involvement in other metabolic 
pathways uncertain. Therefore, each deletion or modification of the PETC should be 
carefully considered. 

For Fd-dependent enzymes, however, deleting FDPs or other AET pathways can 
still be beneficial (Appel et al., 2020; Berepiki et al., 2018; Lassen et al., 2014; 
Mellor et al., 2016; Torrado et al., 2022). Alternatively, attaching heterologous 
enzymes directly to PSI, Fd, or FNR showed positive results (Medipally et al., 2023). 

5.4 Glucose addition can temporarily alleviate 
NADPH limitation in light-driven whole-cell 
biotransformation using ene-reductase YqjM  

Stopped-flow kinetics measurements revealed that the turnover rate of the oxidative 
half-reaction (the reduction of the substrate) of YqjM is over 50 times higher than 
that of the reductive half-reaction [oxidation of NAD(P)H]. Therefore, YqjM will 
maintain an oxidised state in the presence of its substrate (Assil-Companioni et al., 
2020). The reported intracellular concentration of NADPH in photoautotrophically 
grown Synechocystis is 87.4 nM OD730

-1 (Tanaka et al., 2021), which is well below 
the saturation point for YqjM at 500 µM. As also demonstrated in Paper II, the 
availability of NAD(P)H is thus limiting YqjM’s activity. The production of 
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NAD(P)H by glycolytic pathways contributes to the heterologous activity as the 
biotransformation proceeds in the dark (Papers II and III) or in the presence of 
DCMU (Nakamura and Yamanaka, 2002). Therefore, the addition of D-glucose to 
boost this contribution was tested in both lab-scale and larger-scale setups in Paper 
III. 

The addition of D-glucose improved biotransformation performance mainly at 
low cell densities (0.6 gDCW∙L-1), while the improvement was generally low in high 
cell densities (up to 3.0 gDCW∙L-1). However, the effect in the dark was consistent 
across all cell densities (Fig. 3). This suggests that the observed improvement also 
depends on light availability and the physiological state of the cells. Interestingly, at 
high cell densities, the addition of D-glucose showed a significant improvement only 
in cultures grown under low light intensities, with the reaction also performed under 
low light (Fig. 3). Cultures grown under high light intensity or when the reaction was 
performed under high light intensity showed no benefit. 

Synechocystis can readily switch to mixotrophic growth with a fast growth rate 
upon the addition of D-glucose into the media. Interestingly, mixotrophy was 
detrimental to YqjM’s conversion rate (Fig. 4), but adding D-glucose at the start of 
the biotransformation reaction remained beneficial. This could be attributed to the 
downregulation of several OPP pathway enzymes or the broader metabolic changes 
occurring during mixotrophic growth (Muth-Pawlak et al., 2022). It has also been 
reported that photosynthesis is downregulated in mixotrophy (Solymosi et al., 2020). 
However, this might depend on the particular Synechocystis strain, as different WT 
strains can respond differently to the same conditions or modifications (Koskinen et 
al., 2023). Nonetheless, the lower contribution of photosynthetic NADPH could 
partially explain the poor performance under mixotrophy. 

Targeting the bottleneck of biotransformation is a successful strategy, as 
demonstrated in Paper III. Other strategies aiming at increasing the NADP+/NADPH 
pool size or the NADP+ reduction rate could be combined to achieve higher 
biotransformation rates. The pyridine nucleotide transhydrogenase PntAB could be 
another target as it converts NADH into NADPH (Kämäräinen et al., 2017). 
Optimising the D-glucose concentration or the timing of addition also has the 
potential to yield new results. It would be interesting to test different concentrations 
of D-glucose with varying culture densities, where the glucose per cell ratio changes 
or is kept constant. However, using organic carbon sources lowers the sustainability 
potential of photosynthetic organisms in biotechnological applications unless 
a waste stream is available as the source of these carbohydrates. 
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5.5 Carbon availability and light quality enhance 
the Baeyer-Villiger oxidation reaction 

BVMOs require O2 in addition to NADPH to mediate the Baeyer-Villiger oxidation, 
while YqjM requires only NAD(P)H for ene-reduction. Furthermore, they generally 
reach lower specific activities than YqjM, with values ranging from 5 to 50 U∙gDCW

1 
(Erdem et al., 2022; Tüllinghoff et al., 2024, 2022). Considering that Synechocystis 
can support activities of ~150 U∙gDCW

-1 with YqjM, the availability of NADPH is 
unlikely to be the limiting factor for BVMO’s activity. The theoretical maximal rate 
of O2 evolution of the cyanobacterial OEC at PSII is 850 U∙gDCW

-1 based on 
assumptions of the turnover rate and its abundance per cell. However, experiments 
with intact WT cells typically reach significantly lower values (Hoschek et al., 2018). 
Our values reach ~50 U∙gDCW

-1 using WT Synechocystis. Under conditions with 
ample illumination, O2 availability will be sufficient. However, at high cell densities 
with significant self-shading, O2 evolution might decrease, causing the BVMO 
activity to become limited by O2 availability. 

Heterologous enzymes can be introduced into cells either on a replicative 
plasmid or as a cassette integrated into the genome via homologous recombination 
at a neutral site. Genomic integration under the control of the PcpcB promoter of the 
C-phycocyanin β subunit was used for all enzymes in this thesis. It demonstrated 
stronger expression compared to the PpsbA promoter (Assil-Companioni et al., 2020). 
Nickel and copper-inducible promoters have also been explored to improve enzyme 
levels. Furthermore, expression from a plasmid proved to be advantageous compared 
to genomic integration (Tüllinghoff et al., 2022). In addition to promoters, other 
genomic elements, such as ribosome binding sites, bicistronic domain and genetic 
insulators, play an important role in heterologous enzyme expression and 
biotransformation performance (Jodlbauer et al., 2024; Stensjö et al., 2018). 

The expression of cpcB is upregulated in HC conditions (Muth-Pawlak et al., 
2022); thus, I grew the cultures in HC to observe its effect on protein accumulation 
and biotransformation activity. Indeed, the accumulation of BVMOs significantly 
increased along with their specific activities (Fig. 11; Fig. 12). This suggests that, at 
ambient CO2 concentration, the limitation for BVMOs was likely its protein 
accumulation. However, YqjM accumulation did not respond to growth in HC 
despite sharing the same promoter. This was surprising, and the exact reason behind 
YqjM’s response remains unknown. Interestingly, BVMO protein accumulation was 
significantly higher in the ΔFlv1 background, especially with Parvi. The WT 
background used to create these mutant strains is different, suggesting that the 
selected background strain might significantly affect the expression of heterologous 
enzymes for yet unknown reasons. 

Different light spectra have been previously used (Assil-Companioni et al., 
2020). However, a comparison of different light spectra under otherwise equal 



Michal Hubáček 

74 

conditions was missing. I employed broad white and W+R/B illumination under LC 
and HC conditions and compared the biotransformation performance of Syn::Xeno 
and ΔFlv1::Xeno. Under LC conditions, the specific activity increased 2-fold, but 
under HC conditions, no differences between white and W+R/B were observed 
(Fig. 13). The effects of single-wavelength illumination on cyanobacterial 
physiology and photosynthesis have been reported (Zavřel et al., 2024). However, 
especially blue light has been shown to impact photosynthesis negatively (Bernát et 
al., 2021; Luimstra et al., 2020), while I observed a benefit for biotransformation. 
These studies commonly used only a single or narrow wavelength, while Paper IV 
used a broad white spectrum enriched with red and blue wavelengths simultaneously. 
A thorough characterisation of the physiological response to different types of 
spectra would provide valuable insights into the regulation of photosynthesis and 
potential improvements in biotechnological applications. 

The results of Paper IV highlight the importance of characterising strains 
selected for biotechnological applications. Each heterologous enzyme has different 
cofactor and substrate requirements and might respond differently to identical 
environmental conditions. Furthermore, growth conditions have wide impacts on 
cell physiology. Different CO2 availability, light quality, or intensity will likely 
influence biotransformation in distinct ways. The selection of an appropriate WT 
background strain can also impact biotransformation activity, as demonstrated by the 
protein accumulation in Syn::Parvi.
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6 Conclusion and Future Perspective 

This thesis set out to address a knowledge gap in understanding the electron 
partitioning between native and heterologous electron sinks downstream of PSI. 
Firstly, reduced Fd was established as the primary electron donor to FDPs, and the 
regulation of their activity via changes in cytosolic pH was elucidated (Paper I). The 
competition between the heterologous ene-reductase YqjM and the native AET 
pathways, and the PETC demonstrated that a strong electron sink can “empty” out 
the PETC, keeping it in an oxidised state and outcompeting the AET pathways 
(Paper II). However, each system has its bottleneck. For YqjM, this is cofactor 
availability. Enhancing NAD(P)H production by combining photosynthesis with 
glucose supply transiently boosted biotransformation productivity; however, the 
transition to photomixotrophic growth mode proved detrimental (Paper III). Lastly, 
the production of ε-caprolactone by Synechocystis was increased by optimising 
growth and reaction conditions. A CO2-rich atmosphere and white light enriched 
with red and blue wavelengths improved BVMO’s specific activity independently; 
however, when combined, no further improvement was observed (Paper IV). 

Microalgae play a vital role in the transition to green circular bioeconomy, 
whether through nutrient recovery from wastewater streams, the production of 
pigments and fatty acids, or by serving as biocatalysts for the production of fine 
chemicals (Paper V). However, they are complex organisms with a long evolutionary 
history and intricate physiology. Their response to being used as biocatalysts or other 
production platforms must be carefully considered. Future studies characterising 
other heterologous enzymes with various activities and turnover rates would provide 
additional insight into the tight regulation of photosynthesis and the balance between 
native and heterologous electron pathways. Furthermore, there is a strong need for 
interdisciplinary collaboration with inputs from enzymologists providing new or 
engineered enzymes; biologists understanding the complex microalgal physiology; 
and process engineers designing novel photobioreactors suitable for upscaling. 

To conclude, microalgal biotechnology has immense potential; however, it needs 
to be supported by fundamental understanding of their biology. 
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