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Abstract 

The light reactions of photosynthesis occur in thylakoid membranes that are densely 

packed with a series of photosynthetic complexes, including Photosystem I (PSI), 

Photosystem II (PSII), cytochrome b6f (Cyt b6f) and ATP synthase (ATPase) 

complexes. Thylakoid membranes also harbour respiratory complexes such as type-I 

NAD(P)H dehydrogenase (NDH-1), succinate dehydrogenase (SDH) and cytochrome 

oxidase. The lateral organisation and association of photosynthetic complexes in 

native thylakoid membranes are vital for efficient light-harvesting and energy 

transduction. In this work, firstly, a method was reported by integrating 

immunoprecipitation, mass spectrometry and atomic force microscopy to identify the 

inter-complex associations of photosynthetic complexes in thylakoid membranes from 

the cyanobacterium Synechococcus elongatus PCC 7942. The possible associations 

between individual photosynthetic complexes and binding proteins involved in the 

complex-complex interfaces were characterised, and the structural models of 

photosynthetic supercomplexes were proposed. Other potential binding proteins of the 

photosynthetic complexes were also identified, suggesting highly connecting networks 

associated with thylakoid membranes. Secondly, using a combination of fluorescent 

dual-labelling and confocal fluorescence microscopy, a study was designed to 

determine how the distribution of photosynthetic and respiratory complexes was 

related to that of PSI. Multiple regression analyses revealed that the studied thylakoid 

membrane protein complexes, including PSII, ATPase, NDH-1 and cytochrome c 

oxidase, all appeared to have a tendency to colocalise with PSI. The functionally 

related pairs, such as PSI–PSII in the light, and PSI–NDH-1, showed a higher 

covariance in terms of colocalisation. Thirdly, Curvature Thylakoid 1 (CURT1) protein 

was studied. Using genetic engineering, physiological measurements, protein 

quantification, transmission electron microscopy, fluorescence microscopy and 

structural characterisation, it was revealed that CURT1 introduced natural curvatures, 

changed the overall morphology of thylakoid membranes and the densities of 

photosynthetic complexes in thylakoid membranes.  

 

These studies shed light on the distribution of photosynthetic complexes in thylakoid 

membranes, provide mechanistic insights into the physical interconnections of 

photosynthetic complexes and potential partners, and extend knowledge of how the 

thylakoid membranes are maintained and regulated. Advanced understanding of the 

protein organisation and interplay of the photosynthetic machinery will inform the 

rational design and engineering of artificial photosynthetic systems to boost energy 

production. 
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 Chapter 1 Introduction 

1.1 Photosynthesis 

Photosynthesis is a process performed by organisms such as plants, algae and 

cyanobacteria to convert light energy into chemical energy stored in biomass, which 

acts as the ultimate energy supply for almost every organism in the biosphere. 

Photosynthesis, in most cases, is a reaction synthesising carbohydrates and oxygen 

as a by-product, normally from carbon dioxide and water. The equation of oxygenic 

photosynthesis was proposed as follows (Singhal et al., 2012). 

 

CO2 + 2H2O + photons → [CH2O] + O2 + H2O 

 

Anoxygenic photosynthesis uses other electron sources instead of water. Anoxygenic 

photosynthetic organisms include Chlorobi (green sulphur bacteria), Firmicutes 

(Heliobacteria) and Acidobacteria, which possess Fe-S type reaction centres (RC1) 

and utilise reducing agents such as H2S or other sulphates as a proton source.  

 

CO2 + H2S + photons → [CH2O] + S + H2O 

 

Other anoxygenic photosynthetic organisms such as Proteobacteria (purple bacteria), 

red and green filamentous phototrophs, e.g. Chloroflexi (green non‐sulphur bacteria), 

have pheophytin–quinone type reaction centres (RC2) (Xiong and Bauer, 2002, Bryant 

et al., 2007, Hohmann-Marriott and Blankenship, 2011, Atamna‐Ismaeel et al., 2012). 

Unlike sulphur bacteria, non-sulphur bacteria are mostly photoheterotrophs that obtain 

electrons from organic molecules such as sugar, amino acids, organic acids etc. 

Anoxygenic photosynthesis is believed to have been adopted by the early 

photosynthetic organisms before the atmospheric oxidation, and the participation of 
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such electron donors is in accordance with the highly reductive primary atmosphere 

(Gale, 2009, Basak and Das, 2007).  

 

There are two phases in the whole photosynthesis process—in the light-dependent 

reactions of the first stage, solar energy is captured and triggers chlorophylls to emit 

one electron, and eventually reduces NADP to produce NADPH. Meanwhile, a 

gradient of protons is generated through the photolysis of water molecules, and the 

energy is ultimately stored in ATP molecules by ATP synthase.  

 

2H2O + 2NADP+ + 3ADP + 3Pi + photons → 2NADPH + 2H+ + 3ATP + O2 

 

In the second stage, light-independent or dark reactions, the enzyme Ribulose-1,5-

bisphosphate carboxylase-oxygenase (RuBisCO) obtains carbon dioxide and fixes it 

into carbohydrates through the Calvin cycle. This process uses the energy from 

NADPH and ATP that are generated from light reactions and creates glyceraldehyde 

3-phosphates which are later catalysed into polysaccharides. The chemical equation 

for these reactions can be simplified as follows.  

 

3CO2 + 9ATP + 6NADPH + 6H+ →C3H6O3-phosphate + 9ADP + 8Pi + 6NADP+ + 3 H2O 

 

It is believed that the ability to perform photosynthesis of higher plants comes from 

cyanobacteria by endosymbiosis, and oxygenic photosynthesis most likely evolved 

billions of years ago from anoxygenic photosynthetic bacteria (Xiong et al., 2000).  

 

In bacteria, photosynthesis takes place in specialised cellular membranes. In the 

simplest form of photosynthetic cells, such as cyanobacteria, electron transfer chains 

and enzymes are embedded in cytoplasmic membranes (Tavano and Donohue, 2006). 

Purple non-sulphur bacteria employ distinctive subcellular compartments called 
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intracytoplasmic membranes (ICM) that are formed from the invagination of the 

cytoplasmic membranes and appear as different structures ranging from vesicles to 

lamellae (LaSarre et al., 2018, Şener et al., 2007). The equivalent in most 

cyanobacterial species is the thylakoid membranes, which come in a great variety of 

structures. In contrast to that, photosynthesis in green plants happens in chloroplasts, 

and the thylakoid membranes in them have quite analogous arrangements—as 

stacked cylindrical sheets. All these intracellular membrane structures permit 

membrane systems to increase in grana stacks and have advantages in capturing 

more light (Mullineaux, 1999).  

 

Photosynthetic organisms use pigments to capture light. The most common pigment 

employed is chlorophyll a. Higher plants synthesise additional pigments such as 

chlorophyll b and carotenoids, which are divided into hydrocarbon carotenes and 

xanthophylls (Jaleel et al., 2009). Cyanobacteria contain water-soluble 

chromoproteins—pigment–protein complexes that form phycobilisomes, such as 

phycocyanin, allophycocyanin and phycoerythrin or erythrophycocyanin, dependent 

on the species of cyanobacteria. Other pigments found in cyanobacteria include β-

carotene, xanthophylls, zeaxanthin and echinenone (Sukenik et al., 2009). The reason 

for the existence of supplementary pigments is to capture light from a wider range of 

wavelengths; the mechanism is that pigments pass the captured light through 

resonance energy transfer until it reaches the chlorophyll a molecules in the reaction 

centre (McCree, 1981). 

 

1.2 Significance of photosynthesis 

Several parameters determine the photosynthetic efficiency. According to estimations, 

the equation of crop yield potential could be calculated with an equation (Monteith, 

1977, Long et al., 2006). 
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Yp = η·St·ɛi·ɛc/k 

 

In this equation, Yp is the yield potential to be calculated; η stands for the proportion 

of biomass harvested, which is hard to take beyond 0.6; k is the energy content of the 

plant mass which is approximately 17.5 MJ g-1 for most plant organs; St is the annual 

integral of incident solar radiation (MJ m−2) that is determined by location and time; ɛi 

designates the efficiency of light capture which is around 0.9 due to technical 

limitations; ɛc represents the efficiency in converting sunlight into biomass, regulated 

by photosynthesis and respiration and is the remaining main prospect for improving 

crop yield (Long et al., 2006).  

 

Several potential approaches have been proposed to boost photosynthetic efficiency. 

A primary aspect to consider is the efficiency of light-harvesting. It has been estimated 

that photosynthetic organisms harvest only 25% of the solar energy, and the rest is 

wasted in the form of reflection, heat and exclusion from the absorbance spectra 

(Cotton et al., 2015). It was found that with decreased antenna size, tobacco 

accumulated 25% more leaf and stem biomass compared to wild type due to reduced 

shading (Kirst et al., 2017). Researchers also proposed that introducing new antennae 

and synthesising new pigments might potentially boost light-harvesting efficiency 

(Cardona et al., 2018). Photoprotection is another factor that impairs photosynthetic 

efficiency. The mechanism is that photosynthetic organisms form epoxidated 

xanthophylls to dissipate thermal energy as a means to avoid the damage caused by 

excess light to apparatus such as Photosystem II (Long et al., 1994, Baroli and Niyogi, 

2000, Havaux and Niyogi, 1999). By reducing the maximum quantum yield of PSII 

(Fv/Fm) and carbon dioxide uptake (ΦCO2), carbon gain in high light is inhibited and it 

takes time to recover (Zhu et al., 2004). During dark reactions, the main aspect that 

causes energy waste in photosynthesis is photorespiration, which adds oxygen to 
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ribulose 1,5-bisphosphate (RuBP) instead of carbon dioxide by ribulose-1,5-

bisphosphate carboxylase-oxygenase (RuBisCO), leading to side reactions off the 

main Calvin cycle. The ratio of photorespiration to photosynthesis in C3 plants is 

estimated to be 25% without interference (Sharkey, 1988). By contrast, C4 plants 

inhibit photorespiration by separating CO2 fixation and Calvin cycles into mesophyll 

cells and bundle-sheath cells; while Crassulacean acid metabolism (CAM) plants do 

so by only allowing CO2 to enter during the night. In summary, current studies focus 

on enhancing light-harvesting efficiency, promoting fast-recovery from 

photoprotection, inducing C4 and CAM photosynthesis into other species, RuBisCO 

engineering, suppressing the oxygenase activity of RuBisCO and accelerating the 

restoring of RuBP by sedoheptulose-1,7-bisphosphatase (SbPase) etc.(Long et al., 

2006). 

 

Studying photosynthesis has huge potential to bring benefits. As the very basis of 

agriculture, enhancing the efficiency of photosynthesis will substantially benefit the 

production of food, natural fibres, biofuels such as ethanol, and general energy. 

Furthermore, it provides theoretical support for the potential future creation of artificial 

photosynthetic membranes or devices. The principles underlying photosynthesis could 

inspire the design of electronic circuits and electronic devices, as the dimensions of 

photosynthetic apparatus are around nanometres, which is close to those of the finest 

integrated circuit-creating mask aligners. In addition, the photoprotective mechanisms 

of plants could possibly enlighten approaches to treating photodamage in humans and 

animals. 

 

1.3 Chloroplasts and cyanobacteria 

As discussed above, the chief organisms able to conduct photosynthesis include 

plants, algae, cyanobacteria and other anoxygenic photosynthetic bacteria. In addition, 
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the unicellular Euglena is believed to be another genus with the photosynthetic ability 

(Stern et al., 1964, Zakryś et al., 2017). Cyanobacteria are often regarded as a good 

model organism to study photosynthesis, given their short life cycle and accessibility 

to genetic modifications. 

 

The evolutionary precursor of chloroplasts is assumed to be an organism close to 

cyanobacteria, and the current theory proposes that there is only one origin for all 

plastids (Palmer, 2003). As illustrated in Figure 1-1, the antecedent cyanobacteria 

have phycobilisomes as light-harvesting antennae, which were retained in red algae 

but are absent from all land plants. The reason for this has been proposed to be due 

to the fact that when photosynthetic organisms started to inhabit the land, the high 

intensity of light obviated the necessity to have big light-harvesting antennae, as they 

incur a biochemical cost. However, when plants started to occupy shaded terrestrial 

habitats, they developed the grana and Photosystem II (PSII) light-harvesting antennae 

to concentrate the light energy that can be received in PSII (Mullineaux, 2005).  
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Figure 1-1 A hypothesis of the evolution of cyanobacteria to chloroplasts 

(Mullineaux, 2005).  

Red algae were the first eukaryotic organisms able to perform photosynthesis, with the 

organisation of thylakoid and pigments similar to cyanobacteria. It was proposed that 

to adapt to higher light conditions, the functions of phycobilisomes were replaced with 

the light-harvesting complex (LHCII). 

 

1.4 Thylakoids 

The thylakoid membranes are a compartment where the light reactions of 

photosynthesis are localised and carried out. The difference in the thylakoid structure 

and organisation between species is remarkable. Patterns of the thylakoid architecture 

exhibit an immense diversity among different cyanobacterial strains (further discussed 

in Section 1.4.3); Synechococcus elongatus PCC 7942 has parallel thylakoid 

membranes (Figure 1-2A). As demonstrated in a model shown in Figure 1-2B, 

chloroplasts in land plants generally possess a unique structure called grana, which 

are normally 300–600 nm in size with 10–20 layers of thylakoid membranes stacked 

together, with the adjacent stromal sides only having a spacing of 2.5 nm in between 

(Mullineaux, 2005, Kirchhoff et al., 2004). Granal stacks are surrounded by stromal 
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lamellae that are loosely organised. The protein composition of thylakoid membranes 

displays pronounced heterogeneity, with PSII and LHCII distributed overwhelmingly in 

the stacked grana regions, while PSI, cytochrome b6f and ATP synthase locate 

dominantly in the membrane exposed to the stroma (Dekker and Boekema, 2005).  

 

 

Figure 1-2 Models of the thylakoid membranes of cyanobacteria and plants.  

(A) Model of the thylakoid membranes in Synechococcus elongatus PCC 7942 

processed from cryo-immobilised, freeze-substituted electron microscope 

tomography. The thylakoid membranes (blue, purple and pink), ribosome 

(beige) and polysaccharide granules (green) are labelled (Nevo et al., 2007).  

(B) Model of the chloroplast of Lactuca sativa L. (lettuce) by tomographic 

reconstruction by transmission electron microscopy. Stroma lamellae (green), 
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grana (yellow), chloroplast envelope (blue) and plastoglobules (magenta) are 

labelled (Bussi et al., 2019). 

 

1.4.1 Electron transfer chains 

In cyanobacteria, most electron transfer chains for energy generation are located in 

the thylakoid membrane. These include the photosynthetic linear and cyclic electron 

transfer pathway and respiratory electron transfer pathway. Figure 1-3 portrays the 

electron transfer between the protein complexes within and associated with the 

thylakoid membranes. Photosystem II (PSII) splits the H2O molecules to produce O2; 

an electron is donated to a plastoquinone by PSII and then transferred to the 

cytochrome b6f complex, plastocyanin, and Photosystem I (PSI), where it reduces 

NADP+ to NADPH and provides reducing power for biosynthetic reactions.  

 

 

Figure 1-3 Representation of the electron transport pathways in the thylakoid 

membrane (Liu, 2016).  

Photosystem II donates an electron to a plastoquinone; the electron is subsequently 

transferred to the cytochrome b6f complex, plastocyanin, and photosystem 

Photosystem I, where the electron provides reducing power for NADPH generation 

biosynthetic reactions. 
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1.4.2 Photosynthetic complexes 

 

Figure 1-4 Structure of photosynthetic complexes with protein subunits labelled. 

Protein structures were obtained from PDB (PSI: 1JB0; PSII: 3WU2, Cyt b6f: 

4H13, ATPase: 6FKF).  

(A) Cytoplasmic side and lumenal side view of PSI. The structure was 

generated with X-ray crystallography (Jordan et al., 2001).  
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(B) Lumenal and cytoplasmic side view of PSII. The structure was generated 

with X-ray crystallography (Umena et al., 2011).  

(C) Side view of cytochrome b6f with the lumenal side facing the top. The 

structure was generated with X-ray crystallography (Hasan et al., 2013).  

(D) Side view of ATPase with the cytoplasmic side facing the top. The structure 

was generated with X-ray crystallography (Hahn et al., 2018).  

  

PSI (Figure 1-4A) can exist as either monomers or trimers in cyanobacteria. A 

monomer of PSI is made of these listed subunits: PsaA, PsaB, PsaC, PsaD, PsaE, 

PsaF, PsaI, PsaJ, PsaK, PsaL, PsaM and PsaX. PSI has more than 110 co-factors, 

e.g. an electron donor P-700 (chlorophyll dimer) and five electron acceptors: A0 

(chlorophyll), A1 (a phylloquinone) and three 4Fe-4S iron-sulphur centres—Fx, Fa, and 

Fb (Schaechter, 2009). The electron is eventually transferred to ferredoxin and 

ferredoxin-NADP oxidoreductase, where NADP+ is reduced to NADPH. 

 

PSII (Figure 1-4B) normally exists as dimeric complexes in cyanobacteria. The reaction 

centre (RC) core is where light energy is transformed into electrochemical potential 

energy and where the water-splitting reaction occurs. The RC is attached to the light-

harvesting systems composed of phycobilins. Typically, 200–300 light-harvesting 

pigment molecules supply energy to one PSII RC (Barber, 2006). The RC core consists 

of two homologous proteins—the D1 protein (PsbA) and D2 protein (PsbD); both of 

them have five transmembrane α-helices. The CP43 (PsbC) and CP47 (PsbB) 

subunits are connected with RC, each having six transmembrane α-helices. PSII has 

some intrinsic protein subunits (e.g. PsbE and PsbF) and extrinsic subunits (e.g. 

PsbO). 

 

The cytochrome b6f complex (Figure 1-4C) is vital in both the respiratory and the 

photosynthetic electron transport chains. Its role is plastoquinol oxidation and electron 

transfer to plastocyanin. Cytochrome b6f is composed of four major subunits and four 
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minor subunits. The four major ones include cytochrome f (PetA), cytochrome b6 

(PetB), a Rieske iron-sulfur protein (PetC) and subunit IV (PetD); The small subunits 

are PetG, PetL, PetM and PetN. However, the petL gene cannot be found in 

Synechococcus elongatus PCC 7942 and is not essential in Synechocystis sp. PCC 

6803 (Schneider et al., 2007). 

 

ATP synthase (Figure 1-4D), also called F-type ATPase, is an enzyme that performs 

oxidative and photosynthetic phosphorylation, transforming both respiratory and 

photosynthetic energy into the energy of the chemical bond in ATP. F0 complex (proton 

channel) and F1 complex (catalytic site) constitute ATP synthase. The F0 complex 

comprises three types of subunits—a, b, and c that make up the 14-subunit ring. The 

F1 complex is made of 5 types of subunits—alpha, beta, gamma, delta, and epsilon. 

In cyanobacteria, the F1 complex faces the stroma. 

1.4.3 Variety of photosynthetic membrane structures 

The organisation of the thylakoid membranes between different cyanobacterial strains 

varies (Mareš et al., 2019). The thylakoid membranes can be absent in organisms such 

as Gloeobacter violaceus PCC 6501 or parietal, e.g. Synechocystis sp. PCC 6803 and 

S. sp. PCC 7002, or radial, e.g. Coleofasciculus chthonoplastes PCC 7420, or 

fascicular as Synechocystis sp. PCC 7509, or parallel such as S. elongatus PCC 7942 

etc. (Mareš et al., 2019). It has been found that the distances between thylakoid 

membranes are associated with the size of the phycobilisome antenna and can be 

adjusted reversibly under photosynthetic regulation, e.g., between light and dark 

(Liberton et al., 2013). Small-angle neutron scattering (SANS) data showed that the 

distance between thylakoid membrane layers among different cyanobacteria strains is 

not consistent, ranging from 630 Å, which can accommodate phycobilisomes, to 110 Å, 

which is very stacked with constricted interval space (Liberton et al., 2013). High-
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resolution inelastic neutron scattering experiments revealed that the thylakoid 

membrane in cyanobacteria has greater flexibility in the dark than in the light, and it 

was proposed that the repelling of excess protons from photosynthesis on the thylakoid 

lumen side could lead to constriction of the membrane in the light (Stingaciu et al., 

2016). 

1.4.4 Grana and quinone diffusion 

Much uncertainty still exists about the functions of grana, which have been the subject 

of intense debate within the field of photosynthesis. Some researchers argued that the 

formation of granal stacks acts as a physical separation of PSI and PSII to prevent 

energy spillover, therefore avoiding the fast energy trapper PSI to trap 

disproportionately excess energy, leading to an imbalance within electron transfer 

(Trissl and Wilhelm, 1993). Other investigators suggested that the existence of grana 

facilitates the regulation of light harvest by manipulating the phosphorylation of LHCII 

and thus controlling the detaching and attaching of LHCII between PSII and PSI (Allen 

and Forsberg, 2001). These two possibilities have been precluded from the primary 

function of the grana (Mullineaux, 2005), as both purposes have been already fulfilled 

in cyanobacteria. Hence, the development of the novel grana seems to be a waste. 

The author proposed that the chief reason for grana formation is to offer enough space 

in lipid for the diffusion of plastoquinone, which is the electron receptor of type 2 

reaction centres including PSII in cyanobacteria and plants, and reaction centres in 

purple and green bacteria (Heathcote et al., 2002). 

 

Photosynthetic organisms have different mechanisms to acquire enough space for 

plastoquinone diffusion, as depicted in Figure 1-5. The reaction centre of the purple 

bacterium Rhodobacter sphaeroides has light-harvesting complex LH1 surrounding it, 

but a gap is left by the protein PufX (Siebert et al., 2004, Qian et al., 2013). While the 
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light-harvesting complex LH2 leaves lipid membrane spaces from the core that 

consists of LH1 and reaction centre, which is favourable for quinone diffusion (Liu et 

al., 2009b). The green filamentous bacterium Chloroflexus aurantiacus and 

cyanobacteria have light-harvesting antennae on top of their reaction centres rather 

than around them in the lipid bilayer, allowing capacious room for quinone to travel. In 

plants, the grana are proposed to perform a similar function—they bring close light-

harvesting LHCII without allocating all of them around PSII, thus leaving space for 

quinone diffusion (Mullineaux, 2005). 

 

 

Figure 1-5 Four strategies to build light-harvest antenna allowing plastoquinone 

diffusion (Mullineaux, 2005).  

(A) The purple bacterium Rhodobacter sphaeroides has LH1 rings with gaps and 

isolated LH2 to allow quinone diffusion.  

(B) The light-harvesting antenna in the green filamentous bacterium is not 

embedded in the membrane; instead, it sits on the top of the reaction centre. 

(C) The light-harvesting antenna phycobilisome is attached to the top of PSII.  

(D) A hypothetic model of the PSII harvesting more light from light-harvesting 

antenna LHCII without having all of them surrounding it, leaving enough space 

for the diffusion of plastoquinone. 
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1.4.5 Heterogeneous distribution of thylakoid membrane 

complexes 

In plants, lateral heterogeneity is used to characterise the non-homogeneous 

distribution of photosynthetic apparatus in the thylakoids, as discussed in Section 1.4. 

In cyanobacteria, different approaches were developed to study the heterogeneous 

distribution of thylakoid membrane complexes. Using immuno-gold and transmission 

electron microscopy, a report showed that PSI and ATPase were dominantly found in 

the outer layer of S. elongatus PCC 7942 (Sherman et al., 1994). On the contrary, with 

in vivo hyperspectral confocal fluorescence in Synechocystis 6803, it has been 

proposed that short-wavelength chlorophyll fluorescence attributed to PSII was found 

concentrated near the periphery of the cell. In contrast, long-wavelength chlorophyll 

originated from PSI was observed in the inner thylakoid (Vermaas et al., 2008). 

Membrane fractions isolated using ultracentrifugation combined with mass 

spectrometry showed that thylakoid membrane in Synechocystis 6803 pelleted at 

40,000 g, 90,000 g, or 150,000 g demonstrated different absorption spectra and 

contained different proteins (Agarwal et al., 2010). In vivo confocal fluorescence 

microscopy of S. elongatus PCC 7942 revealed that PSI, PSII, cytochrome b6f and 

ATPase all had a certain level of distributional heterogeneity; among these complexes, 

PSII had the most uniform fluorescence along the thylakoid membranes (Casella et 

al., 2017). Further studies with fluorescence microscopy in the same species showed 

that the intracellular localisation of photosynthetic complexes, especially of PSI, was 

evidently uneven during thylakoid membrane generation (Huokko et al., 2021). Still, in 

S. elongatus PCC 7942, atomic force microscopy directly visualised the complex 

compartmentalisation and lateral heterogeneity in thylakoid membranes (Zhao et al., 

2020). Different studies also found that photosynthetic complexes sometimes form 

supercomplexes among PSI, PSII and phycobilisomes (Liu et al., 2013), PSI and 

phycobilisomes (Watanabe et al., 2014), PSI and PSII (Bečková et al., 2017) as well 
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as PSI and NADH dehydrogenase-like complex type-1 (NDH-1) (Gao et al., 2016) 

(discussed in detail in Chapter 3). In precis, the thylakoid membranes are a 

complicated compartment in which there has been a paucity of evidence about the 

distribution and coordination of photosynthetic and respiratory complexes. 

 

1.5 Model organisms 

A few organisms have been used extensively as model organisms in photosynthesis 

research. A great deal of previous research into enhancing crop yield has focused on 

cereal model organisms such as maize (Zea mays L.) and rice (Oryza sativa). 

Compared to other cereal plants, maize has been a model organism for the longest 

time because of the convenience to cross and separate male and female flowers, and 

mutations can be easily observed on their copious, aligned seeds. Rice has a small, 

sequenced genome size of 387.14 Mb (Goff et al., 2002, Zhou et al., 2007). Due to the 

fact that plants typically have a large genome size, relatively long life cycle, and require 

a large space to grow, Arabidopsis thaliana was adopted as the most amenable model 

plant, and it was the first plant to have its genome sequenced. Likewise, Physcomitrella 

patens is also a prevalent model due to the possibility of generating knockout strains 

by recombination (Reski, 1998); and its sequenced genome was the first for a non-

vascular plant (Rensing et al., 2008). 

 

Nevertheless, higher plants generally have a much longer generation time, and their 

cultivation is relatively labour intensive. Compared to A. thaliana, which has a life cycle 

of several months, and P. patens which takes several weeks, cyanobacteria such as 

Synechocystis [7~10 h doubling time under optimal light conditions (Yu et al., 2013)] 

and S. [optimal 6~7 h doubling time (Mori et al., 1996)] only need less than one day 

(Jensen and Leister, 2014). They can grow in a liquid, standardised medium. As shown 

in Figure 1-6A and 6B, S. sp. PCC 6803 is a spherical, unicellular freshwater 
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cyanobacterium species that is able to conduct both photoautotrophic and 

heterotrophic growth. Their nutrition comes from oxygenic photosynthesis in the light 

and the organism can also live on energy from glycolysis and oxidative phosphorylation 

(Heidorn et al., 2011). By contrast, S. elongatus PCC 7942 is a rod-shaped unicellular, 

freshwater cyanobacterium (Figure 1-6C and 1-6D). Once maintained in the stationary 

phase, it has prolonged growth without division (Goclaw‐Binder et al., 2012). The 

genome copy number is highly correlated with the size of cells (Sugita et al., 2007). 

Given the elongated shape and regular thylakoid membrane structures, it is a good 

model for thylakoid membrane studies. S. elongatus PCC 7942 only lives on oxygenic 

photosynthesis, making it an ideal system to carry out photosynthetic studies on. 

Furthermore, S. elongatus PCC 7942 has the natural capacity of taking up 

heterologous genes. A comparison of the genome sequences between S. elongatus 

PCC 6301 and S. elongatus PCC 7942 revealed that the major difference was a 188.6 

kb inversion that contributes to mutated porin-like proteins (Figure 1-7), which might 

lead to the natural transformation capacity of S. elongatus PCC 7942 (Sugita et al., 

2007). 

 

 



31 

 

Figure 1-6 Morphology of Synechocystis sp. PCC 6803 and S. elongatus PCC 

7942.  

(A) Transmission electron microscopy of Synechocystis PCC 6803 wild-type cells 

(Welkie et al., 2016). 

(B) Cryo-Scanning electron microscopy of Synechocystis sp. PCC 6803, freeze-

fractured with revealed cytoplasmic membrane (asterisks), thylakoid membranes 

(white arrows) and inclusions (black arrows) (Van De Meene et al., 2006). 

(C) Transmission electron microscopy of S. elongatus PCC 7942. 

(D) Scanning electron microscopy S. elongatus PCC 7942 (Gorelova et al., 2013). 
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Figure 1-7 The major genetic difference between S. PCC 6301 and S. elongatus 

PCC 7942 (Sugita et al., 2007). 

The 188.6 kb inversion results in mutations in porin-like proteins, and those in S. 

elongatus PCC 7942 are believed to facilitate the natural transformation ability. 

 

The 2.7 Mb genome of S. elongatus PCC 7942 has been sequenced (Holtman et al., 

2005) (Gene bank GCA_000012525.1). Flow cytometry data demonstrated that the 

average genome number per cell varies between 4 to 7, which is highly correlated to 

division events (Mori et al., 1996). Furthermore, later research revealed that in a 

fluorescent repressor-operator system, labelled DNA-binding proteins provide a 

visualisation of the cyanobacterial genome distributing along the long axis of the cell 

(Chen et al., 2012, Jain et al., 2012). Multiple genome sets lead to a longer time of 

gene segregation during transformation. In 2015, the proteomic data of S. elongatus 

PCC 7942 with coverage as high as 68% of the nucleotide sequence was published 

(Yu et al., 2015b), which provides information about protein expression and 

posttranslational modifications, which further helps with future studies. 

 

1.6 Aims of this PhD project 

Numerous studies have attempted to reveal the thylakoid membrane structures and 

the organisation of the protein complexes within the membranes. A considerable 
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amount of the literature has focused on the visualisation of the thylakoid membranes 

and their embedded proteins by atomic force microscopy (AFM), which is a powerful 

tool to distinguish protein complexes with a conspicuous shape at high-resolution and 

under near-physiological conditions (MacGregor-Chatwin et al., 2019, MacGregor-

Chatwin et al., 2017, Zhao et al., 2020, Liu and Scheuring, 2013). What is known about 

the thylakoid membrane protein distribution in vivo is largely based upon empirical 

studies with fluorescence microscopy (Casella et al., 2017, Mullineaux et al., 1997, Liu 

et al., 2012). Publications that concentrate on the structure of the thylakoid membranes 

more frequently adopt cryogenic electron microscopy (cryo-EM) techniques and 

neutron scattering, as stated before. However, much of the research up to now has 

not been able to resolve the interaction between different proteins on the thylakoid 

membrane and shows inadequacies in the regulation of the thylakoid membrane in 

vivo. 

 

This thesis aims to provide insights into the interactions between thylakoid protein 

complexes and explore the factors that determine the structure and constitution of the 

thylakoid membranes with the model cyanobacterium S. elongatus PCC 7942. Using 

a combination of immunoprecipitation and mass spectrometry, this study identified the 

composition of strongly-interacting protein pairs in the electron transport chain. 

Further, it investigated the colocalisation with fluorescent dual-labelling and confocal 

microscopy in living cyanobacterial cells. In addition, by employing a combination of 

physiological measurements, fluorescent microscopy, protein purification and 

structural analysis, this study illuminates how the thylakoid membrane and protein 

complexes are regulated by the Curvature Thylakoid 1 (CURT1) protein.  
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 Chapter 2 Methods 

2.1 Strains and cell culture 

Synechococcus elongatus PCC 7942 strain (pre-existing in this lab) was used in this 

research. All cell cultures were incubated in BG11 medium (Rippka et al., 1979) at 

30°C under 40 μmol·m-2·s-1 white illumination in Nunc™ Cell Culture Treated 

TripleFlasksTM with constant shaking. For a longer-term, strains were kept on BG-11 

plates with 1.5% bacteriological agar (Agar bacteriological LP0011B ThermoFisher 

Scientific). Long-term strains storage was achieved by mixing cells with 8% DMSO as 

a cryoprotectant, snap freezing with liquid nitrogen, and keeping them at -80 °C. 

 

2.2 Generation of transgenic cyanobacterial strains 

GFP, CFP, YFP labelling and knockdown/knockout strains were generated using the 

Redirect strategy (Gust et al., 2002, Gust et al., 2004). In brief, the fluorescently 

labelled strains were generated by inserting GFP/CFP/YFP/KO cassettes into the 3’ 

end of genes as stated in previous studies (Huang et al., 2020, Sun et al., 2019, Huang 

et al., 2019, Faulkner et al., 2017, Casella et al., 2017). Firstly, the target gene was 

cloned to the pGEM-T easy vector (ampicillin) (Promega) using an optimal condition 

selected from gradient PCR (primers: F: 20 bp at 800 bp upstream of the gene; R: 20 

bp at 800 bp downstream of the gene) (Table 2-1).  

 

Table 2-1 The PCR programme for target gene cloning. 

Cycle 1 × 1 94°C, 2 min  

Cycle 2 × 15 94°C, 45 s; 45–55°C, 45 s; 72.0°C, 4 min 

Cycle 3 × 15 94°C, 45 s; 55–65°C, 45 s; 72.0°C, 1 min 30 s 

Cycle 4 × 1 72°C, 10 min 
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The plasmid was then transferred to the E. coli strain DH5α to achieve a higher copy 

number of the plasmids. The transfer was completed with the heat shock strategy 

described before (Froger and Hall, 2007). The plasmids were subsequently extracted 

with GeneJET Plasmid Miniprep Kit (Thermo Fisher) and transferred to BW25113 

competent cells (Grenier et al., 2014) by electroporation with a pre-existing pIJ790 

plasmid (chloramphenicol) carrying the homologous recombination system. Next, the 

GFP/CFP/YFP/KO cassette specific for this certain gene was cloned from either 

pIJ786 plasmid (GFP: apramycin; CFP: kanamycin; YFP: apramycin) or PIJ778 

plasmid (KO, spectinomycin) using REDIRECT programme (Table 2-2) (primers: F: 39 

bp before stop codon + 20 bp plasmid linker region for GFP/CFP/YFP and 39 bp before 

start codon + 20 bp plasmid linker region for KO/KD; R: 39bp after stop codon + 20 bp 

plasmid linker region) 

 

Table 2-2 The REDIRECT PCR programme. 

Cycle 1 × 1 94°C, 2 min  

Cycle 2 × 15 94°C, 45 s; 50°C, 45 s; 72.0°C, 1 min 30 s 

Cycle 3 × 15 94°C, 45 s; 55°C, 45 s; 72.0°C, 1 min 30 s 

Cycle 4 × 1 72°C, 10 min 

 

The cassette was transferred to BW25113 cells through the second electroporation. 

After homologous recombination, 100 ng plasmids were extracted and transferred to 

1.5 mL (OD750 = 1.0–2.0, resuspended to 100 μL) cyanobacteria by mixing and 

overnight incubation. Cells were then plated on BG-11 agar plates and refreshed every 

week until the target gene had segregated. Segregation was verified with segregation 

primers (20 bp at 100–150 bp upstream of the 39 bp redirect F for F primers and 20 

bp at 100–150 bp downstream of the 39 bp redirect R for R primers) using the 

REDIRECT programme (Table 2-2). The GFP-labelled strains in Chapter 3 (psaE of 
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PSI, psbB of PSII, petA of Cyt b6f and atpB of ATPase) were generated in a previous 

study (Casella et al., 2017). Other strains were generated in this study. 

 

2.3  Thylakoid membrane isolation and solubilisation 

for pull-down assays 

WT and GFP-labelled Syn7942 cells were harvested when the OD750 reached between 

0.6 and 1.0. Cells were then pelleted by centrifugation at 4,000 g for 10 mins at 4°C 

(Sorvall, SS-34 rotor) and washed with buffer A (50 mM MES-NaOH, pH 6.5, 5 mM 

CaCl2, and 10 mM MgCl2). Cell pellets were resuspended in buffer A containing 25% 

glycerol and were broken by glass bead (212–300 μm in diameter, Sigma-Aldrich) at 

4°C with a vortex at 2,700 rpm 5 times, 1 min on and 1 min off, and then 10 times, 30 

s on and 30 s off. Crude thylakoid membrane fractions were prepared by centrifugation 

(Zhang et al., 2004). They were resuspended in membrane resuspension buffer (10 

mM Tris pH 6.8, 200 mM NaCl, 1 mM EDTA) to obtain a 200 μg·mL-1 chlorophyll (Chl) 

concentration. The thylakoid membrane fractions were then solubilised with 1% 

digitonin (Sigma-Aldrich) for 30 min at room temperature, shaking on a vortex at 600 

rpm. The solubilised thylakoid membrane proteins were extracted by centrifugation at 

40,000 g for 30 min (Sorvall, SS-34 rotor) followed by centrifugation at 21,100 g for 20 

min (Thermo Scientific™ Fresco™ 21 Microcentrifuge).  

 

To ensure both membrane solubilisation and intactness of membrane complexes, pre-

experiments with different treatment conditions [different detergents—digitonin and n-

dodecyl β-D-maltoside (DDM), different detergent concentration (1–10%), different 

solubilisation time (10–30 min), different centrifugation force (21.1 kg–40 kg) and 

centrifugation time (10–120 min)] were examined by transmission electron microscopy. 

The above-described protocol was found to be the most efficient for thylakoid complex 

isolation (discussed in Section 3.2.1). 
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2.4 GFP pull-down assays 

GFP pull-down assays were carried out using µMACS and MultiMACS GFP Isolation 

Kits (Miltenyi Biotec). Thylakoid membrane protein samples with 10 µg Chl a were 

incubated with 50 µL beads, and membrane resuspension buffer was added to reach 

a total volume of 200 µL. The columns were prewashed with lysis buffer from the kit. 

After the samples were loaded, the columns were further washed five times with the 

membrane resuspension buffer mentioned above before elution. For SDS-PAGE 

analysis, proteins were eluted with 50 μL elution buffer following the instructions 

provided by the manufacturer, and 10 μL of samples were loaded onto a 12% SDS gel 

with 4× sample buffer [1.57% Tris-HCl pH 6.8, 4% SDS (w/v), 20% glycerol, 0.1% 

bromophenol blue (w/v), 1.5% dithiothreitol (w/v)]. For mass spectrometry, bound 

proteins and beads were collected by taking the column out of the magnetic field and 

were washed with 50 μL membrane resuspension buffer; 10 μL was used for SDS-

PAGE, and 40 μL was used for proteomic analysis.  

 

2.5 Thylakoid membrane isolation  

Thylakoid membranes were isolated when the cyanobacterial culture reached the 

exponential phase (OD750=0.8). Cultures of 40 mL culture were pelleted at 5000 g, 4 

°C for 10 min (Sorvall, SS-34 rotor) and washed in 10 mL washing buffer [50 mM 

HEPES (NaOH, pH 7.5), 30 mM CaCl2]. Pellets were resuspended in 200–300 μL 

resuspension buffer [50 mM HEPES (NaOH, pH 7.5), 30 mM CaCl2, 800 mM sorbitol, 

1 mM 6-aminohexanoic acid] with the same volume of glass beads (150–212 microns, 

Sigma G-1145), and broken by vortexing 1 min 6 times at 4 °C, with a cooling time of 

1 min in between. After a spin at 3000 g, 4 °C for 2 min (Thermo Scientific™ Fresco™ 

21 Microcentrifuge), the supernatant was collected, and the pellet was vortexed once 

more with an extra 0.5 mL resuspension buffer. The supernatants were combined and 
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centrifuged at 18,000 g, 4 °C for 30 min (Thermo Scientific™ Fresco™ 21 

Microcentrifuge), and the pellet was resuspended again in a resuspension buffer. 

 

2.6 SDS-PAGE  

For pull-down experiments, 10 μL of the samples were loaded onto a 12% sodium 

dodecyl sulfate (SDS) gel with 4 × sample buffer [1.57% Tris-HCl pH 6.8, 4% SDS 

(w/v), 20% glycerol, 0.1% bromophenol blue (w/v), 1.5% dithiothreitol (w/v)]. For 

isolated thylakoid membrane samples, total protein was measured using dye binding 

protein assay (Bradford) and loaded according to Table 2-1. All samples were 

solubilised with 4 × sample buffer [1.57% Tris-HCl pH 6.8, 4% SDS (w/v), 20% glycerol, 

0.1% bromophenol blue (w/v), 1.5% dithiothreitol (w/v)] and heated at 95°C for 10 min 

before loading. Proteins were separated by 12% denaturing SDS-PAGE. 

 

2.7 Western blot 

Gels from SDS-PAGE were electrotransferred to PVDF membrane (GE Healthcare) at 

90 V, 45 min in transfer buffer (glycine 0.29% w/v, TRIS 0.58% w/v, SDS 0.037% w/v, 

methanol 20%). The PVDF membranes were washed in TBS buffer (20 mM Tris-HCl, 

0.15 M NaCl, pH 7.5) and blocked with 5% milk powder (w/v) in TBS buffer at room 

temperature for 60 min. Next, the blocked membranes were washed twice with TTBS 

buffer (TBS buffer with 0.1% Tween 20) for 5 min on a shaker at 90 rpm. Membranes 

were incubated with the primary antibody (dilution and loading conditions listed in 

Table 2-3) diluted with TBS buffer with 1% milk powder (w/v) at room temperature for 

3 h with shaking and washed with TTBS buffer 4 times as before. Incubation with the 

secondary antibody for 1.5 h at room temperature was followed by washing with TTBS 

three times and TBS two times, 5 min each. The membranes with antibodies were 

treated with the Clarity Western ECL substrate (Bio-Rad) and imaged with ImageQuant 
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LAS 4000 (GE Life Sciences). The CURT1 antibody was kindly provided by the group 

of Jörg Nickelsen (Heinz et al., 2016b). 

 

Table 2-3 Antibody information 

Antibody Name Manufacturer Dilution Loading Amount 

(μg total protein) 

Protein size 

(kDa) 

Anti PsaB (rabbit) Agrisera 1:1000 15 81.48 

Anti PsbA1 (rabbit) Agrisera 1:10000 15 39.97 

Anti PsbD (rabbit) Agrisera 1:5000 15 39.45 

Anti PetC (rabbit) Agrisera 1:5000 40 18.83 

Anti AtpB (rabbit) Agrisera 1:5000 25 51.7  

Anti IsiA (rabbit) Agrisera 1:1000 60 36.98 

Anti RbcL (rabbit) Agrisera 1:1000 30 52.45 

Anti CURT1 (rabbit) Homemade by 

Group of Jörg 

Nickelsen 

(Heinz, Rast et 

al. 2016) 

1:1000 80 16.21 

Goat anti-rabbit Agrisera 1:10000 2nd antibody 2nd antibody 

 

 

2.8 Blue native polyacrylamide gel electrophoresis 

Thylakoid membranes were isolated and washed with washing buffer (330 mM sorbitol, 

50 mM BisTris pH 7.0), then resuspended in a buffer containing 50% resuspension 

buffer (25 mM BisTris-HCl, 20% glycerol, 0.025% Pefabloc w/v, 10 mM MgCl2, 4% 

DNase) and 50% of solubilisation buffer (25 mM BisTris-HCl, 20% glycerol, 0.025% 

Pefabloc w/v, 10 mM MgCl2, 4% DNase, 3% n-Dodecyl-beta-Maltoside). Samples 

were incubated at 4 °C for 30 min for solubilisation and centrifuged at 18,000 g, 4°C 

for 15 min (Thermo Scientific™ Fresco™ 21 Microcentrifuge), the supernatant was 

mixed with 10% loading buffer (0.5% servaG, 0.5 M 6-amino-caproic acid, 50 mM 
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BisTris-HCl pH 7.0, 30% sucrose) and loaded onto 3–12% linear gradient blue native 

gels (Invitrogen, Nativepage). 

 

2.9 Chlorophyll concentration 

Chlorophyll concentration was measured with 1 mL of cyanobacterial culture 

suspension centrifuged at 15,000 g at room temperature for 7 min (Thermo Scientific™ 

Fresco™ 21 Microcentrifuge). The pellet was dissolved in 1 mL of methanol precooled 

at 4 °C and homogenised. Samples were covered with aluminium foil, incubated at 4 

°C for 20 min to extract the pigments, then further centrifuged at 15,000 g, 4 °C for 7 

min (Thermo Scientific™ Fresco™ 21 Microcentrifuge). Absorbance was measured by 

spectrophotometer at 665 nm and 720 nm. The concentration of chlorophyll-a was 

calculated according to equations: Chla (µg/mL)= 12.9447 (A665 − A720), Chla (µM) = 

14.4892 (A665 − A720), with the molar mass of Chla molar mass estimated to be 

893.4890 g/mol (Ritchie, 2006). 

 

2.10 Room temperature absorption spectra 

Syn7942 cells were sampled when the OD750 reached approximately 0.8. Whole-cell 

absorption spectra were measured at room temperature using a Cary UV-Vis 

Spectrophotometer (Agilent Technologies). The concentration of cells was adjusted to 

OD750=1. The recorded spectra from 400 nm–800 nm were normalised against the 

absorbance at OD750. 

 

2.11 Room temperature fluorescence spectra 

Syn7942 cells were sampled when the OD750 reached approximately 0.8. Whole-cell 

fluorescence emission spectra were measured at room temperature using a Varian 

Cary Eclipse Spectrofluorometer. The concentration of cells was adjusted to OD750=1. 
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Cells were excited at 430 nm (for chlorophyll-a excitation) and 580 nm (for 

phycobilisome excitation), respectively, with the excitation slit (nm) value set to 5. The 

recorded spectra from 600 nm–780 nm were normalised against the absorbance at 

OD760.  

 

2.12 Fv/Fm and rapid light curves 

Syn7942 cells were sampled when the OD750 reached approximately 0.8. Cells were 

concentrated with a chlorophyll-a level of 20 μM. A total of 4 mL culture aliquots from 

three biological replications were dark-adapted for 10 min, and then the Fv/Fm and 

light curves were measured. The PSII activity (Fv/Fm) and light curves were measured 

with an AquaPen-C fluorometer (Photon Systems Instruments, Brno, Czech Republic) 

as previously described elsewhere (Cameron et al., 2013). Data were retrieved using 

the AquaPen-C software package. 

 

2.13 Oxygen evolution and respiratory rates 

Syn7942 cells were sampled when the OD750 reached approximately 0.8. Each 

experiment used one millilitre of culture, and the chlorophyll a concentration was 

adjusted to 20 μM. The oxygen evolution and respiratory rate measurements were 

carried out in an OXYLAB2 liquid-phase oxygen electrode (Hansatech). The liquid-

phase chamber was kept at 30 °C with a circulating water system, and the samples 

were mixed constantly with a magnetic stirring bar. Prior to measurements, samples 

were dark-adapted for 2 min. Oxygen evolution was measured with a red LED light 

source peaking at 650 nm. Respiratory rates were measured in the dark. Data were 

recorded when the oxygen changing slope remained constant.  
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2.14 Mass spectrometry 

Bound proteins and beads were resuspended in 50 µL of ammonium bicarbonate 

(AmBic) containing 0.05% Rapigest (w/v) and heated to 80°C for 10 min to facilitate 

the elution of GFP-labelled proteins and interactants. Cysteine reduction was 

performed by incubating with 5 µL of a 9.2 mg·mL-1 DTT solution at 60°C for 10 min. 

Subsequent alkylation was carried out by dark incubation with 5 µL of a 33 μg·mL-1 

iodoacetamide for 30 min. In-solution digestion was carried out by incubating with 200 

ng of trypsin and at 37°C overnight. The reaction was quenched by adding 0.5 µL of 

trifluoroacetic acid (TFA) at 37°C for 45 min. RapidGest degradation products and any 

insoluble material were removed by centrifugation at 16,000 g for 20 min at 4°C. 

Injected samples (10 µL for each) were analysed using an Ultimate™ 3000 RSLCnano 

system (Thermo Fisher Scientific, Hemel Hempstead) coupled with a Q Exactive™ HF 

mass spectrometer (Thermo Fisher Scientific, Hemel Hempstead). The samples were 

loaded onto a trapping column (Thermo Fisher Scientific, PepMap™ 100, C18, 300 

μm × 5 mm) using partial loop injection for 7 min at a flow rate of 4 μL·min-1 with 0.1% 

(v/v) formic acid (FA). The samples were resolved on the analytical column (EASY-

Spray™ C18 75 µm × 500 mm, particle size 2 µm column) using a gradient of 97% A 

(0.1% formic acid), 3% B (99.9% ACN, 0.1% formic acid) to 60% A, 40% B over 30 

minutes at a flow rate of 300 nL·min-1. The data-dependent program used for data 

acquisition consisted of a 60,000 resolution full-scan MS scan (AGC set to 3e6 ions 

with a maximum fill time of 100 ms); the 10 most abundant peaks were selected for 

MS/MS using a 30,000 resolution scan (AGC set to 1e4 ions with a maximum fill time 

of 45 ms) with an ion selection window of 1.2 m·z-1 and normalised collision energy of 

30. To avoid repeated selection of peptides for MS/MS, the program used a 20-second 

dynamic exclusion window. 
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Progenesis data analysis: The raw LC-MS files were analysed in Progenesis QI for 

Proteomics label-free analysis software which aligned the files and peak picks for 

quantification by peptide abundance. For the comparison, five groups were created (all 

groups; WT vs PSI; WT vs PSII; WT vs Cyt b6f; WT vs ATPase) containing the 

respective replicate samples. The software first aligned the LC-MS files and peak picks 

the aligned peptides. An aggregate file was generated containing all the peaks from all 

runs in an experiment so that there were no missing values. At this stage, normalisation 

was performed using the “normalise against all proteins” option. The software 

assumed that most proteins were not changing in abundance, and normalisation 

factors were used to adjust peptide intensities. 

 

The peptide list was exported into Peaks and MASCOT and was searched against the 

S. elongatus PCC 7942 Uniprot database (2,657 proteins), and was then manually 

searched against a small database containing the sequence of all subunits of 

photosynthetic complexes (with carbamidomethyl cysteine as a fixed modification and 

methionine oxidation as a variable mod). The peptide lists were imported back into 

Progenesis and assigned to features. Peptide matches in peaks were set to a 1% false 

discovery rate, and peptides were then filtered in Progenesis at the peptide cut-off 

threshold score for a 1% FDR. 

 

2.15 Mass Spectrometry data analysis 

Ratios of complexes involved in supercomplex formation were calculated by 

comparing the abundance of specific protein subunits between the GFP-labelled strain 

and other strains in which the specific subunits were not labelled with GFP, using GFP 

normalised data. Since the GFP abundance of these two groups has already been 

normalised, theoretically, the copy number of PSI in the PSI-GFP sample is 

approximately the same as the copy number of PSII in the PSII-GFP samples. If the 
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100% supercomplexes and 1:1 ratio hypotheses were valid, it would be approximately 

equal to the copy number of PSI in the PSII-GFP sample. For example, if 100% PSII 

formed stable supercomplexes with PSI with a ratio of 1:1, the abundance of PSI in 

the GFP–PSII sample would be similar to the abundance of PSI in the PSI-GFP 

sample. As mentioned in the result section, the quantities of PSI, PSII, Cyt b6f and 

ATPase were presented by the sums of the scores of all observed protein subunits. 

Then, the sums of value were used to carry on the subsequent ratio calculation. For 

example, the ratio of PSII that forms supercomplex with PSI was calculated by the sum 

of PSI subunits’ abundance in the PSII-GFP sample divided by the sum of PSI 

subunits’ abundance in the PSI-GFP group. Student’s t-test was deployed to determine 

if there was a significant difference between the means of the two samples. 

 

To probe the interacting protein subunits that associate with the GFP-labelled complex, 

the relative abundance of each subunit was calculated by determining the ratio of the 

abundance score of the same subunit in a specific sample to that in the sample in 

which GFP was labelled to the photosynthetic complex that this subunit belongs to, 

e.g. to determine if PsaA is the interacting subunit in PSI with PSII, PsaA in the PSII-

GFP pull-down sample was divided by PsaA in the PSI-GFP sample. Subsequently, 

statistical analysis was performed using Student’s t-test to compare the ratio of each 

subunit with the ratios of other subunits within the same photosynthetic complexes in 

the same pull-down sample. For example, the ratio of PsaA was compared with those 

of PsaB, PsaC, PsaD, PsaE, PsaF, PsaJ, PsaK and PsaL as a whole. 

 

2.16 Transmission electron microscopy 

Cells were harvested when they reached OD750 = 0.8 in liquid BG-11 medium until the 

culture reached an OD750 of 1. Pellets were washed three times in electron 

microscopy buffer (0.05 M (CH3)2 AsO2H buffer pH = 7.2). Samples were then fixed in 



45 

2% glutaraldehyde and 2% paraformaldehyde in EM buffer for 60 min and 

subsequently post-fixed with 1% osmium tetroxide for 1.5 h and dehydrated with a 

gradient of ethanol solutions (30%, 60%, 70%, 80%, and 100%). After dehydration, 

samples were embedded in Transmit EM resin (TAAB Laboratories Equipment, UK) 

as acetone/Transmit EM resin (1:1) for 20 min and acetone/Transmit EM resin (1:2) 

for 4 h). After incubation of 6 hours, the pure Transmit was changed three times, and 

the samples went through polymerisation for 48 h at 70 °C. Thin sections of 70 nm 

were done with a diamond knife (Diatome 45° ultra, Agar Scientific) and post-stained 

with 4% uranyl acetate and 3% lead citrate. Images were acquired with an FEI Tecnai 

G2 Spirit BioTWIN transmission electron microscope. 

 

2.17 Atomic force microscopy 

For AFM imaging on pull-down samples, two microlitres of protein samples were 

adsorbed onto freshly cleaved mica surface with 38 μL of adsorption buffer (10 mM 

Tris–HCl pH 7.5, 150 mM KCl, 25 mM MgCl2) at room temperature for 1 h. After 

adsorption, the sample was carefully rinsed with 800 μL imaging buffer (10 mM Tris–

HCl pH 7.5, 150 mM KCl). These buffers could ensure the electrostatically balanced 

interactions between AFM tip and biological samples and thereby high-resolution AFM 

topographs in an aqueous solution (Müller et al., 1999, Miller et al., 2020a, Liu et al., 

2011b, Liu et al., 2011a, Liu et al., 2009b, Casella et al., 2017). AFM imaging was 

performed in ScanAsyst Air mode in the air at room temperature using a Multimode 

Nanoscope VIII AFM (Bruker) equipped with a J-scanner and ScanAsyst-Air-HR (0.4 

N m−1, Bruker) at a scan frequency of 1 Hz using optimised feedback parameters and 

a resolution of 512 × 512 pixels. Images were processed with NanoScope Analysis 

software (Bruker).  
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For AFM imaging on native thylakoid membranes, crude thylakoid membrane fractions 

were further purified using a step sucrose gradient (2.0 M, 1.3 M, 1.0 M, 0.5 M) in 50 

mM MES-NaOH pH 6.5, 5 mM CaCl2 and 10 mM MgCl2, and were centrifuged at 

36,200 rpm in Beckman RPS40 rotor for 1 h at 4°C, as reported previously (Zhao et 

al., 2020, Casella et al., 2017). The Chl-enriched samples were collected and 

characterised by high-resolution AFM imaging in liquid at room temperature in AC 

imaging mode using a NanoWizard 3 AFM (JPK) using Ultra-Short Cantilever probes 

(0.3 MHz, 0.3 N·m-1, NanoWorld) with optimised feedback parameters and a resolution 

of 512 × 512 pixels (Zhao et al., 2020). Images were processed with JPK SPM Data 

Processing (JPK) and ImageJ (Schneider et al., 2012). No detergent was added during 

membrane isolation and AFM imaging to ensure the physiological organisation of 

isolated thylakoid membranes (Liu et al., 2013). 

 

2.18 Confocal Microscopy  

For confocal microscopy, S. elongatus PCC 7942 cells from exponentially growing 

cultures in liquid BG-11 medium were immobilised on a thin film of 1.5% agarose in 

BG-11 medium and settled for 15 min in air. A 1 cm × 1 cm agar was then excised and 

placed on a 0.17 mm cover glass. The Petri dishes were covered in aluminium foil 

during the preparation to avoid photobleaching. All imaging processes took place at 

30°C. Images were acquired on a Zeiss LSM710 or LSM780 inverted confocal 

microscope, using a 100x oil-immersion objective and a 2-μm pinhole. An Argon laser 

with an excitation wavelength of 488 nm was used for GFP characterisation. Emission 

was simultaneously detected at 500–520 nm and 670–720 nm for GFP and chlorophyll 

fluorescence. For CFP and YFP colocalisation, an Argon laser with an excitation 

wavelength of 458 nm was used for CFP detection at 470–500 nm, and a 514 nm laser 

was used to excite YFP detected at 520–550 nm. All images were captured using Zen 

2010 with all pixels below saturation. 
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2.19 Image analysis 

ImageJ was employed to perform image data analysis. When it was used to quantify 

the abundance of certain proteins from pictures of Western Blot membranes 

(Rumbaugh and Miller, 2010), pictures were inverted in ImageJ, the measurements 

were set to integrated density, and the scale was set to pixel, the background was 

subtracted with a rolling ball radius of 50 pixels. The integrated density of each band 

was used for quantification and comparison. 

 

For the measurements of the distance between thylakoid membrane layers, the 

images were firstly inverted, a plot profile was created for the selected thylakoid 

membrane, and the distance between the vertices of grey value was measured. Each 

cell was measured at 3 or 4 spots to avoid bias. 

 

For distribution analysis and fluorescence quantification, thylakoid membranes of cells 

were selected, and a plot file was generated. The selection started from the midpoint 

of the thylakoid membranes on one side and continued around the whole cell. 

Fluorescence intensity was plotted against distance, and then the plot data were 

extracted and analysed. The standard deviation of fluorescence intensity was 

calculated and normalised against the mean for heterogeneity characterisation. The 

CFP and YFP of the same location were plotted for colocalisation, and regression 

analyses were carried out.  

 

2.20 Regression analysis 

The Pearson correlation coefficient was calculated using this formula. 
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Where rxy is the Pearson correlation coefficient; xi and yi are the measured values, in 

this case, CFP intensity and YFP intensity, respectively; x̄ is the arithmetic mean of all 

xi, the same is true for y; sx and sy are the standard deviations of x and y; n denotes 

the number of data points taken. 

 

The t value was calculated using the following formula. 

 

 

 

The significance test was done with a two-tailed Student’s T distribution, where the 

degrees of freedom = n - 2.  

 

Fisher's r to z transformation was applied to transform the Pearson correlation 

coefficient r to z so that it becomes normally distributed. The formula to calculate z is: 

 

 

 

And the standard deviation is 

 

 

 

The significance analysis was carried out as normally distributed data. 
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2.21 Heterologous protein expression and purification  

All E. coli cells were cultured in Lysogeny Broth (LB broth). The full-length wild-type 

CURT1 gene (Syn7942_1832) was amplified and ligated with an N-terminal Hexa-his 

tag in the pETDuet vector. This expression plasmid was transformed into BL21 (DE3) 

E. coli by heat shock. Cells were cultured in media with 100 μg/mL of ampicillin. Thirty 

millilitres of overnight culture was added into 3 L of fresh LB broth and incubated at 37 

ºC in a shaker with 160 rpm until the optical density OD600 reached 0.6–0.8. IPTG was 

added to a final concentration of 0.5 mM to induce protein expression, and the cultures 

were kept at 37 ºC overnight. 

 

Cells were harvested and resuspended in PBS buffer (8 g/L NaCl, 0.2 g/L KCl, 1.44 

g/L Na2HPO4, 0.24 g/L KH2PO4, pH 7.4). They were subsequently broken by disrupting 

in a French Press (Stansted Fluid Power, UK) at 110 kPa 6 times, and debris was 

removed by centrifugation at 3,000 g, 4 °C for 10 min (Sorvall, SS-34 rotor). Further 

centrifugation at 100,000 g, 4 °C, 30 min (Sorvall, SS-34 rotor) was done twice to 

separate membranes and cytoplasm.  

 

Protein purification was done in ÄKTA pure protein purification system (GE Healthcare 

Life Sciences). Since CURT1 exist mainly in the cytoplasm, the supernatant was 

collected, and a final concentration of 1.5% β-DDM was added. This sample firstly went 

through a HisTrap™ High Performance Column (GE Healthcare), with the binding 

buffer as 30 mM imidazole, 0.03% β-DDM in PBS buffer, and the elution buffer as 500 

mM imidazole, 0.03% β-DDM in PBS buffer. Protein was eluted using a 0–100% elution 

buffer gradient. Fractions were collected and examined with SDS-PAGE, and then the 

fractions with the purest CURT1 were purified once more with Sephacryl High 
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Resolution size exclusion chromatography resins (GE Healthcare). Peaks around the 

correct elution time were collected and analysed. 

 

The long-term storage of strains was achieved by mixing cells with 25% glycerol as a 

cryoprotectant, snap freezing with liquid nitrogen, and keeping them at -80 °C.  

 

2.22 Protein crystallisation screening  

The protein concentration of CURT1 for crystallisation was 7.288 mg/mL in PBS buffer 

with 0.03% β-DDM. The crystallisation screening was carried out in five commercial 

crystallisation trays—Structure, RUBIC, Memgold, Memtrans, and Morpheus. The 

protein and buffers were dispensed and mixed using Innovadyne Screemaker 96+8. 

Trays were kept at room temperature and monitored every month. 

 

After the observation of crystallisation formation under one condition (Structure C9: 0.2 

M magnesium chloride hexahydrate, 0.1 M Tris, pH 8.5, 30% w/v PEG 4000) during 

the crystallisation screening, further screening was conducted with manual trays. 

Different PEG concentrations (5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 42.5%), 

pH values (7.5, 8, 8.5, 9) and protein concentrations (5 mg/mL, 7.288 mg/mL and 9.508 

mg/mL) were screened. 

 

2.23 Circular dichroism 

Circular dichroism data were acquired with pure CURT1 (7.288 mg/mL) in PBS buffer 

with 0.03% β-DDM using J-1100 Circular Dichroism Spectrophotometer (JASCO), with 

a detector PM-539 at 20 °C. The circular dichroism data of CURT1 were searched 

against the DichroWeb database (Lobley et al., 2002, Whitmore and Wallace, 2004, 

Whitmore and Wallace, 2008) using CONTINLL algorithms (Provencher and 

Gloeckner, 1981, Van Stokkum et al., 1990). 
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2.24 Structure modelling 

The structure modelling was performed with the hierarchical protein structure 

prediction server I-TASSER (Yang et al., 2015, Roy et al., 2010, Zhang, 2008). The 

confidence score was calculated with the I-TASSER server. Colouring of residues with 

different hydrophobicity was done in Pymol with the Color h script (Eisenberg et al., 

1984).  
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 Chapter 3 Characterising the supercomplex 
association of photosynthetic complexes in 
cyanobacteria 

3.1 Introduction  

Photosynthesis is the natural process conducted by plants, algae and cyanobacteria 

to transform light energy into chemical energy to drive the biochemistry of life on Earth. 

The estimated average rate of photosynthesis of the whole biosphere is approximately 

equivalent to a power of 130 terawatts years per year (Steger et al., 2005), which is 

around three times the energy consumed by human civilisation (Consumption, 2008). 

Photosynthesis is performed in two steps: light-dependent and light-independent 

reactions. In most cyanobacteria, light-dependent reactions of photosynthesis occur in 

the specialised intracellular membranes termed thylakoid membranes. Unlike the 

thylakoid membranes of higher plants, cyanobacterial thylakoids are not differentiated 

into grana and stroma regions; instead, they generally form stacks of membrane layers 

that sit between the cytoplasmic membrane and central cytoplasm (Liu, 2016, 

Mullineaux and Liu, 2020). 

 

A unique feature of the cyanobacterial thylakoid membrane is that it provides a 

membrane platform accommodating both photosynthetic and respiratory electron 

transfer chains (Mullineaux and Liu, 2020, Casella et al., 2017). The physiological 

functions and coordination of electron transport components are fundamental for 

efficient electron flow and bioenergetic modulation, enabling cyanobacterial cells to 

thrive in distinct ecological niches. Over the past decades, the atomic structures of the 

major photosynthetic membrane complexes from cyanobacteria have been resolved, 

including PSI (Jordan et al., 2001, Toporik et al., 2019, Cao et al., 2020), PSII (Zouni 

et al., 2001, Kamiya and Shen, 2003, Ferreira et al., 2004), cytochrome b6f (Cyt b6f) 

(Kurisu et al., 2003, Stroebel et al., 2003), ATP synthase (ATPase) (Abrahams et al., 
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1994, Groth and Pohl, 2001) and photosynthetic Complex I—NAD(P)H 

dehydrogenase (NDH-1) (Schuller et al., 2019, Laughlin et al., 2019, Pan et al., 2020, 

Zhang et al., 2020, Schuller et al., 2020). These studies have provided structural 

insights into electron transport mechanisms within individual bioenergetic complexes.  

 

Studies on cyanobacteria, algae and plants stated that supercomplexes could form 

among photosynthetic and respiratory protein complexes. It was demonstrated that in 

Synechocystis sp. PCC 6803, phycobilisomes (PBS), PSI and PSII could form a 

megacomplexes with each other by interactions that occurred between PBS–PSII and 

PBS–PSI, while Cyt b6f was deduced to be out of this megacomplexes (Liu et al., 

2013). Another study claimed that besides PSII, PBS was associated with PSI via a 

connecting component in Anabaena sp. PCC 7120 (Watanabe et al., 2014). Studies 

showed that the association of the PSII assembly factors Psb27 and Psb28 with the 

PSI–PSII supercomplexes might indicate PSI's involvement in PSII biogenesis 

(Bečková et al., 2017). For the green alga Chlamydomonas reinhardtii, it was stated 

that the PSI–light-harvesting complex, the PSII–light-harvesting complex, the Cyt b6f 

complex and ferredoxin (Fd)–NADPH oxidoreductase formed a supercomplex (Iwai et 

al., 2010). Chlamydomonas sp. UWO 241 produced a 1,000-kD pigment–protein 

supercomplex that contains PSI and the Cyt b6f complex; the phosphorylation status 

of its associated proteins—two PsbP-like polypeptides and an ATP-dependent zinc 

metalloprotease FtsH helped to regulate between linear and cyclic electron transport 

(Szyszka-Mroz et al., 2015). NDH-1 was stated to form supercomplex with PSI in the 

species in barley (Hordeum vulgare), which was confirmed by electron microscopy 

analysis (Kouřil et al., 2014). Blue-native PAGE and subsequent immunoblotting and 

mass spectrometry analyses of the strain Synechocystis sp. PCC 6803 showed the 

existence of NDH-1L–CpcG2–PSI supercomplexes (Gao et al., 2016). Recent atomic 

force microscopy (AFM) observations have explicitly revealed the strong lateral 

associations of different photosynthetic complexes in cyanobacterial thylakoid 
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membranes of Syn7942 (Zhao et al., 2020). The structural and functional associations 

of different photosynthetic complexes in the thylakoid membrane are crucial for 

efficient electron transport between complexes. Further studies on the composition 

and dynamics of the thylakoid membranes will benefit the regulation of photosynthesis 

and respiration by the optimising electron transport pathways. They may help towards 

the goal of engineering artificial photosynthetic membranes or novel organisms for 

biofuel production.  

 

Despite the substantial studies, understanding how photosynthetic complexes interact 

and cooperate with others to fulfil efficient electron transport is still rudimentary. The 

inherent challenges are the organisational heterogeneity and dynamics of electron 

transport chains in cyanobacterial thylakoid membranes, suggesting the transient and 

flexible interactions between different photosynthetic membrane complexes (Zhao et 

al., 2020, Mullineaux and Liu, 2020, Liu et al., 2012). This thesis describes an approach 

that combined immunoprecipitation, mass spectrometry, and AFM to identify the 

interactions between photosynthetic complexes in thylakoid membranes from a model 

cyanobacterium S. elongatus PCC 7942 (Syn7942), and the specific binding sites 

involved in inter-complex associations. The results provided insights into the structural 

interconnections of electron transport complexes in thylakoid membranes, which are 

pivotal for photosynthetic electron flow and regulation. 
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Figure 3-1 Overview of GFP immunoprecipitation methodology. 

Crude thylakoid membranes from GFP-labelled PSI, PSII, Cyt b6f, ATPase and WT 

strains were prepared by centrifugation and were solubilised by 1% digitonin. Proteins 

that interact with GFP-labelled proteins are immunoprecipitated with the GFP pull-

down assay and subjected to mass spectrometric analysis. Triplicated experiments 

were conducted for each strain. 

 

3.2 Results and Discussion 

3.2.1 Optimisation of pull-down assays 

In a previous study, PSI, PSII, Cyt b6f and ATPase were tagged individually with the 

enhanced green fluorescent protein (GFP) to visualise the localisation of 

photosynthetic complexes in Syn7942 (Casella et al., 2017). The subunits labelled with 

GFP were PsaE for PSI, PsbB (CP47) for PSII, PetA for Cyt b6f and AtpB (β) for 

ATPase. To study the inter-complex assembly of photosynthetic complexes in 
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thylakoid membranes, thylakoid membranes from these Syn7942 strains were isolated 

and solubilised using digitonin at the optimised 1% (see Materials and Methods). The 

membrane-bound protein complexes tagged with GFP and their associated 

proteins/complexes were purified using GFP pull-down assays (Kimple et al., 2013, 

Strašková et al., 2018, Neumüller et al., 2012) (Figure 3-1).  
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Figure 3-2 Optimisation for isolating membrane complexes by adjusting 

solubilisation and centrifugation conditions, imaged with transmission electron 

microscopy.  

(A)  Digitonin 1%, 10 min solubilisation and 21100g, 10 min centrifugation.  

(B) Digitonin 1%, 10 min solubilisation and 21100g, 20 min centrifugation. 

(C) Digitonin 1%, 10 min solubilisation and 21100g, 40 min centrifugation. 

(D) Digitonin 1%, 30 min solubilisation and 21100g,120 min centrifugation. 

(E) Digitonin 2%, 30 min solubilisation and 21100g, 60 min centrifugation. 

(F) DDM 1.5%, 30 min solubilisation and 21100g, 60 min centrifugation. 

(G) DDM 3%, 30 min solubilisation, 21100g, 60 min centrifugation. 

(H) Digitonin 1%, 30 min solubilisation, 40000g, 30 min centrifugation. 

(I) Digitonin 10%, 30 min solubilisation, 40000g, 30 min centrifugation. 
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(J) Only buffer with digitonin 1%, 21100g, 20 min centrifugation. 

 

As the pre-experiment with an old protocol resulted in many shared protein subunits 

pulled down between all GFP-labelled samples, it was suspected the thylakoid 

complex isolation was contaminated with insolubilised membrane patches. Therefore, 

a series of experiments were carried out to optimise the conditions to isolate 

complexes from thylakoid membranes (Figure 3-2). A combination of different 

detergents—digitonin and n-Dodecyl β-D-maltoside (DDM), different detergent 

concentration (1–10%), different solubilisation time (10–30 min), different 

centrifugation force (21100g–40000g) and centrifugation time (10–120 min) were 

tested, and the isolated samples were examined with transmission electron 

microscopy (Figure 3-2). Results indicated that solubilisation with 1% digitonin for 30 

min followed by 30 min centrifugation at 40000g removed almost all membrane debris 

except for very rare impurity (Figure 3-2H); and it used a reasonable concentration of 

digitonin compared to Figure 3-2I. This procedure followed by an additional 

centrifugation at 21100g for 20 min was employed as the method used in this study. 
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3.2.2 AFM topology of isolated thylakoid membrane proteins 

 

Figure 3-3 AFM imaging of isolated thylakoid membrane complexes from S. 

elongatus PCC 7942.  

(A) Overview AFM image of isolated thylakoid membrane complexes after 1% 

digitonin membrane solubilisation.  

(B) Closer-up AFM image of isolated thylakoid membrane complexes including 

PSI, PSII and supercomplexes (circles) from (A).  

(C) Cross-section profile analysis of the PSI trimer shown in B along the arrow 

direction.  

(D) Cross-section profile analysis of the PSII dimer shown in B along the arrow 

direction.  

(E) Measurement of the vertex distances and heights of assigned PSI and PSII 

complexes in AFM. The PSI trimer has a height of 5.7 ± 0.5 nm and a distance 

of 9.6 ± 0.8 nm between its two vertices (n = 21). The PSII dimer exhibits a 
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height of 5.6 ± 0.5 nm and a vertex distance of 10.4 ± 1.16 nm between two 

protrusions (n = 11).  

 

The resulting protein mixtures were characterised by atomic force microscopy (AFM). 

AFM revealed that the protein complexes appeared as individual complexes or small 

assemblies instead of forming large aggregates and membrane fragments (Figure 3-

3A, 3-3B). PSI trimers could be readily recognised by AFM, with a height of 5.7 ± 0.5 

nm (n = 21) and a distance of 9.6 ± 0.8 nm (n = 21) between its two vertices (Figure 3-

3C, 3-3E), consistent with previous studies (Casella et al., 2017, Zhao et al., 2020). 

The dimeric structures, putatively PSII dimers, possessed a height of 5.6 ± 0.5 nm (n 

= 11) and a vertex distance of 10.4 ± 1.16 nm (n = 11) between two protrusions (Figure 

3-3D, 3-3E). Complex assemblies were often discerned by AFM (Figure 3-3A, 3-3B, 

white circles), allowing for exploring the interactions of different photosynthetic 

supercomplexes. However, from AFM, it is difficult to make an absolute proposal about 

the participant in those interactions. Only a small fraction of thylakoid membrane 

complexes formed supercomplexes or were located in the proximity of each other, 

indicating that either the interactions only take place between a few protein complexes, 

or the formation of supercomplex is transient, in agreement with some previous 

research regarding supercomplexes (Liu et al., 2013, Watanabe et al., 2014). 
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3.2.3 Protein interactions among photosynthetic complexes 

indicated by SDS-PAGE 

 

Figure 3-4 SDS-PAGE analysis of the pull-down samples, revealing the subunit 

composition of GFP-tagged protein complexes and interacting proteins. 

Black lines indicate the designated subunits in individual complexes. Red arrows 

indicate the corresponding subunits tagged with GFP in individual complexes. White 

arrows indicate the potential interacting proteins to the corresponding GFP-tagged 

complexes. 
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SDS-PAGE revealed that the GFP-labelled complexes were unambiguously present 

at a great abundance in each pull-down sample (Figure 3-4). With the fusion of 

enhanced GFP, the PsaE, PsbB, PetA, and AtpB bands were up-shifted. It was shown 

that the PSI and PSII pull-down samples shared some common subunits in the SDS-

PAGE. Closer inspection showed that the PSI and PSII pull-down samples included 

several same proteins, e.g. PsaA, PsaB, PsaD, PsaF, PsaL, CP47 and PsbO. Some 

of these subunits were also found in the Cyt b6f pull-down samples. In addition, the 

putative NDH-1 subunits NdhK and NdhL were also present in both PSI and Cyt b6f 

pull-down samples. Overall, the presence of subunits from unlabelled complexes in 

the GFP-labelled sample indicated the specific association between photosynthetic 

complexes and, potentially, the formation of supercomplexes. 
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3.2.4 Mass spectrometry reveals the physical associations 

of photosynthetic complexes 

 

Figure 3-5 Proteins identified by mass spectrometry and comparisons with the 

WT control.  

Proteins in the pull-down samples from PSI-GFP (A), PSII-GFP (B), Cyt b6f-GFP (C) 

and ATPase-GFP (D) are compared with the WT control plotted according to their 

statistical log10 P-value (y-axis) and their relative abundance ratio (log2 fold change). 

Compared to the WT, proteins that are more abundant in the pull-down samples are 

coloured in green, and those that are significantly less in the pull-down samples are 

shown in red. Proteins with more than 20-fold change are labelled with their gene 

names. Grey dots below the lines (corresponding to P = 0.05) are proteins with no 

significant difference.  

 

To determine the presence and abundance of protein subunits in the pull-down 

samples, label-free mass spectrometry and relative quantification were applied. The 
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peak search was conducted within the S. elongatus PCC 7942 Uniprot database. A 

total of 180 protein subunits were detected, of which 38 subunits belong to the four 

photosynthetic complexes. The GFP abundance varied among the GFP-labelled PSI, 

PSII, Cyt b6f and ATPase pull-down samples. The GFP abundance was the highest in 

the PSI pull-down sample, followed by those in the PSII, Cyt b6f and then the ATPase 

pull-down samples. The variation was consistent with the variation of the content of 

photosynthetic complexes in Syn7942 as reported previously (Casella et al., 2017). 

For comparison, the abundance of individual protein subunits was normalised against 

GFP content in each sample. As a negative control, most of the subunits exhibited a 

notably low abundance in the WT sample, implicating the specificity of GFP 

immunoprecipitation (Figure 3-5, green dots). 

3.2.5 Percentage of complexes involved in supercomplex 

formation 

 

Figure 3-6 Ratios of complexes that tend to associate with other complexes. 
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After normalizing protein content by the GFP content in individual pull-down samples, 

the percentages of the photosynthetic complexes that associate with other complexes 

were calculated by dividing the sum of the subunit abundance of a specific 

photosynthetic complex detected in the pull-down samples for another GFP-labelled 

complex with the sum of the abundance of the same photosynthetic complex from its 

corresponding GFP-labelled pull-down sample. For example, the ratio of PSII that 

associate with PSI is determined by the abundance of PSII in the PSI-GFP pull-down 

sample divided by the PSII content in the PSII-GFP pull-down sample. The results 

showed that PSI and PSII possess a higher preference to form supercomplexes than 

others (1.72% PSI are associated with PSII, n = 3; 9.9% PSII are associated with PSI, 

n = 3) (A, B). Cyt b6f has a higher preference to bind with PSI (4.1%, n = 3) than PSII 

(2.0%, n = 3) (C). All PSI, PSII and Cyt b6f have a low preference to interact with 

ATPases, while ATPases exhibit relatively similar tendencies to associate with the 

other three complexes (D). Box plots display the median (line), the average (cross), 

the interquartile range (box), and the maximum and minimum (whiskers). Statistical 

analysis was performed using Student’s t-test. *: 0.01 < P < 0.05; **: 0.001 < P < 0.01; 

ns, not significant. 

 

As the photosynthetic complexes PSI, PSII, Cyt b6f and ATPase are multi-subunit 

complexes, this study calculated the sum of the abundance of all the protein subunits 

in one specific complex to represent the quantity of this complex (Perkins et al., 1999). 

Assuming 100% PSII form stable supercomplexes with PSI with a ratio of 1:1, the 

abundance of PSI in the GFP–PSII sample would have been identical to the 

abundance of PSI in the GFP–PSI sample. However, not all PSII form supercomplexes 

with PSI in reality. For example, the ratio of PSII that form supercomplexes with PSI 

was calculated by the sum of PSI subunits’ abundance in the PSII-GFP sample divided 

by the sum of PSI subunits’ abundance in the PSI-GFP group. 

 

Although some complex-complex associations are likely to disassemble during 

purification due to their weak inter-complex interactions, the result showed that PSI 

and PSII had a stronger preference to form supercomplexes (Figure 3-6). Around 1.7% 

of PSI were associated with PSII (Figure 3-6A), whereas 9.9% of PSII strongly 

interacted with PSI (Figure 3-6B), presumably owing to a high PSI/PSII ratio of 4.5 in 

Syn7942 (Casella et al., 2017). AFM imaging on thylakoid membranes from Syn7942 
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confirmed that a large amount of PSI associated tightly with each other to form PSI 

enriched membrane regions (Zhao et al., 2020). Around 4.1% Cyt b6f tended to bind 

with PSI which accounted for 0.3% of the total PSI, whereas 2.0% Cyt b6f were 

associated with PSII complexes that were 1.98% of the total PSII (Figure 3-6C). These 

results support the supercomplex formation between PSI and PSII (Liu et al., 2013) 

and between photosystems and Cyt b6f (Iwai et al., 2010). PSI, PSII and Cyt b6f all 

showed a low preference to interact with ATPases, while ATPases exhibited relatively 

similar tendencies to associate with the other three complexes (Figure 3-6D). 

 

3.2.6 The binding sites of photosynthetic complexes 

By determining the relative abundance of peptides that associate with the GFP-

labelled protein subunits, this study also evaluated the inter-complex interactions and 

the binding sites of complex assemblies. The relative abundance of each protein 

subunit was determined by dividing the abundance of this subunit in a sample by that 

of the same protein subunit in the GFP-labelled pull-down sample (see methodology, 
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mass spectrometry data analysis). Subsequently, the relative abundance of individual 

subunits was compared with other subunits in the same protein complex (Figure 3-7). 

 

 

Figure 3-7 Ratios of individual subunits in the corresponding photosynthetic 

complexes involved in inter-complex associations. 

The analysis calculated the ratio of PSI (A), PSII (B), Cyt b6f (C) and ATPase (D) 

subunits. The relative abundance of each subunit was calculated by determining the 

ratio of the abundance score of the same subunit in a specific sample to that in the 

sample in which GFP was labelled to the photosynthetic complex that this subunit 
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belongs to. Statistical analysis was performed using Student’s t-test to compare the 

ratio of each subunit with the ratios of other subunits within the same photosynthetic 

complexes in the same pull-down sample. *: 0.01 < P < 0.05; **: 0.001 < P < 0.01; ns, 

not significant. Box plots display the median (line), the average (cross), the interquartile 

range (box), and the maximum and minimum (whiskers). 

 

 

Among the PSI subunits, the peripheral subunit PsaK showed a greater relative 

abundance than other subunits in the PSII, Cyt b6f and ATPase-GFP pull-down 

samples, suggesting that PsaK might be the primary binding site of PSI to other 

photosynthetic complexes (Figure 3-7A). Consistently, PsaK has been found to be 

involved in PSI−IsiA binding in Syn7942 under iron-stressed conditions (Cao et al., 

2020) and Lhca3/Lhca2 binding in Arabidopsis (Jensen et al., 2000). Among the PSII 

subunits, PsbU, PsbV and PsbN showed a higher abundance in other samples than in 

the PSII-GFP sample (Figure 3-7B). PsbU and PsbV are close to each other and are 

both extrinsic components of PSII on the lumen side of the thylakoid membrane. They 

might not have direct interactions with PSI, but the associations with other 

photosynthetic complexes presumably have impacts on the binding of PsbU and PsbV 

to PSII, which is important for the regulation of PSII stability and energy transfer (Shen 

et al., 1998, Veerman et al., 2005, Xiao et al., 2020). PsbN has not yet been identified 

in the existing PSII structure (Umena et al., 2011, Hellmich et al., 2014); in tobacco, 

PsbN is not a constituent subunit of PSII but is involved in repair from photoinhibition 

and assembly of the PSII reaction centre (Torabi et al., 2014). The peripheral 

transmembrane subunit PsbY of PSII also had a higher ratio than many other PSII 

subunits. The function of PsbY has not been thoroughly studied. Still, it was proposed 

that PsbY is required to prevent photodamage to PSII under high light (Biswas and 

Eaton-Rye, 2018), the conditions that favour the formation of PSI–PSII 

supercomplexes (Iwai et al., 2010). 
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The PetM subunit of Cyt b6f appeared to strongly prefer to interact with other 

complexes (Figure 3-7C). Indeed, the deletion of petM in Synechocystis sp. PCC 6803 

could result in the reduced content of PSI and phycobilisomes, and PetM is involved 

in the regulatory processes of electron transfer pathways (Schneider et al., 2001). In 

ATPase, the subunit b’ possessed a significant difference in the relative abundance 

(Figure 3-7D). The long α-helices of the peripheral stalk subunits b′ and b are exposed 

to the outside of ATPase and clamp the integral membrane subunit a in its position 

next to the c-ring rotor, connecting F1 to Fo (Hahn et al., 2018). Moreover, in the rotation 

of ATPase during ATP production, subunit b’ remains stable, thus making it favourable 

to bind with other complexes.  
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Figure 3-8 Hypothetical models of photosynthetic supercomplex associations. 

Protein structures were obtained from PDB (PSI: 1JB0; PSII: 3WU2, Cyt b6f: 4H13, 

ATPase: 6FKF). 

(A) The hypothetical model of PSI–PSII supercomplex. Possible interacting subunits 

are PsaK of PSI and PsbY of PSII (red).  

(B) The hypothetical model of PSI-Cyt b6f supercomplex. They interact at PsaK of 

PSI and PetM of Cyt b6f (red).  

(C) The hypothetical model of PSII-Cyt b6f supercomplex. They interact at PsbU, 

PsbV of PSII and PetM of Cyt b6f (red).  

(D) The location of subunit b’ (pink) in ATPase.  

(E) AFM visualisation of PSI–PSII from the lumenal surface. 

(F) AFM visualisation of PSI-Cyt b6f from the lumenal surface. 

(G) AFM visualisation of PSII-Cyt b6f from the lumenal surface. 

(H) AFM visualisation of PSI-ATPase from the cytoplasmic surface. Associations in 

(E-H) are corresponding to (A-D).  
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Based on the pull-down assays and mass spectrometry results, the models of 

photosynthetic complex associations were proposed (Figure 3-8). The peripheral 

subunit PsaK of PSI, PetM of Cyt b6f and the subunit b’ of ATPase might sit at the 

interfaces between distinct photosynthetic complexes to facilitate specific associations 

of photosynthetic complexes in the thylakoid membranes (Figure 3-8A-D). AFM 

imaging on the native photosynthetic membranes has revealed the structures, lateral 

distribution and physical associations of photosynthetic complexes (Casella et al., 

2017, Zhao et al., 2020). Similar associations of different photosynthetic complexes as 

the proposed models have been observed in AFM (Figure 3-8E-H), although the 

structural variability could be due to the intricate properties of supercomplex 

assemblies in thylakoid membranes (Zhao et al., 2020). The structural variability might 

be more significant in PSII associations, resulting in unidentified specific binding sites 

in the PSII complex. 

 

There is increasing experimental evidence as to the formation of electron transport 

supercomplexes in cyanobacterial and chloroplast thylakoids (Watanabe et al., 2014, 

Gao et al., 2016, Iwai et al., 2010, Peng et al., 2008, Peng et al., 2009, Kouřil et al., 

2014, Liu et al., 2013, Bečková et al., 2017) and mitochondria (Lapuente-Brun et al., 

2013). The associations between different photosynthetic complexes in thylakoid 

membranes appeared to be weak, transient and dynamic (Zhao et al., 2020), given the 

highly dynamic and regulatable thylakoid membrane environment in cyanobacteria 

(Mullineaux and Liu, 2020). This makes it challenging to identify and isolate functionally 

active supercomplexes for subsequent investigation. Further improvement is required 

to reinforce the inter-complex associations; for example, cross-linking reagents could 

be used in the future (Liu et al., 2013). 
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3.2.7 Association between PSI and NDH-1 

 

Figure 3-9 NDH-1 subunits detected in four pull-down groups and the 

hypothetical model of PSI−NDH-1 association.  

(A) NDH-1 subunits detected in each GFP-labelled pull-down samples. Box 

plots display the median (line), the average (cross), the interquartile range 

(box) and the maximum and minimum (whiskers). Statistical analysis was 

performed using Student’s t-test. *: 0.01 < P < 0.05.  

(B) AFM image of the PSI−NDH-1 associations in native thylakoid membranes 

from Syn7942.  

(C) The hypothetical model of PSI−NDH-1 associations based on the AFM 

image shown in (B). The potential interacting sites NdhA, NdhN and NdhM 

of NDH-1 are in red. The protein structures were obtained from PDB (PSI: 

1JB0, NDH-I: 6NBQ). 

 

In addition to the supercomplexes formed by photosynthetic complexes, PSI−NDH-1 

supercomplexes have also been characterised in cyanobacteria and plants to facilitate 

cyclic electron transport (Zhao et al., 2020, Gao et al., 2016, Kouřil et al., 2014). The 

results exhibited that NdhA, NdhM and NdhN had a significantly higher abundance in 

the PSI-GFP pull-down sample than in other samples (Figure 3-9A). The structure of 
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NDH-1 revealed that NdhA forms a part of a heel to support a peripheral arm of the 

complex (Q-module) that comprises photosynthesis-specific subunits NdhM, NdhN, 

NdhO and NdhS (Schuller et al., 2019, Laughlin et al., 2019, Pan et al., 2020, Zhang 

et al., 2020, Schuller et al., 2020). The peripheral arm is proven to be the site that 

interacts with ferredoxin (Fd) to plastoquinone (PQ) (Schuller et al., 2019, Pan et al., 

2020). The binding of PSI to this part of NDH-1 appears to be functionally preferable. 

AFM confirmed that such PSI−NDH-1 associations do exist in native thylakoid 

membranes from Syn7942 (Figure 3-9BC), resembling the plant PSI−NDH-1 

supercomplex observed by cryo-EM (Kouřil et al., 2014). Consistently, higher light can 

trigger the redistribution of NDH-1 in Syn7942 cells from patches to more even 

distribution, colocalised with PSI, along the thylakoid membranes (Liu et al., 2012). 

This suggested the closer proximity of NDH-1 complexes to PSI, which likely correlates 

with a switch from linear to cyclic photosynthetic electron transport. 

3.2.8 Other protein complexes in cyanobacterial thylakoid 

membranes 

Table 3-1 Protein abundance of all detected protein and the percentage of the 

difference between a certain group and the average of four groups.  

Different colours visually present the difference—green marked proteins have a lower 

abundance than the average, while red means a higher abundance. The more 

saturated the colour is, the greater the difference is. Significance was calculated both 

within four photosynthetic complexes and between the group with the highest protein 

score and WT. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001. 
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A motivation for the unbiased analysis of samples from the pull-down assays was to 

explore the biology of uncharacterised proteins. Besides the photosynthetic complexes 

and NDH-1 complexes described above, additional proteins were also detected from 

the GFP pull-down samples (Table 3-1). The iron stress-induced chlorophyll-binding 

protein IsiA and PSI form supercomplexes to increase the absorption cross-section of 

PSI (Andrizhiyevskaya et al., 2002, Kouřil et al., 2005, Toporik et al., 2019, Zhao et al., 
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2020). The bicarbonate-binding protein CmpA may also bind to PSI, which is an 

interesting finding regarding the possible integration of the light reactions and dark 

reactions of the photosynthetic system. In addition, the chromosome partition protein 

Smc, the Secretion protein HlyD, and peptidoglycan glycosyltransferase were shown 

to bind to PSI.  

 

Proteins associated with PSII include PSI assembly protein Ycf4, three copies of ATP-

dependent zinc metalloprotease FtsH (0297: FtsH1, 0942: FtsH2, and 1314: FtsH4), 

and an uncharacterised protein which is hypothetical PsbQ (Synpcc7942_1678). FtsH 

protease was implicated in repairing photodamaged PSII (Komenda et al., 2006, Silva 

et al., 2003). The fact that band 7 proteins Sea0026 and Sea0027 binds to PSII, as 

two prohibitin homologues, has been reported before in Synechocystis sp. PCC 6803 

to prevent the undesirable degradation of newly-synthesised unassembled D1 (Silva 

and Nixon, 2001), analogous to the process established in mitochondria (Nijtmans et 

al., 2000). Additional proteins associated with PSII included the PSI assembly protein 

Ycf4 and the bicarbonate transporter SbtA. Cyt b6f might interact with DNA 

topoisomerase TopA and geranylgeranyl reductase, which catalyse the synthesis of 

phytyl pyrophosphate required for the production of chlorophylls, phylloquinone and 

tocopherols (Shpilyov et al., 2005). ATPase had a close relationship with the chaperon 

protein DnaK3 (Palleros et al., 1993), 30S ribosomal protein, 50S ribosomal protein, 

and a transcriptional regulator, AbrB. 

 

3.3 Concluding remarks 

A central question about the cyanobacterial thylakoid membrane is how their 

photosynthetic and respiratory complexes are distributed and regulated. This chapter 

presented a method that integrated data derived from GFP pull-down assays, mass 

spectrometry and AFM for biochemical and structural characterisation of 
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photosynthetic complex assemblies from thylakoid membranes of Syn7942. The 

specific inter-complex associations and potential binding domains of different 

photosynthetic complexes were characterised in detail, and the structural models of 

photosynthetic complex associations were proposed. Moreover, other binding proteins 

associated with the major photosynthetic complexes were also identified, indicating 

the highly connecting networks in the thylakoid membrane. This study delivers insight 

into the physical interplay of photosynthetic complexes and partners in cyanobacterial 

thylakoid membranes, providing the structural basis for efficient energy transfer. 

Advanced knowledge of the molecular basis underlying the organisation and 

interactions of protein complexes in the photosynthetic machinery may inform 

strategies for the rational design and engineering of artificial photosynthetic 

membranes and light-driven charge separation systems, with the intent of efficiently 

capturing and stabilizing solar energy to underpin energy production. 

 

We found that supercomplexes formed between PSI and PSII, PSI and NDH-1, and 

that cytochrome b6f could also be involved in those supercomplexes. It is worth 

mentioning that only a small percentage of complexes form supercomplexes; the 

association is possibly transient and dynamic. Generally speaking, the regulation of 

functional photosynthetic and respiratory thylakoid membrane is a highly dynamic 

process. For instance, PBSs in cyanobacteria have been reported to have great lateral 

mobility, and this diffusion is necessary for light-state transitions (Joshua and 

Mullineaux, 2004, Liu et al., 2009a, Van Thor et al., 1998, McConnell et al., 2002). In 

addition, the redox state change of an electron carrier can lead to the redistribution of 

respiratory complexes NDH-1 and SDH, further resulting in a change in the electron 

flow pathways (Liu et al., 2012). Further studies are needed in order to answer when, 

how, and why those supercomplexes are formed. 
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However, it would be biased to neglect the limitations of this study. Firstly, and 

foremostly, mass spectrometry itself is not a quantitative method. Digested proteins 

end as a complicated mixture of peptides with different mass-to-charge ratios; one 

must compare each peptide individually between experiments to achieve accurate 

quantification. Among several different quantification methods, two label-free 

quantification methods were critically reviewed (Bantscheff et al., 2007, Wang et al., 

2008a, Deracinois et al., 2013) and adopted on account of their feasibility. The first 

one works to measure and compare the MS intensity of peptide precursor ions of a 

protein. The second one works as counting and comparing the number of fragment 

spectra. Aside from these, a value namely protein abundance index (PAI) (Rappsilber 

et al., 2002) was proposed, which is the ratio of observed peptides to observable 

peptides for a certain protein. It was found that the PAI shows a linear relationship with 

the logarithm of protein concentration. Thus, exponentially modified protein abundance 

index (emPAI) was defined as 10PAI-1 to quantify protein content (Ishihama et al., 

2005). It could roughly present the comparison of different proteins; but for the same 

protein in different samples, it is not as accurate as the label-free quantification used 

in this study. In contrast to these techniques, stable isotope labelling can be employed 

if one desires to obtain absolute quantification. They are certainly superior in terms of 

accuracy for a certain protein but not as practical in this study. The reason is that, in 

label-free quantification, the mass spectrometer is not over-occupied by fragmentation 

of labelled peptides, therefore can provide better analytical depth and dynamical 

range, resulting in more peptides being detected (Bantscheff et al., 2007); apart from 

this, for isotope-labelled methods, only 2-8 experiments can be compared at one time 

(Bantscheff et al., 2007), which was not suitable for the original purposes. Moreover, 

apart from the control strain used in this study, which was a wild-type S. elongatus 

PCC 7942 strain, a control containing free GFP could potentially be induced. In this 

way, the chance of GFP interacting with random proteins could be considered. If this 

is achieved by expressing free GFP that is dissociated from any fusion protein, they 
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are almost certainly in the cytoplasm and get eliminated during the thylakoid isolation 

step. If this is achieved by adding heterologous expressed GFP, it may induce external 

error and impair the precise determination of the GFP quantity. Either way, a potential 

improvement would require careful design. 

 

In terms of future work, this study may facilitate the engineering of photosynthetic 

apparatus. For example, with respect to the goal of stopping the global warming in a 

CO2 neutral and eco-friendly way, scientists have been investigating minimal cells and 

even artificial biological machines, which would potentially allow maximal efficiency in 

biological processes (Schwille et al., 2018). Artificial photosynthesis is one of the top 

subjects in synthetic biology (Collings and Critchley, 2007, Eisenberg and Nocera, 

2005, Kamat, 2007, Balzani et al., 2008). A recent study successfully created semi-

artificial chloroplasts by combining the light-harvesting thylakoid membranes of 

spinach with synthetic enzymes to make it possible to harvest sunlight and convert 

carbon dioxide to glycolate; it was proved to be a milestone in synthetic 

photosynthesis, validating the idea that natural and artificial units can be integrated to 

perform life functions (Miller et al., 2020b). 
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 Chapter 4 Localisation of photosynthetic and 
respiratory complexes in the thylakoid 
membrane 

4.1 Introduction 

The thylakoid membranes are a densely packed subcompartment for photosynthetic 

activities, where the protein complexes of the photosynthetic electron transfer chain 

are embedded, including PSI (PSI), PSII (PSII), Cyt b6f and ATP synthase (ATPase). 

In cyanobacteria, respiratory electron transport also takes place in the thylakoid 

membrane, including pieces of the respiratory chain machinery comprising type 1 

NADH dehydrogenase (NDH-1), succinate dehydrogenase (SDH), cytochrome 

oxidase (cyt oxidase/COX), and other small components. Overall, thylakoid 

membranes are not homogeneous, protein complexes do not distribute evenly in them 

(Zhao et al., 2020), and the distribution is highly dynamic under different conditions. 

Back in the last century, the localisation of photosynthetic complexes in S. elongatus 

PCC 7942 (Syn7942) was determined using immunogold labelling, and it was claimed 

that PSI and the ATPase were found in the outer layer of the thylakoid while PSII and 

Cyt b6f existed throughout the thylakoids (Sherman et al., 1994). In Synechocystis 

PCC6803, tightly packed crystalline PSII arrays were observed with electron 

microscopy after mild detergent treatment, implying the distribution of PSII is not 

always even (Folea et al., 2008). Atomic force microscopy (AFM) data showed that in 

Prochlorococcus, regions of densely packed PSI complexes were found in the 

thylakoid membranes, which also suggested an intriguing, uneven dispersal of 

photosystems (MacGregor-Chatwin et al., 2019). In Syn7942, PSI-enriched domains 

and PSII arrays have been visualised (Zhao et al., 2020). In the same organism, 

fluorescent-tagged PSI, PSII, Cyt b6f, and ATPases appeared to have different 

distribution patterns and diffusion coefficients (Casella et al., 2017). A paper published 

in 2012 demonstrated that NDH-1 and SDH had a patchy distribution in the thylakoid 
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membranes under low light conditions, and had a more even distribution after 30 

minutes of growth light treatment (Liu et al., 2012).  

 

Despite ample knowledge about the chemical mechanism of photosynthetic electron 

transfer as well as the structures of individual electron transfer complexes, information 

about how these protein complexes are regulated and dynamically coordinated to form 

a functional chain is still basic. Some questions remain unanswered, for example, how 

the membrane area with densely packed PSI would contribute to the photosynthetic 

processes with no other adjacent electron transfer complexes. The interaction between 

these photosynthetic and respiratory protein complexes and their relative position to 

one another in vivo have received scant attention in the research literature. This 

chapter aimed to unravel some of the mysteries surrounding these questions using the 

combination of dual-labelling and a well-established confocal fluorescence microscopy 

investigation method for cyanobacterial thylakoid membrane (Casella et al., 2017, Liu, 

2016). We present a direct visualisation of in vivo colocalisation of photosynthetic 

complexes and respiratory complexes in natural thylakoid membranes of the 

cyanobacterial model strain Syn7942. Due to the rod shape of Syn7942 and its parallel 

thylakoid membranes, it is a suitable model to visualise the tagged photosynthetic and 

respiratory complexes with confocal microscopy.  

 

4.2 Results and Discussion 

To study the localisation correlation between photosynthetic and respiratory 

complexes, recombination of fluorescent protein labelling and image analysis were 

carried out. PSI was tagged with a cyan fluorescent protein (CFP). The reason to 

choose PSI was that PSI is the most abundant photosynthetic protein (Casella et al., 

2017), and CFP emits a weaker signal than yellow fluorescent protein (YFP). Other 

proteins from the thylakoid membrane, including PSII, ATPase, NDH-1 and Cyt c 
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oxidase, were tagged with YFP. The subunits tagged with YFP were PsaE in PSI, PsbB 

in PSII, ATPB in ATPase, NdhM in NDH-1 and CtaE in cytochrome c oxidase. PCR 

verifications confirmed the full segregation of the mutant strains (Figure 4-1A).  

 

Another photosynthetic complex, Cyt b6f, has been labelled with YFP, but full 

segregation of this double labelling strain has not been achieved in the experiments. 

To evaluate the potential differences among those mutant strains, the growth curves 

of all dual-labelling strains and WT were monitored, and no significant differences were 

observed (Figure 4-1B). The absorbance spectra of WT and mutant strains (Figure 4-

1C) did not demonstrate significant differences in pigment content, including 

chlorophyll a, which absorbs blue light at around 440 nm and red light at around 680 

nm, phycocyanin plus phycobilisomes that absorbs orange light at 600-640 nm, and 

the minor peak at 400-550 nm ascribed to carotenoids.  

 

In the experiments, two conditions of cells were compared. Cells were all grown in 

moderate light (ML) / growth light of 40 μE·m-2·s-1. Light condition samples were 

constantly in ML, while dark condition samples were grown in ML and examined with 

microscopy after dark-adaption of 15 min. To avoid CFP to YFP fluorescence 

resonance, CFP and YFP channels were recorded separately within a very short time. 

Argon laser with an excitation wavelength of 458 nm was used for CFP detection at 

470-500 nm, and a 514 nm laser was used to excite YFP detected at 520-550 nm CFP. 
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Figure 4-1 Verification of photosynthetic complex dual-labelling strains.  

PsaE in PSI is labelled with CFP. PsbB in PSII, AtpB in ATPase, NdhM in NDH-1 and 

CtaE in cytochrome c oxidase are labelled with YFP, respectively.  

(A) Growth curves of wild type and mutant strains at 30°C with constant 40 μE·m-

2·s-1 white illumination.  

(B) Absorption spectra of wild type and mutant strains from 350 nm to 750 nm 

normalised at OD750.  
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4.2.1 Co-localisation of PSI and PSII 

 

 

Figure 4-2 Confocal microscopy of co-localisation of PSI and PSII. 

(A) Confocal microscopy imaging of PSI-CFP and PSII-YFP distributions observed 

in the dark-adapted samples and ML (40 μE·m-2·s-1) samples. White arrows 

indicate similar protein distributions between PSI-CFP and PSII-YFP. 

(B) Plot profile of PSI-CFP and PSII-YFP of a typical cell indicated with red triangles 

in the dark-adapted sample.  

(C) Plot profile of PSI-CFP and PSII-YFP of a typical cell indicated with red triangles 

in ML sample. 
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(D) Regression analysis of the correlation between PSI-CFP and PSII-YFP in the 

dark-adapted sample (N = 2284 data points of 20 cells). Pearson correlation 

coefficient r value is calculated for all data points. Statistical significance is 

determined with two-tailed Student’s T distribution. *: 0.01 < P < 0.05, **: 0.001 

< P < 0.01, ***: P < 0.001 (see methods). 

(E) Regression analysis of the correlation between PSI-CFP and PSII-YFP in ML 

sample (N = 2655). Pearson correlation coefficient r value is calculated for all 

data points. Statistical significance is determined with two-tailed Student’s T 

distribution. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001. 

(F) Distribution of Pearson correlation coefficient of each cell in a group of 20, 

presenting the heterogeneity (N = 20 cells). 

 

The first pair of protein complexes studied were PSI and PSII. Figure 4-2A shows 

confocal microscopic images of fluorescent PSI-CFP and PSII-YFP under dark and 

light conditions, excited with a laser of 458 nm and 514 nm, respectively. By plotting 

CFP signals and YFP signals of measured data points, the normalised fluorescence 

profiles of both samples demonstrated PSI and PSII tended to correlate on a larger 

scale, especially under moderate light (Figure 4-2BC). To comprehensively evaluate 

the relationship between PSI and PSII, quantitative linear regression analyses were 

performed on PSI CFP and PSII YFP fluorescent intensity. Scatterplots showed that 

light treatment leads to a higher covariance than dark treatment. 0.71 in ML (p = 0) 

(Figure 4-2D and Figure 4-2E). The large sample size gave a certain validity to these 

relations. By comparing Pearson’s correlation coefficient of individual cells in two 

groups of 20 cells, it was found that the tendency was homogeneous among the 

population (Figure 4-2F). The colocalisation of PSI and PSII in ML is reasonable since 

electrons are passed from PSII to PSI in the transfer chain; and PSI and PSII have 

been proved to form supercomplexes (Bečková et al., 2017), as discussed in Chapter 

3. AFM data have shown PSI and PSII can coexist in the same area (Zhao et al., 2020, 

Casella et al., 2017). However, in a much earlier study, it was shown that in Syn7942, 

PSI complexes were mostly detected in the inner thylakoid membrane layers while PSI 
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complexes were found mostly in the outer layers (Sherman et al., 1994), probably 

owing to the evolutionary pressure to avoid quenching of PS II by PS I because they 

have distinct exciton trapping kinetics (Trissl and Wilhelm, 1993). A conflicting study 

with in vivo hyperspectral confocal fluorescence in Synechocystis 6803 stated that PSII 

was found concentrated near the periphery of the cell, while PSI was observed in the 

inner thylakoid (Vermaas et al., 2008). The final answer of whether PSI and PSII 

distribute throughout all thylakoid membrane layers seems unfathomable by now. 
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4.2.2 Co-localisation of PSI and ATPase 

 

 

Figure 4-3 Confocal microscopy of co-localisation of PSI and ATPase.  

(A) Confocal microscopy imaging of PSI-CFP and ATPase-YFP distributions, 

observed in the dark-adapted samples and ML (40 μE·m-2·s-1) samples. 

White arrows indicate similar protein distributions between PSI-CFP and 

ATPase-YFP. 

(B) Plot profile of PSI-CFP and ATPase-YFP of a typical cell indicated with red 

triangles in the dark-adapted sample. 

(C) Plot profile of PSI-CFP and ATPase-YFP of a typical cell indicated with red 

triangles in ML sample.  

(D) Regression analysis of the correlation between PSI-CFP and ATPase-YFP in 

the dark-adapted sample (N = 2323 data points of 20 cells). Pearson 
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correlation coefficient r value is calculated for all data points. Statistical 

significance is determined with two-tailed Student’s T distribution. *: 0.01 < P 

< 0.05, **: 0.001 < P < 0.01, ***: P < 0.001 (see methods). 

(E) Regression analysis of the correlation between PSI-CFP and ATPase-YFP in 

ML sample (N = 2452). Pearson correlation coefficient r value is calculated for 

all data points. Statistical significance is determined with two-tailed Student’s 

T distribution. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001. 

(F) Distribution of Pearson correlation coefficient calculated of each cell in a group 

of 20, presenting the heterogeneity (N = 20 cells). 

 

The dual labelling of PSI and ATPase showed moderate colocalisation in the thylakoid 

membranes (Figure 4-3). The distributional association between PSI and ATPase has 

been found in previous publications. Using immunocytochemistry, it was demonstrated 

that PSI and ATP synthase proteins typically inhabit the outermost layer of the 

thylakoid membrane, while PSII and cytochrome b6/f were found throughout the 

thylakoid (Sherman et al., 1994). Similar segregation was observed in higher plants as 

well (Albertsson, 2001). Nevertheless, it is worth mentioning that locating in the same 

thylakoid membrane area does not guarantee physical associations, but they may be 

contiguous on a larger scale. AFM data showed that ATPases were found adjacent to 

PSI domains (Zhao et al., 2020). Considering that PSI and ATPase are both involved 

in the photosynthetic electron transport chain, one unanticipated finding is that the 

correlation between PSI and ATPase was lower in ML. The Pearson correlation 

coefficient r value decreased from 0.53 in the dark to 0.29 in ML (Figure 4-3DE). The 

reason remains an open question. 
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4.2.3 Co-localisation of PSI and NDH-1 

 

 

Figure 4-4 Confocal microscopy of co-localisation of PSI and NDH-1. 

(A) Confocal microscopy imaging of PSI-CFP and NDH-1-YFP distributions, 

observed in the dark-adapted samples and ML (40 μE·m-2·s-1) samples. White 

arrows indicate similar protein distributions between PSI-CFP and NDH-1-YFP. 

(B)  Plot profile of PSI-CFP and NDH-1-YFP of a typical cell indicated with red 

triangles in the dark-adapted sample. 

(C)  Plot profile of PSI-CFP and NDH-1-YFP of a typical cell indicated with red 

triangles in ML sample.  

(D) Regression analysis of the correlation between PSI-CFP and NDH-1-YFP in 

the dark-adapted sample (N = 2287 data points of 20 cells). Pearson correlation 

coefficient r value is calculated for all data points. Statistical significance is 
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determined with two-tailed Student’s T distribution. *: 0.01 < P < 0.05, **: 0.001 

< P < 0.01, ***: P < 0.001 (see method). 

(E) Regression analysis of the correlation between PSI-CFP and NDH-1-YFP in 

ML sample (N = 2474). Pearson correlation coefficient r value is calculated for 

all data points. Statistical significance is determined with two-tailed Student’s T 

distribution. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001. 

(F) Distribution of Pearson correlation coefficient calculated of each cell in a group 

of 20, presenting the heterogeneity (N = 20 cells). 

 

Type-1 NADPH dehydrogenase (NDH-1) is a member of respiratory enzymes and is 

also involved in cyclic electron flow. Results (Figure 4-4) revealed a close association 

between the fluorescent signals of PSI and NDH-1; the r value reaches 0.54 in the dark 

and 0.49 in ML (Figure 4-4D and Figure 4-4E). This strong relation could be due to 

both complexes dedicating to the cyclic electron transport in the thylakoid membrane 

(Lea-Smith et al., 2016). A previous paper demonstrated that the redox state was a 

parameter to affect the redistribution under different light conditions (Liu et al., 2012). 

The mechanism behind the redistribution in correspondence with PSI requires further 

studies. 

4.2.4 Co-localisation of PSI and cytochrome c oxidase 
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Figure 4-5 Confocal microscopy of co-localisation of PSI and cytochrome c 

oxidase. 

(A) Confocal microscopy imaging of PSI-CFP and cytochrome c oxidase-YFP 

distributions, observed in the dark-adapted samples and ML (40 μE·m-2·s-1) 

samples. White arrows indicate similar protein distributions between PSI-CFP 

and cyt oxidase-YFP. 

(B) Plot profile of PSI-CFP and cyt oxidase-YFP of a typical cell indicated with red 

triangles in the dark-adapted sample. 

(C) Plot profile of PSI-CFP and cyt oxidase-YFP of a typical cell indicated with red 

triangles in ML sample. 

(D) Regression analysis of the correlation between PSI-CFP and cyt oxidase-YFP 

in the dark-adapted sample (N = 2603 data points of 20 cells). Pearson 

correlation coefficient r value is calculated for all data points. Statistical 

significance is determined with two-tailed Student’s T distribution. *: 0.01 < P 

< 0.05, **: 0.001 < P < 0.01, ***: P < 0.001 (see methods). 

(E) Regression analysis of the correlation between PSI-CFP and cyt oxidase-YFP 

in ML sample (N = 2418). Pearson correlation coefficient r value is calculated 

for all data points. Statistical significance is determined with two-tailed 

Student’s T distribution. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001. 

(F) Distribution of Pearson correlation coefficient calculated of each cell in a group 

of 20, presenting the heterogeneity (N = 20 cells). 

 

Cyt c oxidase (COX) is a respiratory terminal oxidase of cyanobacteria that generates 

water from oxygen and results in ATP synthesis (Hart et al., 2005). It is a member of 

the respiratory electron transport cycle, with a functional relation to NDH-1 rather than 

PSI. Figure 4-5 shows the distribution of PSI and COX (Figure 4-5ABC) and regression 
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analysis (Figure 4-5D and Figure 4-5E). As the least related pair, PSI and cyt c oxidase 

(COX) had the lowest distribution correlation between them. The Pearson correlation 

coefficient r values were low in both dark and ML, being 0.12 and 0.20 correspondingly, 

but the individual cell average had no significant difference between these two groups 

(Figure 4-5E).  

 

4.2.5 Comparisons among complexes 

 

Figure 4-6 Paired comparisons of the correlation with PSI between 

complexes and between light conditions. 

Pearson correlation coefficient is converted to be normally distributed with Fisher’s r to 

z transformation. Then statistical significance is determined between groups. *: 0.01 < 

P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001 (see methods). 

 

Overall, all four YFP-labelled thylakoid membrane proteins have a positively related 

distribution with PSI. Proteins with related functional roles clustering together might be 

a general rule in the cyanobacterial thylakoid membrane. Pearson correlation 

coefficients among these four proteins under different conditions were further 
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compared via Fisher’s r to z transformation, revealing that the differences between 

each pair of proteins or conditions were significant except for the ATPase and NDH-1 

in the dark (Figure 4-6). PSII showed a highly positive correlation with PSI in ML, but 

in the dark, the colocalisation was less strong than those of PSI–ATPase and PSI–

NDH-1. Light clearly resulted in a redistribution of this photosynthetic system pair. 

Moreover, ATPase had a moderate positive correlation in the dark; NDH-1 had a 

moderate positive correlation with PSI regardless of light conditions; and cyt oxidase 

had the least correlation. 

 

We have also compared the standard deviation of fluorescence intensity of each 

protein among different cells to characterise the heterogeneity (Figure 4-7). In general, 

the standard deviations were similar under two light conditions, meaning that proteins 

did not incline to change their distribution pattern when transferred between dark and 

light; patterns considered here are either even distribution or patchy distribution. 

Overall, the localisation pattern of each protein was more heterogeneous in the dark 

(a higher SD of the SD/mean), while in ML, different cells tended to behave similarly. 

What stands out in the chart is that NDH-1 had a lower normalised SD compared to 

any other complex, implicating a more even distribution. In a previously published 

study with confocal imaging, it was found that instead of the even distribution in ML, 

NDH-1 had a discrete, patchy distribution under low light (Liu et al., 2012). Different 

dark-adaption time could be used to further explore whether this patchy distribution is 

a common occurrence with a lack of light. 
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Figure 4-7 Normalised standard deviation of fluorescence intensity of each 

protein among different cells. 

Fluorescence intensity is measured along the thylakoid membrane for each cell. 

Significance is determined with student t-test. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, 

***: P < 0.001 (N = 20 for each group). 

 

4.3 Concluding remarks 

Using a combination of dual fluorescent labelling, confocal microscopy and regression 

analysis, this chapter depicts a general tendency of photosynthetic and respiratory 
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complexes to colocalise with PSI in the thylakoid membrane. The level of colocalisation 

rises when the studied complex is functionally related to PSI. A remarkable example 

is that PSI and PSII have a striking propensity to colocalise in the light. ATPase and 

NDH-1 also have a moderate correlation with PSI. It could conceivably be 

hypothesised that these interactions facilitate electron transport. This finding, while 

preliminary, has extended knowledge of how these protein complexes are 

physiologically coordinated and regulated, and might ultimately expedite the design of 

artificial photosynthetic machinery to boost biofuel production in the far future. In 

contrast to the thylakoid membrane of higher plants, in which segregation of different 

photosynthetic proteins into grana and stromal lamella is common (Albertsson, 2001, 

Dekker and Boekema, 2005), the photosynthetic and respiratory complexes studied 

from Syn7942 have a relatively even distribution in the thylakoid membrane. The 

increase in the colocalisation level from dark to light brings attention to the similarities 

between this finding and an interesting result published in 2019 (Yokono et al., 2019), 

which found that algae within their natural habitat in higher light had a higher amount 

of PSI–PSII megacomplexes, e.g. Dichotomosiphontuberosus shows 51% of PSII 

forms PSI–PSII megacomplexes. Whilst the ratio is significantly lower for algae 

growing in deep water, for example, Codium fragile has only 8.8% PSI–PSII 

magacomplexes accumulated (Yokono et al., 2019).  

 

Compared to previous studies of thylakoid membranes using various techniques, this 

study provides an in vivo and dynamic visualisation of the interaction between 

photosynthetic and respiratory complexes. AFM delivers a direct visualisation of the 

natural thylakoid membrane at high resolution (Zhao et al., 2020), but sampling small 

thylakoid membrane patches leads to lacking a comprehensive understanding of the 

overall protein distribution within the whole cell, and the designation of proteins in AFM 

highly depends on the particularity of the shape of protein complexes. However, owing 

to the optical resolution limitations, this method cannot discern the precise location of 
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complexes as can be achieved by AFM (Casella et al., 2017, Zhao et al., 2020) or 

cryo-electron tomography (Wietrzynski et al., 2019) etc. 

 

The results presented in this chapter were broadly in agreement with the pull-down 

results (Chapter 3) in terms of colocalisation on a larger scale. In Chapter 3, PSI are 

found to form supercomplexes with PSII and NDH-1, and in this chapter, it was 

presented that their distribution also correlated at a microscopic level. However, data 

in this chapter must be interpreted with caution because they do not serve as direct 

evidence of the existence of supercomplexes but rather indicate that the co-localisation 

of electron transfer complexes on a larger scale, due to the limitation of optical 

resolution of 180 nm laterally for a confocal microscope (Fouquet et al., 2015). In 

addition, the resolution along the z-axis was set to 2 μm in this experiment due to the 

pinhole setting. Therefore, it was also beyond the scope of this study to discern 

complexes from different layers of the thylakoid membrane, as the thylakoid repeat 

distance has been measured to be approximately 60–70 nm in a study using small-

angle scattering (Jakubauskas et al., 2019).  

 

Fluorescence resonance energy transfer (FRET) is a physical process in which energy 

will transfer from a donor fluorophore with higher energy to an acceptor fluorophore 

when the emission spectrum of the donor significantly overlaps the absorption 

spectrum of the acceptor. With the distance between these two fluorophores 

increasing, the energy transferred declines dramatically and becomes barely 

detectable over 10 nm (Siegel et al., 2000). Because CFP and YFP are a pair of such 

fluorophores, in this experiment, images were acquired separately using different 

lasers for CFP and YFP excitation (458 nm was used for CFP detection at 470–500 

nm, and a 514 nm laser was used to excite YFP detected at 520–550 nm CFP) to 

eliminate sensitised fluorescence. Choosing CFP and YFP as a pair leaves sufficient 
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room for further progress in determining the distance between each pair of labelled 

proteins using FRET measurements. 

 

Several questions still retain unanswered. The factors that facilitate the colocalisation 

of photosynthetic complexes are subject to future studies. Are thylakoid membranes 

divided into functional subdomains? Are post-translational modifications involved in 

the transportation of photosynthetic complexes into the thylakoid membranes? 

Although there is a wealth of knowledge on the existence of light-triggered biological 

processes in photosynthetic complexes, the mechanisms underlying these processes 

remain relatively poorly understood. As stated before, in future investigations, it might 

be possible to determine whether changes in the electron transport activities facilitate 

the redistribution of protein complexes under different light conditions; as a paper 

proposed that the redistribution of NDH-1 and SDH is correlated with the redox state 

of an electron carrier (Liu et al., 2012). 
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 Chapter 5 Roles of Curvature Thylakoid 1 
protein in mediating thylakoid membrane 
structure and photosynthetic function 

5.1 Introduction 

The photosynthetic complexes of both chloroplasts and cyanobacteria, including 

photosystems and ATP synthases, are located in a unique internal membrane system, 

the thylakoid membrane. Research to date has not yet determined how the thylakoid 

membrane structure and functions are maintained (Liu et al., 2012). The structures of 

thylakoid membranes in chloroplasts and cyanobacteria are strikingly different. 

Cyanobacterial thylakoid membranes do not stack; the presence of membrane-

associated light-harvesting complexes, phycobilisomes, may impose a physical 

resistance between thylakoid membrane layers (Mullineaux, 2005). However, 

thylakoid membranes share the characteristic of being able to form curvatures. For 

example, the thylakoid membranes of higher plants form curvatures at grana margins; 

the thylakoid membranes of Synechocystis PCC 6803 curve towards the cytoplasmic 

membrane (Heinz et al., 2016b), and S. elongatus PCC 7942 are mostly flat but form 

obtuse membrane curvatures at cellular poles. One of the important thylakoid 

regulators, which is believed to be able to perform the curving property of 

cyanobacterial thylakoids, is Curvature Thylakoid 1 (CURT1).  

 

Studies on the CURT1 family have been performed on several organisms, with 

different protein names. In 2003, a study to identify novel phosphoproteins in thylakoid 

membranes of A. thaliana showed that a nuclear-coded 14-kDa-protein with a 

chloroplast-targeting peptide was a site of phosphorylation and was therefore named 

as thylakoid membrane phosphoprotein of 14 kDa (TMP14) (Hansson and Vener, 

2003). Later, a paper published in 2005 claimed that the newly found TMP14 in 

Arabidopsis was a new subunit of PSI and named it PSI-P, given its association with 
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PSI, especially the co-migration with PSI-L (PsaL) in all protein preparations 

(Khrouchtchova et al., 2005). In Synechocystis sp. PCC 6803 (Syn6803), the 

association of TMP14 and PsaL with a high light-induced protein was confirmed by 

mass spectrometry (Wang et al., 2008b). In 2013, a study presented a detailed 

description of this family of proteins that functioned in inducing curvature at the edges 

of granal stacks and named this family Curvature Thylakoid 1 (CURT1), followed by 

letters A, B, C, or D for each homologous copy of this protein in the A. thaliana genome. 

TMP14 was then designated as CURT1B (Armbruster et al., 2013). It was proposed 

that the CURT1 protein adjusted thylakoid architecture by inducing membrane 

curvature at granal margins. Mutations of the CURT1 gene led to decreases in 

thylakoid phosphorylation (Armbruster et al., 2013). Studies on the homolog of CURT1 

in Synechocystis PCC 6803, CurT, revealed that CurT was crucial for shaping the 

curvature of thylakoid membranes towards the plasma membrane and thereby 

ensured the assembly of PSII at the cell periphery (Heinz et al., 2016b). It was stated 

that CURT1-like proteins were needed to generate an efficient thylakoid system in 

cyanobacteria and proper response to osmotic stress (Heinz et al., 2016b). 

 

In this chapter, studies were undertaken on the localisation, functions, and 

mechanisms of CURT1 (Syn_1832) in the rod-shaped unicellular cyanobacterium 

S.elongatus PCC 7942. CURT1 in S. elongatus PCC 7942 was found to be essential, 

in contrast to the CURT1 proteins in A. thaliana (Armbruster et al., 2013) and 

Synechocystis sp. PCC 6803 (Heinz et al., 2016b). The data revealed that CURT1 

plays roles in inducing thylakoid membrane curvature, modifying the overall pattern of 

the thylakoid membranes, and the densities of the photosynthetic complexes within 

the membranes.  
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5.2 Results and discussion 

5.2.1 Generation of a CURT1 knockdown strain in Syn7942 

The first goal of this research was to study the functions of the CURT1 protein in S. 

elongatus PCC 7942 (Syn7942). The knockdown mutation of the CURT1 gene was 

generated (CURT1-KD) with the natural homologous recombination capacity of 

Syn7942. The genome copy number of Syn7942 in the exponential phase is normally 

3–5 (Griese et al., 2011), or more extremely, 1–10 (Zheng and O’Shea, 2017), which 

has been shown to correlate with cell size (Comai, 2005, Melaragno et al., 1993). Once 

mutated, Syn7942 cells might have several copies of the mutated gene and the rest 

as wild-type, meaning the mutant cells could have different segregation levels. Two 

segregation methods were adopted during gene deletion; cells were grown with 

supplemented antibiotics either in liquid or on plates. After transferring to fresh media 

up to five times, no full segregation was obtained in any subculture. In the PCR 

verifications for segregation, a wild-type band always appeared in addition to the 

knockout band (Figure 5-1A). However, by doing a Western Blot using a CURT1 

antibody (Heinz et al., 2016b), it was established that under the antibiotic pressure, the 

level of CURT1 in this knockdown strain was below the detection threshold, while the 

WT strain produced a clear band (Figure 5-1B) (Loaded the same as Figure 5-4, see 

Chapter 2 Methods). The results demonstrated that the deletion of the CURT1 gene in 

Syn7942 was fatal, yet cells did not need a high level of this protein to survive. 

Consistently, in a previous study on the essentiality of genes in Syn7942, a library of 

246913 transposon insertion mutants was created and the insertions were verified by 

sequencing; researchers found that 718 of the 2723 genes, including the CURT1 gene, 

were found to be essential under experimental conditions (Rubin et al., 2015). However, 

a full knockout of the CURT1 gene (Synpcc7942_1832) was achievable in 

Synechocystis 6803 with the addition of 5 mM glucose (Heinz et al., 2016b). 
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Synechocystis sp. PCC 6803 is capable of both phototrophic and heterotrophic growth, 

and the knockout was only possible with extra heterotrophic energy.  

 

 

Figure 5-1 Verification of the CURT1 knockdown strains.  

The primers used are listed in Supplementary Table 1. 

(A) PCR verification of the CURT1-KD strains shows partial segregation.  

(B) Western blot of extracted thylakoid with α-CURT1 suggests that the knockdown 

results in a low level of CURT1 that fails to be detected with the corresponding 

antibody. 

 

5.2.2 Physiological characterisation of the CURT1 

knockdown strain 

To characterise the functions of CURT1, physiological measurements were performed 

on the WT and CURT1-KD strain for comparison. In addition to the reduced growth 

rate (Figure 5-2A), the CURT1-KD strain also had significantly lower chlorophyll 

concentration compared to that of the WT strain (6.43 ± 0.24 and 3.89 ± 0.33 µM 

Chl/OD750 respectively, p = 4.23E-04 n = 3) (Figure 5-2B). The maximum quantum 

efficiency of PSII (PSII), Fv/Fm, was 0.52 ± 0.00 (n = 3), which was significantly higher 

than that of CURT1-KD (0.43 ± 0.038, n = 3, p = 0.013) (Figure 5-2C). The lower Fv/Fm 

indicated that the loss of CURT1 created growth stress for cyanobacterial cells 

(Kitajima and Butler, 1975, Maxwell and Johnson, 2000). The rapid light response 

curves for the quantum yield of PSII in control and CURT1-KD are shown in Figure 5-

2D, demonstrating that CURT1-KD had a lower quantum yield of PSII compared to WT 

under high radiance, again implying greater stress, which explained the high level of 
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CURT1 observed under high light (Figure 5-6). The oxygen evolution rate of CURT1-

KD was 9 ± 3.90 μmol O2 mL-1 h-1, compared to WT, which was 6.875 ± 1.89 μmol O2 

mL-1 h-1, the difference is not significant (p = 0.44, n = 3). The variance of respiratory 

rate was not significant, either, with -1.25 ± 0.57 μmol O2 mL-1 h-1 and -0.88 ± 0.57 

μmol O2 mL-1 h-1 respectively (p = 0.47, n = 3) (Figure 5-2E). The higher standard 

deviation in CURT1-KD probably came from the heterogeneity of the CURT1 level due 

to incomplete segregation. 

 

Figure 5-2 Physiological measurements of the CURT1-KD mutant.  

Data are shown as means ± SD of three independent experiments. Significant 

differences were determined with Student’s t test. *: 0.01 < P < 0.05, **: 0.001 < P < 

0.01, ***: P < 0.001. 

(A) Growth curves of wild-type and CURT1-KD at 30°C with constant 40 μE·m-2·s-

1 white illumination.  

(B) Chlorophyll-a level comparison between wild-type and CURT1-KD using the 

methanol extraction method, normalised against OD750.  

(C) Fv/Fm measurements (PSII activity) of wild-type and CURT1-KD, with 

chlorophyll-a level adjusted to 20 mM.  

(D) Rapid light curves of wild-type and CURT1-KD under a range of PAR 

(photosynthetic active radiation), with chlorophyll a level adjusted to 20 mM.  

(E) Measurements of oxygen evolution and respiratory rates of wild-type and 

CURT1-KD, with chlorophyll a level adjusted to 20 mM. The Oxygen evolution 

was measured with a red LED light source peaking at 650 nm. 
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The absorbance spectra of the WT and CURT1-KD strains (Figure 5-3A) demonstrated 

notable differences in pigment content. Chlorophyll a, which absorbs blue light at 440 

nm and red light at 680 nm, had a higher content in WT than in CURT1-KD. It is worth 

mentioning that for the CURT1-KD strain, a blue shift of 5–8 nm from 680 to 

approximately 673 nm absorption occurred, ascribed to the presence of IsiA (see also 

Figure 5-4A) (ÖQUIST, 1974, Guikema and Sherman, 1983, Falk et al., 1995, Zhao et 

al., 2020). Phycobilisomes that absorb light at 600–640 nm also showed a lower level 

in the CURT1-KD strain (Khanna et al., 1983).  

 

Under excitation at 430 nm (chlorophyll) and 580 nm (phycobilisome), PSI had a 

fluorescence emission peak at 720 nm (Franck et al., 2002, Vredenberg and Duysens, 

1965), and PSII had the typical fluorescence emission at 685 nm at room temperature 

(Franck et al., 2002). For the fluorescence emission spectra excited at 430 nm (Figure 

5-3B), the blue shift of CURT1-KD at 685 nm confirmed the existence of IsiA once 

more (Andrizhiyevskaya et al., 2002). The lower value of CURT1-KD at 720 nm 

compared to WT indicated a lower energy transition to PSI. When phycobilisome was 

excited, IsiA once again brought a higher peak blue-shifted from 685 nm (Figure 5-3C) 

(Zhao et al., 2020). The fluorescence emission spectra also showed less 

phycobilisome coupling with PSI at 720 nm. In summary, CURT1 knockdown resulted 

in more stress in cell growth, the induction of IsiA expression and the reduction in 

chlorophyll content in cells. 
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Figure 5-3 Optical spectra of CURT1-KD and wild-type strain.  

Data are shown as an average of three independent experiments. 

(A) Absorption spectra of WT and CURT1-KD from 400 nm to 800 nm normalised 

at OD750.  

(B) Room temperature fluorescence emission spectra of WT and CURT1-KD, 

exciting chlorophyll a at 430, detected from 600 nm to 780 nm, normalised at 

OD760.  

(C) Room temperature fluorescence emission spectra of WT and CURT1-KD, 

exciting phycobilisome at 580, detected from 600 nm to 780 nm, normalised at 

OD760. 
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5.2.3 Protein composition of thylakoid membranes was 

altered by the reduction of the CURT1 level 

 

Figure 5-4 Quantification of protein components in the CURT1-KD mutant 

compared to WT.  

(A) Western blots of extracted thylakoid using annotated antibodies 

(photosynthetic complexes and RbcL, as an internal control).  

(B) Quantification of protein abundance from Western blots comparative to WT 

sample (as indicates with dashed line). Data are shown as means ± SD of three 

independent experiments. Significant differences are determined with 

Student’s t test. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001.  

(C) Protein complexes from WT and CURT1-KD separated in a 3-12% linear 

gradient BN-PAGE. Oligomeric and monomeric forms of photosynthetic 

complexes are identified. Asterisks designate possible defective complexes. 

 

To understand if the lack of CURT1 affects the protein composition of thylakoid 

membranes, the abundance of major photosynthetic proteins was determined and 

compared between the WT and CURT1-KD strains with immunoblotting, normalised 

by the total protein levels (Figure 5-4). The abundance of PsaB, as a core subunit of 

PSI, had a higher abundance than that of WT (122.31 ± 19.49%, n = 3, p = 0.058) 

(Figure 5-4A, B). Two antibodies, α-PsbA1 and α-PsbD, were used to examine the 

abundance of PSII; both proteins showed a higher abundance in the CURT1-KD strain 

than in WT. PsbA1 (PSII D1) in the CURT1-KD strain was about 17.45 ± 3.82% higher 

than WT (n = 3, p = 0.0024). Interestingly, it was found that in Synechocystis 6803, 

CURT1-KO led to the absence of D1 precursor from PSII assembly location, the so-
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called PratA-defined membranes (Heinz et al., 2016b). If this was a universal rule, it 

raised the possibility that the assembly of PSII could be incomplete in Syn7942 as well. 

Another PSII subunit, PsbD, is roughly 143.93 ± 17.71% of the level of WT (n = 3, p = 

0.015).  

 

The level of an inner subunit of cyt b6f, PetC, was significantly lower in CURT1-KD 

than in WT, as approximately 82.28 ± 4.47% (n = 3, p = 2.76805E-06). Similarly, AtpB 

had a lower abundance in CURT1-KD, around 79.13 ± 5.28% (n = 3, p = 0.0064). IsiA 

as a stress-induced protein (Wilson et al., 2007, Vinnemeier et al., 1998, Bibby et al., 

2001, Boekema et al., 2001, Zhao et al., 2020) of which the expression is usually 

triggered by high light or iron deficiency, had approximately a 2-fold increase (176.70 

± 40.14%, n = 3, p = 0.043). RbcL was used as an internal control protein in the cell’s 

cytosol and showed a 94.19 ± 14.90% (n = 3) of the WT level. There was no significant 

difference (p = 0.70), indicating that the lack of CURT1 did not have an obvious effect 

on dark reactions of photosynthesis in the cytoplasm. 

 

This study further used blue native-PAGE to determine the oligomerisation of PSI and 

PSII. CURT1-KD had fewer fully-assembled but more partially-assembled PSI trimers 

than WT, and the level of monomers was similar (Figure 5-4C). PSI trimers and 

monomers were believed to have different functions because under optimal conditions, 

PSI trimers substantially outnumbered PSI monomers; however, if growth conditions 

were changed, such as when iron or magnesium is deficient, or growth temperature is 

altered, the ratio of trimers to monomers decreased (Ivanov et al., 2006, Salomon and 

Keren, 2011). Therefore, a decline in PSI trimer level might indicate that the cells were 

suffering from growth stress, consistent with the increase of IsiA mentioned above. 

Moreover, in CURT1-KD, PSI might form incomplete trimers, shown as several green 

bands below the correct size. PSII in CURT1-KD had a dimer band with a reduced size 

compared with that in WT, indicating an incomplete dimer assembly. Altogether, it was 
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concluded that the knockdown of CURT1 impaired the oligomer assembly of PSI and 

PSII. This means the increased level of individual photosystem subunits shown in 

Figure 5-4AB could be compensatory. 

5.2.4 Subcellular structure of thylakoid membranes in the 

CURT1-KD strain 

We further utilised transmission electron microscopy (TEM) imaging to visualise the 

cellular morphology of CURT1-KD (Figure 5-5). The first thing noticed was that typical 

CURT1-KD cells had fewer layers of thylakoid membranes. Under moderate/growth 

light, WT cells had 3.6 ± 0.5 (n = 12) thylakoid layers, while CURT1-KD had 2.0 ± 0.6 

layers on average (n = 21, p = 5.94E-09) (Figure 5-5B). It also had a narrower distance 

between adjacent thylakoid membranes. The distance between thylakoid membranes 

was typically 0.095 ± 0.013 μm (n = 60) in WT and CURT1-KD0.068 ± 0.012 μm (n = 

37) in CURT1-KD (p = 1.77E-16) (Figure 5-5C). In 2013, a study on Synechocystis 6803 

using TEM and small-angle neutron scattering revealed that the distances between 

thylakoid membranes were under photosynthetic regulations, as both inter-thylakoidal 

distance and the thickness of lumen increased under the light conditions compared to 

the dark conditions; the electron transfer chain also had a marginal impact on these 

distances (Liberton et al., 2013). Taking this into account, CURT1 might affect the 

thylakoid formation and structure directly or indirectly to manipulate photosynthetic 

activities. Furthermore, in contrast to WT membranes that were curved smoothly, loss 

of CURT1 induced rather angular curves, displaying a lack of natural curvature. The 

lack of curvature was also found in Syn6803 (Heinz et al., 2016b). In summary, CURT1 

appeared to affect the thylakoid membrane generation and curvature.  
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Figure 5-5 Structural analysis of typical wild-type and CURT1-KD cells.  

Data are shown as means ± SD. Significant differences are determined with Student’s 

t test. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001. 

(A) Transmission electron micrographs of wild-type and CURT1-KD cells.  

(B) Counts of thylakoid membrane layers in single cells and the comparison 

between wild-type and CURT1-KD. An incomplete layer of the thylakoid 

membrane is counted as 0.5.  

(C) Measurements of the distance between two adjacent layers of thylakoid 

membranes of wild-type and CURT1-KD. 

5.2.5 The localisation of CURT1 protein 

To characterise the in situ distribution of CURT1, confocal fluorescence imaging was 

applied on fluorescently labelled Syn7942 mutants CURT1-eGFP under three light 

conditions: low light (LL, 5 μE·m-2·s-1), moderate/growth light (ML, 40 μE·m-2·s-1) and 

high light (HL, 200 μE·m-2·s-1). The confocal images clearly showed that CURT1 did 

not distribute evenly across the thylakoid membrane, but particularly at the poles and 

centre of the cells and along the sides of the cells when light intensity was increased 
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(Figure 5-6A). In Figure 5-6B, the CURT1 localisation on the thylakoid membrane of a 

typical dividing cell was demonstrated with the plot profile of GFP and chlorophyll a 

fluorescence intensity. The localisation of CURT1 also showed heterogeneity under 

different conditions, with more CURT1 gathering along the side of the cyanobacterial 

cells under high light (Figure 5-6C).  

 

Different theories proposed that thylakoid membrane elements could be synthesised 

in the existing thylakoid membrane, plasma membrane or thylakoid centres, and the 

latter is more conceivable owing to several discoveries about this specialised 

membrane region (Nickelsen et al., 2011, Rexroth et al., 2011, Kunkel, 1982, Van De 

Meene et al., 2006). Thylakoid centres are observed as cylinder-shaped structures of 

30 nm by 20 nm neighbouring the plasma membrane (Van De Meene et al., 2006). 

These thylakoid centres are also close to the PratA-defined membrane (PDM), which 

is defined by the presence of the PSII assembly factor PratA on the plasma membrane 

(Schottkowski et al., 2009, Frain et al., 2016). Lately, using cryo-focused ion beam 

(cryo-FIB) and in situ cryo-electron tomography (cryo-ET), it has been proved that 

thylakoids form physical convergence with the plasma membrane at these highly-

curved sites in Synechocystis spp. PCC 6803 (Rast et al., 2019). In Syn6803, complete 

knockout of CURT1 led to the disappearance of curvature of the thylakoid membrane 

towards the PDM (Heinz et al., 2016b). Despite the fact that PDM regions as distinct 

as those of Synechocystis have not been observed in S. elongatus PCC 7942, the 

CURT1-GFP signals apart from the naturally curved poles and centres could possibly 

indicate more natural curvature, although the physical connections between thylakoid 

and plasma membrane have not been observed in recent research (Huokko et al., 

2021). Moreover, under high light, where the cells get longer and thylakoid membrane 

layers decline in general (Yu et al., 2015a), CURT1 was expressed much more than 

the scenario under LL or ML (Figure 5-6). This is consistent with the rapid light curve 



109 

data (Figure 5-2D), which showed that CURT1-KD bore more pressure than WT under 

high light. 

 

Figure 5-6 Location of CURT1 proteins in S. elongatus PCC 7942.  

(A) Confocal imaging of the CURT1-GFP strain with fluorescence microscopy 

under three light conditions—low light—5 μE·m-2·s-1, moderate/growth light—

40 μE·m-2·s-1 and high light—200 μE·m-2·s-1.  

(B) Plot profile of GFP and chlorophyll a fluorescence intensity in a dividing 

CURT1-GFP cell, normalised with the mean of fluorescence intensity. Each 

peak of GFP fluorescence intensity corresponds to a spot with strong GFP 

signals (linked with dashed lines). The measurement starts from the middle of 

the thylakoid membrane, as the arrow indicates (Distance 0). 

(C) Cell counts of each CURT1 distribution type under different light conditions. 

Cells are categorised into groups based on whether the CURT1-GFP signals 

formed dots or lines and where the signals are located in each cell. Pictures of 

typical cells of each group are attached below.  

 



110 

5.2.6 Knockdown of CURT1 affects the abundance and 

distribution of PSI and PSII 

To further characterise how the abundance and distribution of PSI and PSII were 

affected by the lack of CURT1, PSI and PSII were labelled individually with GFP and 

analysed with confocal microscopy. Enhanced green fluorescent protein (eGFP) was 

fused with PsaE in PSI and PsbB (CP47) in PSII. GFP fluorescence and 

autofluorescence from chlorophyll were measured (Figure 5-7A, 7D and 7F), and the 

inhomogeneity of these fluorescent intensities was estimated by the standard deviation 

of data (Figure 5-7E and 7G) as mentioned before (Liu et al., 2012, Casella et al., 

2017). Fluorescence intensities of PSI, PSII and chlorophylls were measured in 

arbitrary units. Compared to a typical PSI-GFP cell that showed great coordination 

between the PSI-GFP and chlorophyll a fluorescence (Figure 5-7B), some PSI-GFP 

CURT1-KD cells displayed fluorescence intensities deviated between these two 

fluorescence signals (Figure 5-7C). The reason remains unknown, but chlorophyll 

fluorescence comes mainly from PSII at room temperature, and CURT1-KD resulted 

in the uneven distribution of these two photosystems. From the fluorescence intensity 

measurements along the thylakoid membrane, it was found that PSI of CURT1-KD 

strain (6485.85 ± 951.84 a.u., n = 20) was significantly less abundant than PSI in the 

WT strain (9581.75 ± 1089.43 a.u., n = 20), with a p-value of 1.14E-11 (Figure 5-7D). 

This result is consistent with the blue native-PAGE data shown in Figure 5-4C. 

 

We further characterised the homogeneity of such fluorescence distribution by dividing 

the standard deviation of the fluorescence intensity by the mean value. Distribution of 

PSI in thylakoids in the CURT1-KD strain (20.26% ± 8.82%, n = 20) exhibited relatively 

higher heterogeneity than that in the WT background (12.99% ± 6.58%, n = 20), with 

a p-value of 0.0054 (Figure 5-8E). Though the average chlorophyll a autofluorescence 

intensity of WT (9132.99 ± 1086.23 a.u., n = 20) was slightly higher than the average 
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chlorophyll a autofluorescence intensity of CURT1-KD (8966.70 ± 1887.47 a.u., n = 

20), this difference was not significant (p-value = 0.73) (Figure 5-8F). The 

inhomogeneity of chlorophyll in the CURT1-KD strain (17.52 ± 7.17%, n = 20) was 

significantly higher than that of the CURT1-WT strain (12.10% ± 3.86%, n = 20), with 

p-value equalling to 0.0051 (Figure 5-8G). Altogether, these data imply that CURT1-

KD leads to the reduction in PSI abundance and less even distribution of PSI in 

thylakoids. 

 

 

Figure 5-7 Confocal microscopy imaging and characterisation of PSI-GFP cells 

and PSI-GFP CURT1-KD cells.  

Data are shown as means ± SD. Significant differences are determined with Student’s 

t test. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001. 

(A) Confocal microscopy imaging of PSI-GFP and PSI-GFP CURT1-KD cells. 

Images are taken in two channels—at 500–520 nm for GFP fluorescence 

(green) and 670–720 nm for chlorophyll a fluorescence (red). 

(B) Plot profile of GFP and chlorophyll a fluorescence intensity in the thylakoid 

membrane of a PSI-GFP cell indicated with the blue triangle, normalised with 

the mean of fluorescence intensity in each cell.  
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(C) Plot profile of GFP and chlorophyll a fluorescence intensity in the thylakoid 

membrane of a PSI-GFP CURT1-KD cell indicated with the blue triangle, 

normalised with the mean of fluorescence intensity in each cell.  

(D) The mean of GFP fluorescence intensity in each cell along the thylakoid 

membranes with arbitrary units. The values (grey values of fluorescence 

signals) depend on the sensitivity of the microscope (n = 20 for each group). 

(E) The comparison of the standard deviation of GFP fluorescence intensity in each 

cell between PSI GFP and PSI-GFP CURT1-KD strains. SD values are 

compared in a ratio to the mean (n = 20 for each group). 

(F) The mean of chlorophyll a fluorescence intensity along each side along the 

thylakoid membranes with arbitrary units. The values (grey values of 

fluorescence signals) depend on the sensitivity of the microscope (n = 20 for 

each group). 

(G) The comparison of the relative standard deviation of chlorophyll a fluorescence 

intensity in each cell between PSI-GFP and PSI-GFP CURT1-KD strains. SD 

values are compared in a ratio to the mean (n = 20 for each group). 

 

To determine the effect of CURT1 on PSII, PSII-GFP was introduced into both wild-

type strain and CURT1-KD strain. GFP and chlorophyll a fluorescence intensities were 

measured as mentioned above, and the mean and standard deviation among the 

population were calculated. The behaviour of PSII was similar to that of PSI, except 

that GFP and chlorophyll fluorescence did not show a divergence in the CURT1-KD 

strain (Figure 5-8A-C). PSII-GFP signal in CURT1-KD strain (8745.73 ± 798.44 a.u., n 

= 20) was lower than that of the WT strain (9911.62 ± 1034.68 a.u., n = 20), with a 

significance of p-value = 0.00029 (Figure 5-8D). By calculating the standard deviation 

of the fluorescence intensity along the thylakoid membranes in whole cells, the 

distribution of PSII-GFP also demonstrated higher heterogeneity (SD/mean) in 

CURT1-KD (17.32 ± 6.09%, n = 20) than CURT1-WT strain (11.92 ± 3.28%, n = 20). 

The p-value was 0.0012 (Figure 5-8E). The chlorophyll a autofluorescence of the PSII 

labelled strain showed a significant variation between CURT1-KD (10937.72 ± 1050.95 

a.u., n = 20) and CURT1-WT (13140.06 ± 1727.81 a.u., n = 20) mutants (p = 1.99E-5, 

Figure 5-8F). In line with what was found in PSI-GFP, the standard deviation of 

autofluorescence in CURT1-KD (13.85 ± 4.59%, n = 20) was higher than that of 

CURT1-WT (10.90 ± 3.35%, n = 20), with the significance p-value = 0.026 (Figure 5-
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9G). In brief, CURT1-KD resulted in less assembled photosystems in the thylakoid 

membrane, and the distribution was less even. 

 

Figure 5-8 Confocal microscopy imaging and characterisation of PSII-GFP cells 

and PSII-GFP CURT1-KD cells.  

Data are shown as means ± SD. Significant differences are determined with Student’s 

t test. *: 0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001. 

(A) Confocal microscopy imaging of PSII GFP and PSII-GFP CURT1-KD cells. 

Images are taken in two channels—at 500–520 nm for GFP fluorescence 

(green) and 670–720 nm for chlorophyll a fluorescence (red). 

(B) Plot profile of GFP and chlorophyll a fluorescence intensity in the thylakoid 

membrane of a PSII-GFP cell indicated with the blue triangle, normalised with 

the mean of fluorescence intensity in each cell.  

(C) Plot profile of GFP and chlorophyll a fluorescence intensity in the thylakoid 

membrane of a PSII-GFP CURT1-KD cell indicated with the blue triangle, 

normalised with the mean of fluorescence intensity in each cell.  

(D) The mean of GFP fluorescence intensity in each cell along the thylakoid 

membranes with arbitrary units. The values (grey values of fluorescence 

signals) depend on the sensitivity of the microscope (n = 20 for each group). 

(E) The comparison of the standard deviation of GFP fluorescence intensity in each 

cell between PSII-GFP and PSII-GFP CURT1-KD strains. SD values are 

compared in a ratio to the mean (n = 20 for each group).  

(F) The mean of chlorophyll a fluorescence intensity along each side along the 

thylakoid membranes in c with arbitrary units. The values (grey values of 
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fluorescence signals) depend on the sensitivity of the microscope (n = 20 for 

each group). 

(G) The comparison of the relative standard deviation of chlorophyll a fluorescence 

intensity in each cell between PSII GFP and PSII-GFP CURT1-KD strains. SD 

values are compared in a ratio to the mean (n = 20 for each group). 

 

 

In summary, CURT1 knockdown resulted in the reduction of PSI and PSII content in 

thylakoid membranes and less even distribution of these photosynthetic complexes. 

For PSII, the preliminary steps of assembly of PSII dimer—translocation of the D1 

protein precursor to the plasma membrane (Ossenbühl et al., 2006, Sachelaru et al., 

2013), binding with assembly factor and chlorophyll synthase etc. (Chidgey et al., 2014, 

Knoppová et al., 2014), all happens at the formerly mentioned PDM region around the 

thylakoid centre (Heinz et al., 2016a). Less curvature of the thylakoid membrane 

observed in this study (Figure 5-5) might inhibit protein transportation. The assembly 

process of PSI, on the other hand, is not as well understood because the assembly 

happens rapidly (Nellaepalli et al., 2018). Whether or not it is due to a similar reason—

less curvature leads to fewer exchange activities on the membrane, eventually less 

protein and more heterogeneity requires further studies. 

5.2.7 Effects of CURT1 knockdown on the lipid composition 

of thylakoid membranes 

The membrane curvature could be attributed to lipids under several scenarios 

(McMahon and Boucrot, 2015). A typical case is that the structure of a single lipid, 

determined by its headgroup, length, and saturation of its acyl chains, interferes with 

the packing of lipids and then influences the shape of membrane monolayers and 

bilayers (Cooke and Deserno, 2006, McMahon and Gallop, 2005). The lipid 

constitution of thylakoid membranes in cyanobacteria is highly conserved with that of 

plants and algae. Monogalactosyldiacylglycerol (MGDG) constitutes approximately 
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half of the thylakoid membrane bilayers, digalactosyldiacylglycerol (DGDG) about 30%, 

and sulfoquinovosyldiacylglycerol (SQDG) and phosphatidylglycerol (PG) compose 5–

12% membrane lipids respectively (Kern et al., 2009).  

 

The lipid composition of the Syn7942 thylakoid membrane regarding these four lipid 

categories was analysed and compared between WT and CURT1 KD. The overall 

abundance of the four major classifications of lipids, MGDG, DGDG, SQDG and PD, 

did not significantly differ between these two groups (Figure 5-9A). Several 

subcategories of lipids from each major group were surveyed, with varied acyl chain 

length and saturation (number of double bonds). Most lipid molecules with a specific 

length and saturation did not present a significant difference between WT and CURT1-

KD, except for MGDG (34:2) which has 34 carbons in the fatty acid chain and 2 double 

bonds. MGDG (34:2) content in CURT1-KD strain was 51.42 ± 13.89% of the WT level 

(p = 0.0051, n = 3) (Figure 5-9B). Compared to other lipids in the thylakoid membrane, 

MGDG has the smallest head group (Coddington et al., 1981). It, therefore, has a 

conical shape, especially owing to its unsaturated double bonds in its acyl chains. It 

was further proposed that MGDG stabilised negative curvature (Kollmitzer et al., 2013, 

Booth and Curnow, 2009). MGDG plays roles in both maintaining concave regions and 

packing hydrophobic proteins in flat bilayer regions through inverted micelles (Murphy, 

1982); and it was stated to help form the highly curved membrane junctions between 

adjacent bilayers (Seiwert et al., 2018). Based on the effects of CURT1 knockdown on 

the membrane curvature and this specific MGDG (34:2) abundance, it suggested that 

MGDG with double bonds might interfere with membrane curvature. 
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Figure 5-9 Levels of lipids in WT and CURT1-KD thylakoid membranes.  

Data are shown as means ± SD of three independent experiments. Significant 

differences are determined with Student’s t test. *: 0.01 < P < 0.05, **: 0.001 < P < 

0.01, ***: P < 0.001.  

(A) The summed levels of monogalactosyldiacylglycerol (MGDG), 

digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG) and 

phosphatidylglycerol (PG) on the thylakoid membranes of CURT1-KD strain 

did not show significant differences with WT.  

(B) The level of a specific lipid type MGDG (34:2) is significantly lowered in the 

CURT1-KD strain. 

5.2.8 Structural characterisation of CURT1 

The original goal of structural studies was to resolve the molecular structure with 

protein crystallography and X-ray diffraction. After trials with different overexpression 

vectors (pETDuet, pETM-11, pAM2991, pET-26b etc.) and different expression 

competent cells (BL21(DE)3, Rosetta, C41, C43 etc.), conditions were optimised for 

IPTG induction of CURT1 overexpression in E. coli. with an N-terminal polyhistidine 

tag. CURT1 was then sampled for purification with different strategies (different buffers, 

e.g. PBS and Tris, with TEV digestion or without etc.). The final strategy was deploying 

pETDuet as the vector, BL21(DE)3 as the expression cell, using ÄKTA pure protein 

purification system (GE Healthcare Life Sciences) with a HisTrap™ High Performance 

Column and a Sephacryl S-200 High Resolution size exclusion chromatography resin. 

The concentration of the purified protein was 7.288 mg/mL. The purity of CURT1 was 
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verified with SDS-PAGE and Western blot (Figure 5-10A), and high-performance liquid 

chromatography (HPLC) detecting at 220 nm (absorption by peptide bonds and most 

amino acids), 254 nm (phenylalanine) and 280 nm (tyrosine and tryptophan) (Figure 

5-10B). During crystallography screenings carried out in five commercial crystallisation 

trays—Structure, RUBIC, Memgold, Memtrans and Morpheus, crystals formed under 

one condition (0.2 M magnesium chloride hexahydrate, 0.1 M Tris, pH 8.5, 30% w/v 

PEG 4000) (Figure 5-10C). To obtain X-ray quality crystals, about 100 conditions were 

tested around the specific conditions, regarding different protein concentrations, pH, 

magnesium chloride, and PEG 4000 concentrations (see methodology), but no high-

quality crystals were observed in three months. 
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Figure 5-10 Purification and structural characterisation of CURT1.  

(A) Purification of CURT1 (with His-tag affinity chromatography and size exclusion 

chromatography) showed a single band in SDS-PAGE (left) and is detected 

with anti-His-tag in Western blot (right).  

(B) HPLC purity examination of purified CURT1. 

(C)  Forms of crystals in crystallisation screening with purified CURT1 (left) and UV 

imaging of crystallisation (right).  

(D) Circular dichroism data or purified CURT1.  

(E) Percentage of secondary structures, including α-helix—α- and 310-helices 

(helix), distorted α-helix (d.helix), β-strand (strand), distorted β-strand 

(d.strand), turn (turns and bends) and unordered (non-continuous residues 

assigned to a secondary structure), obtained from the Dichroweb database 

using COTIN method. Data are shown as means ± SD of the top 35 models. 
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To characterise the structure, circular dichroism spectroscopy was exploited. CD 

spectroscopy is a well-studied biophysical tool for the structural analysis of 

biopolymers such as proteins and nucleic acids; it has advantages for proteins that 

prove difficult to crystallise. CD signals at around 222 nm represent n → π* transitions, 

and signals at 190-208 nm indicate π → π* transitions (parallel and perpendicular 

orientations) (Miles and Wallace, 2016). Alpha-helices produce a minus peak at 208 

and 222 nm, while beta-sheets show a minus peak at 216 nm and a plus peak at 195 

nm, and random coils are presented as a minus peak at 200 nm and a plus peak at 

212 nm. The CD data (Figure 5-10D) of CURT1 was searched against the DichroWeb 

database (Lobley et al., 2002, Whitmore and Wallace, 2004, Whitmore and Wallace, 

2008) using CONTINLL algorithms (Provencher and Gloeckner, 1981, Van Stokkum 

et al., 1990), and the secondary structures were presented as the average ratios of the 

top 35 models (Figure 5-10E). The data indicated that the majority of this protein is 

composed of alpha-helices and a great percentage of random coils (Figure 5-10). 
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Figure 5-11 Structural predictions of CURT1 using I-TASSER. 

(A) Prediction of secondary structure using I-TASSER. H - Helix (blue), C-Coil. C. 

score is the confidence score from 1–9, with a higher score meaning higher 

confidence. A score below 5 is coloured in grey.  

(B) The confidence score is -2.99 (range [-5,2]). Colouration is based on the 

hydrophobicity of residues: red designates hydrophobic residues and white 

designates hydrophilic residues. 

 

In agreement with the CD data, protein structure prediction using the I-TASSER server 

(Zhang 2008, Roy, Kucukural et al. 2010, Yang, Yan et al. 2015) showed that the alpha 

helices and random coils made up the majority of CURT1 (Figure 5-11). For proteins 

that span membranes, individual alpha-helices or beta-sheets tend to be significantly 

longer than those found in typical soluble proteins; the sizes of these two categories of 

alpha-helices are 25–30 residues (30–50 nm, ≥7.5 turns), and 10 - 12 respectively 

(Miles and Wallace 2016). In this model, these alpha-helices are shorter than 

membrane-span proteins, and they have distinct hydrophilic regions (coloured white in 

Figure 5-11B), making them likely to be amphipathic proteins. Previous studies have 

revealed that copious proteins with amphipathic helices could be involved in 

membrane curvature and vesicular transport through protein motif insertion and 

regulation of lipid binding; similar proteins include amphiphysin, Arf proteins, epsin, 

endophilin etc., which act as a wedge and have different lipid binding abilities (Drin and 

Antonny, 2010, McMahon and Boucrot, 2015). In Synechocystis, CURT1 was detected 

in the convex side of thylakoid membranes (Heinz et al., 2016b). These data together 

suggested that the shape of CURT1 functioned as a wedge and induced curvatures in 

the thylakoid membrane. 

 

5.3 Concluding remarks 

In summary, these data provided insights into the functions of the CURT1 protein on 

the thylakoid membrane and Syn7942 cells in terms of physiology and morphology. 

This study began the process of dissecting the primary structure of CURT1 using 
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circular dichroism and discussed the mechanisms of curvature formation based on 

CURT1 structural information and lipid data. By using genetic engineering, 

physiological measurements, protein quantification, transmission electron microscopy, 

fluorescence microscopy, and structural characterisation, this study of CURT1 

suggested that CURT1 is essential for the survival of Syn7942 and a lower level of 

CURT1 affects the assembly of photosystems and impairs the photosynthetic abilities. 

Compared to the studies in Synechocystis 6803 (Heinz et al., 2016b), where CURT1 

was found to be non-essential when cells were supplemented with glucose, it was 

found that CURT1 was indispensable in Syn7942. Knockdown of the CURT1 gene 

resulted in changes in the morphology of thylakoid membranes in terms of reduced 

curvatures and the number of layers. It was also found that lack of CURT1 impaired 

the photosystem assembly, and the increased level of PSI and PSII subunits in the 

CURT1-KD strain could be compensatory, which is different from the declined level of 

photosystem proteins in Syn6803 (Heinz et al., 2016b). The localisation of CURT1 

showed that rather than a dispersed distribution, accumulations were found at the 

poles of cells, centres of dividing cells, and along the sides of cells, especially under 

high light, designating the positions where thylakoid membrane curvature naturally 

occurs. Moreover, with circular dichroism and lipid composition data, the primary 

structure of CURT1 was proposed and the hypothesis about how thylakoid membrane 

curvatures were formed with CURT1 was suggested (Figure 5-12). CURT1 may induce 

curvatures into the thylakoid membrane through the interplay between lipid 

composition and protein structure. Lipidomics showed that a particular MGDG 

category (34:2, which has 34 carbons in the fatty acid chain and 2 double bonds) is 

significantly higher in WT than in CURT1-KD, and its conical shape stabilises negative 

curvatures.  
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Figure 5-12 The hypothetical mechanism of CURT1 protein inducing curvature 

in the thylakoid membrane of a dividing Syn7942 cell.  

CURT1 proteins inhabit the thylakoid membrane and are commonly found in the middle 

of dividing cells and at the cellular poles where the natural curves of the thylakoid 

membrane occur. As a protein made of amphipathic α-helices, CURT1 can act as a 

wedge on the convex side to induce curvatures in the thylakoid membrane. While one-

shaped unsaturated MGDGs stabilise curvature on the concave side of the thylakoid 

membrane. 

 

In contrast to the results reported in Arabidopsis (Khrouchtchova et al., 2005) and 

Synechocystis (Wang et al., 2008b), where CURT1 was proposed to be a newly 

discovered subunit of PSI, it was shown that CURT1 was not detected in any of the 

pull-down assays of photosynthetic complex-GFP strains, including PSI-GFP, PSII-

GFP, Cyt b6f-GFP, and ATPase-GFP (Chapter 3). The results suggested that CURT1 

is not a permanent component of PSI or any of these four complexes, and it does not 

form a constant and direct interaction with any of them. Instead, it could affect these 

photosynthetic complexes in an indirect manner. 

 

The discovered connection between fewer curvatures and fewer numbers of thylakoid 

membrane layers is intriguing, as the origin of thylakoid membrane biogenesis is still 
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a subject of debate. Whether these curvatures are involved in thylakoid generation 

remains to be verified. Dual-labelling of CURT1 and PratA with different fluorescence 

proteins would possibly lead to insights regarding why CURT1 creates curvatures from 

the thylakoid membrane towards the plasma membrane. However, in a recent paper, 

direct contact between the plasma membrane and the thylakoid membrane was not 

detected (Huokko et al., 2021). If the curvatures aid with protein transportation, the 

flowing rate of proteins could change and be observed under fluorescence recovery 

after photobleaching (FRAP) analysis, especially at those sites where CURT1-GFP 

shows a crowded distribution, e.g., at the poles or centres of cells.  

 

Another intriguing experiment could be the overexpression of CURT1. In this study, an 

IPTG‐inducible cloning vector pAM2991 (Ivleva et al., 2005) was deployed for 

overexpression of CURT1 in both E. coli and S. elongatus PCC 7942. The 

transformation of E. coli resulted in successful CURT1 expression, but the 

transformation of cyanobacteria failed several times. This failure in generating the 

overexpression mutant is similar to that found in Synechocystis 6803 (Heinz et al., 

2016b). If the overexpression could work in the future, the structure of thylakoid would 

be examined with TEM and physiological experiments would be conducted to see if 

the enhancement of CURT1 can be a route to photosynthetic efficiency improvement.  
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 Chapter 6 Discussion and concluding remarks 

Both the light reactions of photosynthesis and respiration take place in cyanobacterial 

thylakoid membranes that are densely packed with a series of photosynthetic and 

respiratory complexes. AFM data disclosed that over 3/4 of the thylakoid membrane 

surface is occupied by different proteins (Casella et al., 2017). A fundamental question 

about the cyanobacterial thylakoid membrane is how the photosynthetic complexes 

are laterally associated and organised. These arrangements, along with the regulation 

and dynamics of native thylakoid membranes, are vital for efficient light-harvesting and 

energy transduction. In this study, a combination of techniques was used to enrich the 

understanding of this information. This work incorporated immunoprecipitation, mass 

spectrometry and AFM to identify interactions and associations among thylakoid 

membrane complexes (Chapter 3); with confocal microscopy, the correlations between 

PSI and other photosynthetic and respiratory complexes were characterised at ∼200 

nm-scale lateral resolution (Chapter 4); it was further analysed how a thylakoid 

membrane regulatory factor, Curvature Thylakoid 1 (CURT1) exerts influences on the 

architecture of the membrane and photosynthetic activities using a combination of 

physiological characterisation, transmission electron microscopy, confocal microscopy, 

circular dichroism, and lipid analysis (Chapter 5). In the longer term, advanced 

knowledge of the protein organisation and interplay of the photosynthetic machinery 

may help inform the rational design and engineering of artificial photosynthetic systems 

to supercharge energy production. 

 

6.1 Supercomplex association of photosynthetic 

complexes in cyanobacteria 

The lateral organisation and close association of photosynthetic complexes in native 

thylakoid membranes are vital for efficient electron transfer and energy transduction. 
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This study reported a method integrating immunoprecipitation, mass spectrometry and 

atomic force microscopy to identify the inter-complex associations of photosynthetic 

complexes in thylakoid membranes from the cyanobacterium S. elongatus PCC 7942 

(Figure 3-1). In this work, numerous outcomes were achieved. The ratio of 

photosynthetic complexes participating in supercomplexes (Figure 3-6), the preferable 

association patterns between individual photosynthetic complexes and binding 

proteins involved in the complex-complex interfaces were characterised (Figure 3-7). 

Therefore, it was possible to propose the structural models of photosynthetic complex 

associations that promote the formation of photosynthetic supercomplexes. Suggested 

from this work are hypothetical supercomplex models between photosynthetic 

complexes and between PSI and NDH-1 (depicted in Figure 6-1). Their existences 

were further validated with AFM (Figure 3-8 and 3-9). This study also identified other 

potential binding proteins within the photosynthetic complexes, suggesting a highly 

interconnected network associated with thylakoid membranes (Table 3-1).  
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Figure 6-1 Hypothetical 3D model of supercomplex constitutions in the thylakoid 

membrane.  

The most abundant photosynthetic complexes, PSI, are depicted as trimers and 

coloured deep green; PSII dimers are coloured light cyan. Cytochrome b6f dimers are 

coloured light pink; ATP synthases are coloured yellow, and NDH-1 complexes are 

coloured blue. 

 

Specifically, it was found that a considerable amount of PSI and PSII form 

supercomplexes, around 9.9% of PSII complexes were found to associate with 

approximately 1.72% PSI. Similarly, but with lower abundance, cytochrome b6f formed 

mega complexes with both PSI and PSII, 4.12% Cyt b6f formed an association with 

0.31% PSI, while 2.01% cytochrome b6f was associated with 1.98% PSII. It was also 

found a substantial share of PSI complexes were binding with NDH-1. The composition 
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of the identified supercomplexes is consistent with previous studies about PSI–PSII 

supercomplexes (Bečková et al., 2017, Liu et al., 2013) and PSI–NDH-1 

supercomplexes (Kouřil et al., 2014). This study quantified the ratio of photosynthetic 

complexes participating in supercomplexes for the first time, verifying the association 

patterns with AFM. Moreover, other proteins that have potential interactions with PSI, 

PSII, Cyt b6f, and ATPase were identified, e.g., the iron stress-induced chlorophyll-

binding protein IsiA, the bicarbonate transporter subunit CmpA, the chromosome 

partition protein Smc, the secretion protein HlyD, and peptidoglycan 

glycosyltransferase were shown to bind to PSI. Three of the four FtsH proteins, the 

PSI assembly protein Ycf4, and the bicarbonate transporter SbtA are associated with 

PSII. Cyt b6f may interact with DNA topoisomerase TopA and geranylgeranyl 

reductase, ATPase has a close relationship with the chaperon protein DnaK3, etc. This 

study provides insights into the interacting network among photosynthetic complexes 

and other proteins that provide mechanistic understandings of the physical 

interconnections of photosynthetic complexes and potential partners, which are crucial 

for efficient energy transfer and physiological adaptation of photosynthetic apparatus. 

 

6.2 Localisation of photosynthetic and respiratory 

complexes in the thylakoid membrane 

The heterogeneity of the cyanobacterial thylakoid membrane has been reported 

(Sherman et al., 1994, Zhao et al., 2020), and it was found that photosynthetic 

complexes and respiratory complexes are arranged into functional domains to 

augment their harmonisation and coordination (Zhao et al., 2020). Those findings 

raised a question regarding how photosynthetic complexes are organised in the 

thylakoid membrane and whether those complexes with related functions tend to 

colocalise. The presented study was designed to determine the distribution of 
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photosynthetic and respiratory complexes, and how it is related to PSI. Dual-labelling, 

confocal fluorescence imaging, and multiple regression analysis were combined to 

reveal that the studied thylakoid membrane protein complexes, including PSII, ATPase, 

NDH-1 and Cyt c oxidase, all appeared to have a tendency to colocalise with PSI. The 

functionally related pairs, such as PSI–PSII in the light (Figure 5-2), and PSI–NDH-1 

(Figure 5-4) showed an even higher covariance in terms of colocalisation. 

 

This is the first work showing the dual labelling of major photosynthetic and respiratory 

complexes in cyanobacterial thylakoid membranes. Consistent with the literature that 

observed the PSI could be in the same domains as PSII, Cyt b6f, ATPase and NDH-1 

(Zhao et al., 2020), localisation associations between PSI and other photosynthetic 

and respiratory complexes were found, and the colocalisation relationships were 

further characterised with thousands of data points and achieved a calculation of the 

correlation coefficient of those interactions on a whole-cell level. One open question is 

how close these complexes are to each other. The choice of dual-labelling tags, CFP 

and YFP as a pair, leaves ample room for further progress in determining the distance 

between each pair of labelled proteins using FRET measurements. 

 

These data provide molecular insights into the interactions and dynamics of 

photosynthetic and respiratory proteins in cyanobacterial thylakoid membranes and 

will potentially help answer the questions regarding how the thylakoid membrane 

complexes are coordinated while the fluidity is maintained and at what time and space 

scale electron transport occurs. Such knowledge will have implications for future 

studies of photosynthetic optimisation and potential artificial thylakoid membrane 

designs. 
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6.3 Roles of Curvature Thylakoid 1 protein in 

mediating thylakoid membrane structure and 

photosynthetic function 

The formation of membrane curvatures is a prerequisite for the shaping of cells, 

organelles, and vesicles, and is crucial for cellular activities such as cell division and 

membrane trafficking. In the thylakoid membrane of higher plants, the generation of 

curvatures at the grana margins increases the surface area of the appressed 

membrane region, and this function is ascribed to the protein Curvature thylakoid 1 

(CURT1), the loss of which impairs the photosynthesis pleiotropically (Armbruster et 

al., 2013). Intending to dissect the functions of CURT1 in S. elongatus PCC 7942, this 

study used a series of physiological measurements, protein quantifications, 

transmission electron microscopy, fluorescence microscopy, lipid mass spectrometry, 

protein purification and structure analyses to elucidate novel knowledge that improves 

the understanding of the impact of CURT1 on cellular morphology and photosynthesis, 

and primarily proposed a hypothetical mechanism for CURT1 causing curvatures in 

thylakoid membranes. 

 

Syn7942 cells with a low level of CURT1 displayed altered morphology compared to 

WT, including fewer curves, fewer layers of thylakoid membranes, and narrower space 

between layers (Figure 5-5). Fluorescence microscopy showed that the preferable 

localisations of CURT1 are the cellular poles where natural curves occur and in the 

middle of elongated cells where curves are required for cell division (Figure 5-6). 

CURT1 could also be found along the thylakoid membrane, perhaps indicating other 

curvatures that were not clearly shown using the TEM (Figure 5-6, Figure 5-7). CURT1 

knockdown diminishes photosynthetic efficiency, probably due to a lower level of fully 

assembled PSI and PSII observed in blue native gel (Figure 5-4) and confocal 
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microscopy (Figure 5-7 and Figure 5-8). This thesis has proposed a hypothetical 

mechanism of the CURT1 protein inducing curvatures in the thylakoid membrane, with 

lipid composition data (Figure 5-9), circular dichroism (Figure 5-10), and structure 

modelling (Figure 5-11). This research has deepened the understanding of thylakoid 

membrane curvature generation and the pleiotropic functions of CURT1 underlying the 

efficiency of photosynthesis, enabling direct interferences and artificial manipulation of 

the thylakoid membrane curvatures to achieve better photosynthetic efficiency. 
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Supplementary Table 1 Primer list 

PSI GFP, YFP, CFP generation 
Subunit: PsaE 

FpsaE CGAGGTAGCGCGACAGATAG 

RpsaE GCCATAGACCCACGCTTGAC 

RFpsaEGFP GAAGCAGAATTACAAGTGGTTGCAGCAGCCGCCAAAAAAC
TGCCGGGCCCGGAGCTGCC 

RRpsaEGFP GTAGCCGTTTCAGGAACCTCTTGTGAAGACAGAAGCAGTAT
TCCGGGGATCCGTCGACC 

FpsaEseg CGCGTGGTGATAAGGTTCGG 

RpsaEseg GAGTAAGACTTCGCCACCTG 

PSII GFP, YFP, CFP generation 
Subunit: PsbB (CP47) 

FCP47 CTACAAAGCGCTGCGGATGG 

RCP47 AATCCCGCACGCCTCGAAAC 

RFCP47GFP CAGAAATTGGGTGACCCGACCACTCGGAAAACAGCCGCTC
TGCCGGGCCCGGAGCTGCC 

RRCP47GFP GAATGAGCATCACCCAAACCGCTCTAACCATTCACAACCAT
TCCGGGGATCCGTCGACC 

FCP47seg GCGTGGCTGGTTCACCTTTG 

RCP47seg GCTGTAGGCCAGTTGTAGCG 

Cytochrome b6f GFP, YFP, CFP generation 
Subunit: PetA 

FpetA GTTTGGGCAACTCTATCTGG 

RpetA CCTGCACTAAAGCTCACTAC 

RFpetAGFP AAACAAGTCGAGAAAGTGCAAGCTGCTGAGCTGAACTTCCT
GCCGGGCCCGGAGCTGCC 

RRpetAGFP GGCCCGCCCTCTCTCTTGCAACCGTTACTGCAACCAGATAT
TCCGGGGATCCGTCGACC 

FpetCseg CGCTGACCAACGATCCGAAC 

RpetCseg GAGGCCATACCAACGGATGC 

ATPase GFP, YFP, CFP generation 
Subunit: AtpB (sub β, 7942_2315) 

FatpB GAAGCGGCTTGACGAATCAG 

RatpB TCTCCACCGATGAGTCCTAC 

RFatpBGFP GAAGCCATCGAAAAAGGCGCCAAGCTGAAAGCTGAATCCC
TGCCGGGCCCGGAGCTGCC 

RRatpBGFP GCGGGGCTGCGATCGCAACCCCACCAAAGTCAGCCAAACA
TTCCGGGGATCCGTCGACC 

FatpBseg CCTTCTTCGTGGCTGAAGTG 

RatpBseg TGACCCGGCAAGATACCGAG 

Cytochrome c GFP, YFP, CFP generation 
Subunit: CtaE 

ctaE F TCCAGCCTAGCGATTACCTTCCTGA 

ctaE R ACACACAATCTGTCTTAGAGGCTGC 

ctaE GFP F ATCGTCTGGATTGTTTTATTTGTATTGCTTTACTTGATTCTG
CCGGGCCCGGAGCTGCC 
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ctaE GFP R TCTAGTTCTCTAGTTCTCTAAGATGGGTAATCACTAAACATT
CCGGGGATCCGTCGACC 

ctaE seg F CAGAGATAACTTGTTTGCCAGCACT 

ctaE seg R TATTAAGCCAGAGCTCGCACTGCTC 

Curt1 GFP, Knockdown, expression  
synpcc7942_1832 

F 1832 GCGGCAACTTCCTGCATCGA 

R 1832 AAGTACAGGCTGCACCGGGG 

F 1832 GFP 
cassette 

CGTTTCAACGCCCTCAAAAAACAAGTACTGGGTGAGCGCCT
GCCGGGCCCGGAGCTGCC 

R 1832 GFP 
cassette 

GGCTGGTTAGCCCCCCAGACAGCGATGACGCCAGAAAAAA
TTCCGGGGATCCGTCGACC 

F 1832 GFP 
segregation 

AACGAAGTTCCGCTGCTCGA 

R 1832 GFP 
segregation 

AAGCTCTGCGGACGGTCTTG 

F 1832 KO TGAGTTGCTGGTTTTGTGTCATCCCCCGTACTCGCTATGAT
TCCGGGGATCCGTCGACC 

R 1832 KO TGGTTAGCCCCCCAGACAGCGATGACGCCAGAAAAATTAT
GTAGGCTGGAGCTGCTTC 

F 1832 KO 
segregation 

AACCTCCCAAAGCGAAGACG 

R 1832 KO 
segregation 

AAGCTCTGCGGACGGTCTTG 

Curt1 EcoRI F ACCATCATCACCACAGCCAGATGACTTCCGAATCCAACCT 

Curt1 HindIII R TTAAGCATTATGCGGCCGCATTAGCGCTCACCCAGTACTT 
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