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Abstract  

Photosystem II (PS II) is the water-plastoquinone oxido-reductase responsible 

for splitting water in photosynthesis. The core of the enzyme is surrounded by 13 low-

molecular-weight (LMW) proteins (<10 kDa). In this study, the role of three LMW 

proteins (PsbM, PsbX and PsbY) associating with the CP47 pre-assembly complex was 

investigated in the model cyanobacterium Synechocystis sp. PCC 6803. Gene knockouts 

were used to create strains lacking these proteins in single and double mutants. The PS 

II-specific electron acceptor 2,5-dimethyl-1,4-benzoquinone (DMBQ) was found to 

exhibit altered binding in these mutants while 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU), a PS II specific inhibitor, failed to block oxygen evolution in the 

presence of 2,6-dichloro-1,4-benzoquinone (DCBQ). These observations indicated that 

the native quinone binding site of PS II was altered in the mutants. The PsbM-lacking 

strain showed destabilisation of PS II dimers while the absence of PsbY was observed 

to be not so detrimental to PS II activity and assembly. The ∆PsbM:∆PsbY double 

mutant exhibited a combination of features observed in the corresponding single 

mutants increasing the susceptibility of PS II to high light (HL). Removing PsbX caused 

inhibition of electron transport and increased the susceptibility of PS II centres to HL 

intensity. Further analysis of the photodamaged PS II centres using 35S-labelled 

methionine to probe repair process in PsbX-lacking cells indicated a susceptibility of 

the D2 protein to photodamage under HL. The enhanced susceptibility to D2 was 

explored by mutating two N-terminal Arg residues (24 and 26). The characterisation 

of the D2 point mutants indicated the possible role of Arg24 and Arg26 in PS II 

assembly. The current study indicates Arg24 and Arg26 residues of D2 are necessary 

for PS II assembly and suggests such residues can be used as a tool for arresting PS II 

assembly, which can potentially be helpful in identifying intermediate steps of PS II 

assembly.
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1 Introduction 

1.1 Photosynthesis: Importance 

Living organisms are dependent on energy to survive, derived either directly or 

indirectly from the Sun. Not all life forms can, however, harness the energy from the 

Sun and keeping in mind the loss of energy at each trophic level (Lindeman 1942), the 

process capable of fixing solar energy into a usable chemical form has to be efficient to 

maintain the life on earth. The overall efficiency of the C3 photosynthesis in converting 

the fixed solar energy to the synthesis of carbohydrate has been estimated to be around 

5% (Zhu et al. 2008). The absolute quantum efficiency of the bacterial reaction centre 

is, however, close to 1 (Wraight and Clayton 1974) with each quantum of light releasing 

one electron and four quanta required for releasing oxygen (O2) from water (Kok et al. 

1970), but a substantial amount of fixed energy is lost in various physiological 

processes (Blankenship et al. 2011). As such, possibilities to improve the efficiency of 

the photosynthetic process and improve the photosynthetic yield exists (Ort et al. 

2015). With the ever-increasing demand for energy, the modern society faces two main 

issues, one being the depletion of the fossil fuel reserves (ancient deposits of 

photosynthetic products) and two, the greenhouse gases released by anthropogenic 

activities that utilise fossil fuels (Höök and Tang 2013). With the increasing pressure 

on the natural resources due to rising human population and global climate change, a 

better understanding of the process of photosynthesis could help mitigate the impacts 

of anthropogenic activities, as the photolysis of water brought about under 

physiological conditions using the energy of Sun is both sustainable and efficient to 

meet our energy requirements (Grätzel 1981) (Figure 1.1). 

1.2 Photosynthesis: The process 

The photosynthesis process is divided into two distinct phases; the light 

dependent (occurs in thylakoid) and light independent (occurs in stroma/cytosol). The 

thylakoid membranes in cyanobacteria have the multi-protein enzymes photosystem I 

(PS I), photosystem II (PS II), cytochrome b6f complex and ATP synthase capable of 

harnessing light and producing ATP. The light-dependent phase comprises two 

photosystems, PS I and PS II linked together by the Z-scheme of flow of electrons  
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Figure 1.1 Importance of photosynthesis in the maintenance of ecological balance. Energy lost in 

the form of heat during metabolic processes and the interconnected food chains, grazing and detritus 

food chains are also shown. The importance of photosynthesis is realised from the fact that it is the only 

process capable of fixing light energy into usable chemical form, while removing carbon dioxide from 

the atmosphere. 
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Figure 1.2 Electron transport chain schematic operational in the thylakoid membranes. Different complexes participating in the electron transport after its 

release from the P680 in PS II on absorption of light. Red arrows show the path of the electron. Translocation of H+ ions leads to the build-up of a gradient, which 

is utilised by the ATP synthase (PDB:4B2Q) for the production of ATP. Photosystem II (PDB:4UB6) passes the electron to cytochrome b6f (PDB:4H44) through 

the cycling of plastoquinone (PQ)/plastoquinol (PQH2). Electron is then passed on to PS I (PDB: 1JB0) through plastocyanin (PC) (PDB:2CJ3). Nicotinamide 

adenine dinucleotide phosphate (NADP) is reduced by ferredoxin-NADP+-reductase (FNR) (PDB:1EWY) to NAD(P)H. Under certain conditions the electron 

released by the PS I is passed on to FD (ferredoxin) (PDB:1EWY) and recycled back into PS I, constituting the cyclic electron transport Adapted from Hasan 

& Cramer (2012). 
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producing NAD(P)H and ATP (Figure 1.2). The light-independent process of 

photosynthesis is responsible for the conversion of CO2 into sugars. 

Absorption of light by the chlorophyll molecules results in the release of 

electrons from PS II which is then passed to PS I involving a series of electron carriers 

(Govindjee et al. 2010). The majority of photosynthetic organisms, including 

cyanobacteria, utilise water as the source of electrons, but before adapting to water, 

photosynthetic organisms could have utilised chemicals like hydrogen sulfide in place 

of water (Hohmann-Marriott and Blankenship 2011). Many organisms still use the 

anoxygenic photosynthesis that utilises chemicals other than water as an electron 

source. In oxygenic photosynthesis, however, the electron-hole in PS II is filled by 

splitting of water molecules (releasing oxygen as a by-product) brought about by the 

oxygen-evolving complex (OEC) of PS II (Shen 2015). Oxygenic photosynthesis traps 

the insolation and converts it into energy carriers (NADPH + H+ and ATP) via electron 

transport utilising plastoquinone and plastocyanin in the thylakoid membrane. These 

reducing equivalents and ATP are then utilised for fixing CO2 into triose sugars. 

1.3 Cyanobacteria in photosynthesis research 

Cyanobacteria are prokaryotic organisms found as both free-living and in 

symbiotic conditions and vary in morphology that ranges from unicellular to both 

filamentous and branched forms and can inhabit almost all ecological niches (Beatriz 

and Ininbergs 2014). A circadian clock mechanism in single-celled diazotrophic 

cyanobacteria gives the organism a temporal compartmentalisation in nitrogen 

fixation and photosynthesis (Onai et al. 2004, Cohen and Golden 2015). The ability of 

cyanobacteria to thrive under different illuminations could be attributed to the 

presence of high concentrations of specialised water-soluble antenna pigment-protein 

complexes known as phycobiliproteins (PBP) that absorb between 400 nm to 650 nm, 

and transfer absorbed light energy to chlorophyll and carotenoids (Glazer 1977). 

Diazotrophic forms of cyanobacteria are the primary nitrogen-fixing microorganisms 

in the marine ecosystem (Karl et al. 2002, Díez et al. 2008). Fossil records from 

stromatolites (cyanobacterial fossils) show the presence of Rubisco-mediated carbon 

fixation from ca. 3500 million years ago to the present (Schopf 2011). Although the 

early photosynthetic organisms must have been anaerobic and anoxygenic 
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photosynthetic microbes, the evolution of oxygenic photosynthetic organisms and 

subsequently oxygen-consuming respiration (much more energy efficient than the 

anaerobic process of fermentation) led to the development of the biodiversity that we 

know of today. Other than the ability to produce oxygen, the cyanobacteria are also 

interesting due to their prolific ability to produce secondary metabolites like dyes, 

pigments, biofuels and biologically active compounds with pharmaceutical 

applications. The capability to produce the economically important secondary 

metabolites with just water and carbon dioxide, further adds to the significance of 

these organisms (Mazard et al. 2016). Keeping in mind these and more factors the 

significance of these organisms as a largely untapped natural resource should not be 

overlooked, and with recent advances in biotechnological applications, we are a step 

closer in harnessing the potential of cyanobacteria as a resource-conserving and 

energy efficient tool in production processes. Successful exploitation of cyanobacteria, 

however, requires a better understanding of the photosynthetic processes occurring in 

these organisms. 

The fundamental processes of photosynthesis in prokaryotes and eukaryotes 

performing oxygenic photosynthesis are similar and involves PS II, the cytochrome b6f 

complex, PS I, and ATP synthase (Blankenship 2010). As such, common ancestry 

between the chloroplasts of eukaryotes and the cyanobacteria was suspected and later 

established through the phylogenetic studies using 16S rRNA (Giovannoni et al. 1988) 

and available genomics data (Nowack and Weber 2018). High levels of conservation 

observed in the oxygenic photosynthetic machinery between prokaryotes and 

eukaryotes (Hohmann-Marriott and Blankenship 2011), makes the photosynthetic 

studies performed on cyanobacteria to be quite relevant. One of the cyanobacteria 

extensively used in photosynthesis research is Synechocystis sp. PCC 6803 (hereafter 

referred as Synechocystis 6803), originally isolated from a freshwater lake in 1968. A 

glucose tolerant genetic variant of the original Synechocystis 6803 has been isolated 

(Williams 1988). This strain offers two distinct advantages over other model 

organisms; first is its capability to grow under both photoautotrophic and 

heterotrophic conditions, making it possible to propagate and study PS II mutants 

incapable of photoautotrophic growth. Second is the ability of this strain to be naturally 

transformable incorporating foreign DNA fragments through double-homologous 
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recombination, making it possible to create genetic modifications in the photosynthetic 

apparatus (Williams 1988). Due to the extensive use of Synechocystis 6803 in 

photosynthesis studies, it became the first phototrophic organism to have its whole 

genome sequenced (Kaneko et al. 1996). 

1.4 Photosystem II 

During the early and mid-20th century, PS II was established as a separate 

physical and chemical entity in green plants, responsible for oxygen evolution utilising 

solar radiation (reviewed in Satoh et al. 2005). The following years witnessed 

investigations leading to the current knowledge about the PS II complex and associated 

pigments and factors. The X-ray crystal structure of the PS II complex from 

cyanobacteria, red algae and plants has been resolved by a number of workers 

(Ferreira et al. 2004, Loll et al. 2005, Guskov et al. 2009, Umena et al. 2011, Suga et al. 

2015, Ago et al. 2016, Wei et al. 2016). The structure of the PS II complex derived from 

Thermosynechococcus vulcanus (T. vulcanus) at 1.95 Å from Suga et al. (2015) shows it 

to exist as a dimer catalysing the light-driven splitting of water (Figure 1.3). 

1.4.1 Pigments involved in the harvesting of light in cyanobacteria 

The redox reactions ultimately leading to the photolysis of water and formation 

of NADPH and ATP begins by absorption of light by antenna pigments and reaction 

centre pigments. In cyanobacteria, three common types of pigment found are 

chlorophyll, phycobilisomes (PBS) and carotenoids (Gan and Bryant 2015). The 

presence of these pigments allows cyanobacteria to thrive in almost all environments 

that receive light (Whitton and Potts 2012). These pigments together can absorb light 

ranging from 400 nm to above 700 nm, making the cyanobacteria capable of absorbing 

light in almost all conditions (Gan and Bryant 2015). 

1.4.1.1 Carotenoids 

In cyanobacteria, carotenoid pigments comprise β-carotene and xanthophylls 

(Tóth et al. 2015, Zakar et al. 2016). Chemically they are formed of multiple isoprene 

units and the 1.9 Å structure of PS II isolated from T. vulcanus shows the PS II monomer  
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Figure 1.3 Crystal structure of PS II dimer (PDB:4UB6) from T. vulcanus. (A) View along the 

thylakoid membrane plane. D1 (red), D2 (yellow), CP43 (blue), CP47 (green); PsbL, PsbM, PsbT, 

PsbH, PsbX and PsbY (dark green); PsbE and PsbF (yellow orange); PsbI (light pink); PsbJ, PsbZ, PsbK 

and Psb30 (slate); PsbO (orange), PsbU (chocolate) and PsbV (pink). (B) View from the cytosolic-side

of the thylakoid membrane. The dotted line shows the monomer-monomer interface. The figure is 

generated using PyMOL ver. 2.0.5. 

PsbM 

PsbY 

PsbX 
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to contain 11 β-carotenes (Umena et al. 2011, Suga et al. 2015). The absence of 

carotenoid production severely hampers accumulation of apoproteins of PS II and the 

light-harvesting complex in both Chlamydomonas reinhardtii (Herrin et al. 1992) and 

Synechocystis 6803 (Tóth et al. 2015). Carotenoids have been assigned multiple 

functions including absorption of light, scavenging singlet oxygen, dissipating excess 

energy, photoprotection through quenching of excited state chlorophyll and stabilising 

the structure of the light-harvesting complex (Frank and Cogdell 1996, Frank and 

Brudvig 2004). The absence of carotenoids in Synechocystis 6803 is observed to 

influence the thylakoid membrane organisation and formation of PS I and PS II 

oligomers (Tóth et al. 2015). 

1.4.1.2 Phycobilisomes 

In Cyanobacteria, PBS form the primary light-harvesting extrinsic antenna, 

composed of pigment-protein collectively called PBP. Three major classes of PBP found 

in PBS are classified as phycoerythrin (PE), phycocyanin (PC) and allophycocyanin 

(APC) (Pagliano et al. 2013). In Synechocystis 6803, PC is the major PBP along with the 

small quantities of APC. The absorption maximum of PC is typically at about 625 nm, 

while APC absorbs typically at 650 nm (Yu et al. 1999).  

1.4.1.3 Chlorophyll 

Chlorophylls function at the core of the light reactions taking place in 

photosynthesis. It forms the reaction centres of both PS II and PS I. Chemically they 

have one porphyrin ring with single magnesium (Mg) at the centre with side chains 

attached to the porphyrin ring and a hydrophobic tail made up of hydrocarbons. The 

porphyrin ring is made up of four pyrrole rings linked together. The four nitrogen 

atoms of the pyrrole rings surround and bind the centrally placed magnesium. All five 

types of chlorophyll (chlorophyll a, b, c, d and f) identified are found in cyanobacteria 

(Chen 2014). Side chains of chlorophyll molecules uniquely identify their different 

types; for example, chlorophyll b has an aldehyde group instead of a methyl group in 

chlorophyll a at the C7 position (Lichtenthaler 1987). Although the cyanobacteria 

predominantly use chlorophyll a, some cyanobacteria species produce chlorophyll d 

and f, as acclimation to far-red light (Gan et al. 2014, Gan and Bryant, 2015). In at least 

one species of cyanobacterium (Acaryochloris marina) the chlorophyll d has wholly 
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replaced chlorophyll a to allow absorption of light in the near infra-red region 

(Behrendt et al. 2011). In a recent study on cyanobacterium Chroococcidiopsis 

thermalis, selective replacement of a few chlorophyll a molecules with either 

chlorophyll d or f under far-red light has been reported. However, in general, during 

the light-dependent phase of photosynthesis, accessory pigments (PBP in 

cyanobacteria) absorb light and transfers the energy to four chlorophyll a molecules 

forming the reaction centre (P680) through resonance energy transfer (Cardona et al. 

2012). The transfer of energy to the P680 results in the release of an electron, thus 

beginning the processes constituting the light reactions. 

1.4.2 Photosystem II structure 

The crystal structure of PS II from T. vulcanus (Figure 1.3) shows it to exist as a 

dimer and each monomer consists of four core proteins (D1:CP43:D2:CP47) along with 

13 LMW proteins. The crystal structure also shows the presence of three extrinsic 

proteins (Figure 1.3A) (PsbO, PsbU and PsbV). A number of crystal structure of PS II 

from thermophilic cyanobacteria with resolution ranging from 3.8 to 1.9 Å (Zouni et al. 

2001, Kamiya and Shen 2003, Ferreira et al. 2004, Guskov et al. 2009, Umena et al. 

2011, Suga et al. 2015) have helped in understanding the arrangement of proteins and 

co-factors to decipher the functions of PS II. The most recent structure of PS II reported 

by Suga et al. (2015) utilised a femtosecond X-ray free electron laser (XFEL) to avoid 

radiation-induced damage to crystals during data acquisition. This recent report 

showed slightly smaller distances between Mn-Mn, Mn-Ca and Mn-O of the OEC from 

previous studies. In general, the structure of the OEC shows it to exist as a “distorted 

chair” formed from the Mn4CaO5 complex surrounded by four water molecules 

interacting with Ca2+ and one of the Mn atoms. Along with the intrinsic and the extrinsic 

proteins (Table 1.1) numerous co-factors that include chlorophyll a, pheophytin (PHO) 

a, a non-heme iron, a bound bicarbonate, carotenoids, plastoquinones, lipids and the 

Mn4CaO5 cluster (i.e. the OEC) are found in each monomer (Figure 1.4A) (Umena et al. 

2011, Suga et al. 2015). Apart from the proteins found in the final dimeric form of PS II, 

a growing number of additional protein assembly factors are being discovered that 

participate in the biogenesis and assembly of the complex (reviewed by Nickelsen & 

Rengstl 2013; Mabbitt et al. 2014). The intrinsic proteins CP43:D1:D2:CP47 form the 

core of the PS II complex (Nanba and Satoh 1987). The D1and D2 core reaction centre 
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Figure 1.4 Positioning of redox-active co-factors in a PS II monomer showing the pathway of electron flow and S-states of the 

OEC. (A) The PS II monomer is shown in grey with the location of the OEC, tyrosine 160 (YZ) of the D1 protein, the P680 reaction centre, 

pheophytin (PHO), two plastoquinones, QA and QB, with the bound bicarbonate ligand to the non-heme iron (PDB:4UB6). (B) Proposed 

model for the mechanism of proton removal from the water molecule by the OEC and different oxidation states of manganese (Mn) in 

the OEC adapted from Cox et al. 2014. 



 

 
 

11
 

Table 1.1 Summary of the possible roles of PS II subunits and cyanobacterial assembly factors.  

Complex/Protein 

Name 
Gene 

Transmembrane 

α-helices 

Protein 

size 

(kDa) 

Functions 

Location 

D2 pre-assembly complex  

D2 psbD 5 39.5 

Binds chlorophyll molecules and participates 

in forming the P680 reaction centre, harbours 

the QA molecule 

Thylakoid membrane 

PsbE/α-Cyt b559 psbE 1 9.3 Important for PS II assembly; may participate 

in quenching electrons produced on exposure 

to excess light thus protecting PS II complex 

Thylakoid membrane 

PsbF/β-Cyt b559 PsbF 1 4.4 Thylakoid membrane 

D1 pre-assembly complex  
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D1 PsbA 5 38 

Reaction centre protein. Provides ligands for 

OEC and electron transport, participates in 

charge separation also provides ligands (QB-

binding site) for plastoquinone binding  

Thylakoid membrane 

PsbI PsbI 1 4.2 
Stabilises PS II dimer/PS II monomer and 

participates in early PS II biogenesis steps 

Thylakoid membrane 

Slr1471 Slr1471 5 42.6 
Thylakoid biogenesis; integration of D1 in 

membrane 

Assembly factor 

Ycf48 Slr2034 0 36 
Stabilises early PS II pre-assembly complexes; 

proper assembly of PS II complex 

Assembly factor 

CP47 Pre-assembly complex  

CP47 psbB 6 56 
Chlorophyll-binding protein forming the inner 

antenna 

Thylakoid membrane 
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PsbM psbM 1 3.7 PS II dimer stabilisation Thylakoid membrane 

PsbH psbH 1 7 PS II assembly/stabilisation; photoprotection Thylakoid membrane 

PsbX psbX 1 4.1 Electron transfer functions between QA and QB Thylakoid membrane 

PsbL psbL 1 4.5 
Assembly of PS II; prevents backflow of 

electrons between acceptor and donor sides 

Thylakoid membrane 

PsbT psbT 1 3.5 
Photoprotection; electron transfer between 

QA and QB 

Thylakoid membrane 

PsbY psbY 1 3.6 

Photoprotection under no Ca2+ condition. 

Interacts with Cyt b559 and helps maintain the 

redox potential of Cyt b559 

Thylakoid membrane 

Psb28 Psb28 0 13 Stabilises CP47 during early stages of folding. 

May link chlorophyll biosynthesis and PS II 

Assembly factor 
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assembly under specific physiological growth 

conditions; 

Sll0933 Sll0933 1 18 
Interacts with Ycf48 and promotes conversion 

of RC complex into higher complexes 

Assembly factor 

CP43 Pre-assembly complex  

CP43 psbC 6 50 
Chlorophyll-binding protein forming the inner 

antenna; provide ligands for OEC 

Thylakoid membrane 

PsbZ psbZ 1 6.6 
Regulation of electron flow through two 

photosystems 

Thylakoid membrane 

PsbK psbK 1 4.3 
Binding of carotenoids; aids in the binding of 

PsbZ and Psb30 

Thylakoid membrane 
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PsbJ psbJ 1 4 

Based on PS II dimer structure probably 

associates with CP43 pre-complex; controls 

number of assembled PS II complex 

Thylakoid membrane 

Psb30 Psb30 1 5 Protects Cyt b559 Thylakoid membrane 

Psb27 Psb27 0 11 
Binds with CP43 pre-assembly complex and 

aids proper assembly along with Ycf48 

Assembly factor 

Extrinsic Proteins  

PsbO psbO 0 33 

Protection of the OEC and optimisation of 

oxygen-evolving capacity under low Ca2+/Cl- 

conditions. PsbO and PsbV might also be 

involved in stabilising PS II dimer 

Lumen 

PsbU psbU 0 9 Lumen 

PsbV/Cyt c-550 psbV 0 15 Lumen 

PsbQ/CyanoQ psbQ 0 17 Lumen 



 

16 
 

proteins provide amino acid residues as ligands for interaction not only with the OEC 

but also with P680, PHO, and the primary and secondary plastoquinone electron 

acceptors (QA and QB) (Vinyard et al. 2014). One of the crystal structures (Guskov et al. 

2009), however, showed the presence of a third quinone QC close to the Cytochrome 

b559 (Cyt b559) lying in one of the plastoquinone diffusion channels, recognised by 

theoretical analysis of PS II crystal structure (Guskov et al. 2009), present on either 

side of the Cyt b559 subunits (Müh and Zouni 2016). In recent years, the presence of 

another plastoquinone site QD has been suggested (Kaminskaya and Shuvalov 2013). 

However, both QC and QD have not been observed in high-resolution PS II crystal 

structures (Umena et al. 2011, Suga et al. 2015). The CP43 and CP47 proteins are 

chlorophyll-binding antenna proteins. The CP43 and D1 proteins are paired similarly 

as the CP47 and D2 proteins, regarding the transmembrane helices and their 

arrangement (Pagliano et al. 2013). LMW proteins border the reaction centre core 

(reviewed by Shi et al. 2012; Pagliano et al. 2013). Three extrinsic proteins (PsbO, PsbU 

and PsbV) cap the OEC in the PS II crystal structure from T. vulcanus. These extrinsic 

proteins are required for optimising the functioning of OEC in vivo (Bricker et al. 2012, 

Vinyard et al. 2013, Liu et al. 2014). 

1.4.3 Photosystem II: Water-plastoquinone oxidoreductase 

Figure 1.4A shows the events taking place after the P680 releases an electron on the 

absorption of energy. The QA acceptor is attached to the D2 protein and QB to the D1 

polypeptide, QA is an immobile plastoquinone and can accept one electron. QB, on the 

other hand, is mobile plastoquinone and can accept two electrons (Satoh et al. 1995). 

QA accepts the electron released from the P680, through the intermediary electron 

acceptor PHO and passes it on to the QB, the process is repeated once more, and once 

the QB has accepted two electrons it is released and a fresh quinone (oxidised) attaches 

itself to the QB-binding site making the system ready to accept another electron. The 

reduced plastoquinone (plastoquinol) is added to the plastoquinone pool of the cell. All 

these reactions constitute the acceptor side of electron transport events in PS II. The 

donor side of the reactions comprises the OEC and the tyrosine (161) residue of D1 

(also denoted as TyrZ/YZ). The P680+ is reduced by the electron from the YZ and YZ+ is 

reduced by the electron from the manganese (Mn) cluster of the OEC. The Mn cluster 

(Mn4CaO5) transitions between five oxidation states, called S-states that are designated 
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as S0 to S4 (Kok et al. 1970, Vinyard et al. 2013). The S-states and the oxidation states 

of Mn are shown in Figure 1.4B. 

1.4.4 Proteins of PS II complex 

The D1 and D2 proteins make the core reaction centre and bind the necessary 

co-factors for the actual electron transport, while CP43 and CP47 are the chlorophyll-

binding proteins (also termed as antenna proteins) and serve to channel the energy 

absorbed to the chlorophyll a of the P680 reaction centre. In addition to these, the 

following LMW proteins are observed in the cyanobacterial PS II crystal structure: PsbI, 

PsbJ, PsbH, PsbL, PsbM, PsbT, PsbX, PsbY, PsbZ, PsbK and Psb30. Evolutionarily, it has 

been considered that the anoxygenic bacterial photosynthetic reaction centre (that 

consists of just four proteins) was ancestral to PS II and that the LMW proteins 

represent additions required for water splitting and potentially for maintaining the 

repair pathway (Hohmann-Marriott and Blankenship 2011). A recent proposal, 

however, suggests that the LMW proteins were present in a primordial reaction centre 

that gave rise to PS II, PS I (that also retains LMW proteins) and a streamlined 

anoxygenic photosystem (Cardona 2016). Functions attributed to these LMW proteins 

range from assembly to fine-tuning the electron transport to achieve maximum 

oxygen-evolution efficiency (Table 1.1). In addition to PsbO, at least three other 

extrinsic proteins have been identified in Synechocystis 6803, namely PsbU, PsbV and 

CyanoQ (Bricker et al. 2012), though the latter has not been observed in the PS II crystal 

structure (Suga et al. 2015). Although the current model for biogenesis of PS II assumes 

these extrinsic proteins to join the PS II only after it has reached monomer stage 

(Figure 1.5), recent observations from more than one studies suggest that the extrinsic 

proteins might be joining earlier in PS II assembly than what the current model 

predicts (Cormann et al. 2014, Jackson and Eaton-Rye 2015).  

Although much work has been done on the LMW intrinsic proteins, the 

emergence of new techniques and enhancement in our knowledge about these proteins 

is opening new revelations about the roles of these LMW proteins and functioning of 

PS II. As the current project investigates the roles of specific LMW proteins that has 

been hypothesised to associate with the CP47 pre-assembly complex during PS II 

biogenesis, the ensuing section reviews the CP47 pre-assembly complex, associated 
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LMW proteins and the PS II assembly factors known to associate with the CP47 pre-

assembly complex. 

1.4.5 CP47 pre-assembly complex 

1.4.5.1 CP47  

CP47 (molecular mass ~57 kDa) binds 16 chlorophyll a molecules (Ferreira et 

al. 2004, Umena et al. 2011) forming (along with CP43) the proximal antenna and is 

encoded by the psbB gene. In the PS II dimer, it is found to closely associate with the D2 

protein near the PS II monomer-monomer interface. It has six helices spanning the 

thylakoid membrane (reviewed in Eaton-Rye and Putnam-Evans, 2005) and consists 

of five extrinsic loops designated as A-E, with loops B and D present on the stromal side 

and loops A, C and E on the lumenal side, with loop E being the longest (Bricker and 

Frankel 2002). Deletion of CP47 in Synechocystis 6803 renders the strain incapable of 

photoautotrophic growth accompanied with a loss of PS II reaction centres (Eaton-Rye 

and Vermaas 1991). Deletion and point mutagenesis studies in the hydrophilic 

domains of the loops connecting membrane-spanning regions (Eaton-Rye and 

Vermaas 1991, Haag et al. 1993, Morgan et al. 1998, Clarke and Eaton-Rye 2000, Clarke 

et al. 2002) have shown that these regions are essential for the assembly of PS II. The 

data accumulated over the years have indicated the multiple roles of CP47 in PS II, 

especially with PS II assembly and PS II repair. The X-ray-derived structure of PS II 

shows the interaction of CP47 with the extrinsic proteins (PsbO, PsbU, and PsbV) 

(Umena et al. 2011), pointing to its role in stabilising the OEC.  

There are six LMW intrinsic proteins (<10 kDa) in the CP47 pre-assembly 

complex (Boehm et al. 2011). Currently, the assigned role of LMW proteins associated 

with the CP47 pre-assembly complex is stabilisation of PS II and bound cofactors, with 

deletion of some LMW proteins being more detrimental than others, and the response 

to deletions of LMW subunits varies between eukaryotes and prokaryotes (Shi et al. 

2012). PsbM, PsbT and PsbL are found at the interface between the two PS II monomers 

(Ferreira et al. 2004, Umena et al. 2011). Though early studies failed to assign specific 

functions to these LMW proteins, in recent years studies using knockout mutants, have 
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revealed that absence of one or more of these proteins leads to defects in amassing PS 

II dimers and normal functioning of PS II reviewed by Nixon et al. (2010).  

1.4.5.2 PsbM 

The PsbM protein (~4 kDa) is found in the final dimeric PS II complex at the 

monomer-monomer interface (Ferreira et al. 2004, Umena et al. 2011). Although the 

two PsbM proteins present at the interface of the PS II dimer form a heptad motif and 

is considered crucial for PS II dimer stability, studies have found that dimers could still 

accumulate in the absence of PsbM but are unstable (Bentley et al. 2008, Kawakami et 

al. 2011). This observation is suggestive that other interactions also contribute 

significantly to amassing and stabilising the dimer (Bentley and Eaton-Rye 2008, 

Kawakami et al. 2011, Boehm et al. 2012). Although PsbM is not required for the PS II 

assembly, a recent study on a PsbM-deletion mutant in T. elongatus (Uto et al. 2017) 

revealed changes at the QB-binding site in PsbM-lacking PS II dimers. The PsbM-lacking 

mutant in Synechocystis 6803 has also been observed to be sensitive to higher light 

intensity suggesting either increased damage to PS II dimer or slowed PS II repair 

(Bentley et al. 2008). 

1.4.5.3 PsbL 

The ~5 kDa PsbL subunit is also located at the interface of the PS II complex, in 

proximity to the D2 reaction centre protein’s QA site (Ferreira et al. 2004, Umena et al. 

2011). Mutants lacking PsbL are unable to assemble the PS II complex resulting in 

obligate heterotrophs (Anbudurai and Pakrasi 1993, Bentley 2008, Luo et al. 2014). 

Studies by Luo and Eaton-Rye (2008) in Synechocystis 6803 indicated the necessity of 

the last four residues at the C-terminus to form stable PS II dimers. In tobacco, PsbL 

has also been reported to act as a link between the acceptor and the donor side of PS II 

by preventing backflow of electrons (Ohad et al. 2004).  

1.4.5.4 PsbT 

The ~3.5 kDa PsbT protein is located close to PsbM and PsbL at the interface. 

Deletion of PsbT results in photoautotrophic mutants with reduced PS II centres and 

an increase in doubling time for photoautotrophic growth (Bentley et al. 2008). The 
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mutants also exhibited slowed electron transfer between QA and QB along with 

enhanced rates of photodamage on exposure to HL (Bentley et al. 2008). 

1.4.5.5 PsbX 

The PsbX subunit has a molecular mass of ~4.1 kDa and is present near the α 

subunit of Cyt b559 and PsbH (Umena et al. 2011). In Synechocystis 6803 it is strongly 

expressed under increased light intensity (Funk 2000). PsbX-lacking mutant in 

Synechocystis 6803 showed defects in amassing functional PS II but remained 

photoautotrophic (Funk 2000). In the absence of PsbX, the turnover of quinones at the 

QB site was suggested to be slightly altered as inferred from the observation of reduced 

rates of oxygen evolution with higher concentrations of artificial electron acceptors 

(Katoh and Ikeuchi 2001); however, with low concentration of synthetic quinones, no 

significant change in oxygen evolution was observed (Funk 2000, Katoh and Ikeuchi 

2001). Under low CO2 conditions, the PsbX-lacking strain of Thermosynechococcus 

elongatus (T. elongatus) showed growth defects (Katoh and Ikeuchi 2001). In spinach, 

expression of PsbX was found to be regulated by light (Shi et al. 1999) and was 

associated with the normal functioning of the QA (Nagatsuka et al. 1991). Reduction in 

the level of PsbX, in antisense PsbX plants of Arabidopsis thaliana, reduced the relative 

amounts of PS II core proteins D1, D2 and CP43 (García-Cerdán et al. 2009). Due to the 

growth defects observed under low CO2 conditions in PsbX lacking strain of T. 

elongatus and elevated expression under increased light intensity prompted 

suggestions of PsbX being important for photoprotection (Katoh and Ikeuchi 2001). In 

Synechocystis 6803, however, the susceptibility to enhanced light intensity was not 

observed in PsbX-lacking strain (Funk 2000). 

1.4.5.6 PsbH 

PsbH is an approximately 7 kDa LMW protein, found to closely associate with 

the CP47 protein in mature PS II complex (Umena et al. 2011). Studies on Synechocystis 

6803 strains lacking PsbH showed a reduction in the photoautotrophic growth as 

compared to wild type, mainly due to deterioration in electron flow from QA to QB 

(Mayes et al. 1993). Komenda et al. (2005) suggested PsbH as the first protein to 

associate with CP47 in Synechocystis 6803; however, a more recent study suggests 

Sll0933 to attach with CP47 before the attachment of PsbH (Bučinská et al. 2018). It 
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has also been suggested that PsbH is crucial for integration and maturation of D1 

(Komenda et al. 2005). In Synechocystis 6803, it was found that deletion of the PsbH 

protein effects binding of bicarbonate and weakens the attachment of CP47 with the 

D1-D2 pre-assembly complex (Komenda et al. 2002). Also, the mutants lacking PsbH 

have a reduced ability to recover after exposure to HL along with decreased rates of D1 

turnover (Komenda and Barber 1995). A recent study on PsbH suggested that it plays 

a vital role in stabilising one chlorophyll molecule that associates with CP47 and also 

stabilises a β-carotene molecule in the final PS II dimer (D’Haene et al. 2015). 

Furthermore, the possibility of PsbH participating in either folding of CP47 or loading 

chlorophyll in nascent CP47 has also been presented (Bučinská et al. 2018). 

1.4.5.7 PsbY 

The PsbY (3.6 kDa) protein, in the past, was not observed in the PS II crystal 

structure, even though mass spectrometry identified it in PS II preparations from T. 

vulcanus and Synechocystis 6803 (Kashino et al. 2002a, b). PsbY in higher plants has 

been speculated to be involved with binding Mn to the OEC, due to it exhibiting 

catalase-like and L-arginine metabolising activity under low Mn condition (Gau et al. 

1995, 1998). Sequence identity of the PsbY protein in Synechocystis 6803 reveals that 

it shares 46% similarity with the PsbY-A1 protein of spinach (Meetam et al. 1999). 

Though the location of PsbY was found to be close to α and β subunits of Cyt b559 

(Kawakami et al. 2007), it was not found in the isolated PS II complex and was 

speculated to be lost during purification (Umena et al. 2011). The recent structures 

from Koua et al. (2013) and Suga et al. (2015, 2017) are the only PS II crystal structures 

with PsbY and show its N-terminus to be towards the thylakoid lumen. However, only 

one of the monomers contain the PsbY protein. In the study by Suga et al. (2017), PsbY 

was observed to present a steric hindrance to adjacent PS II crystals in a tightly packed 

crystal. In the loosely packed crystal, however, two PsbY are seen, thus strengthening 

the hypothesis of PsbY being lost during purification and crystallisation. 

Characterisation studies in mutants lacking PsbY showed that the mutant was able to 

grow photoautotrophically (Meetam et al. 1999, Neufeld et al. 2004). A PsbY-lacking 

mutant was also unable to cope with a reduced level of Ca2+ as competently as the wild 

type (Neufeld et al. 2004). In the PS II crystal structure from T. vulcanus (Koua et al. 

2013), PsbY was observed to be interacting with PsbE forming a heptad repeat motif 
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(Müh and Zouni 2016). Characterisation of a PsbY-lacking strain from Arabidopsis 

thaliana (Sydow et al. 2016) showed the role of PsbY in maintaining the redox potential 

of Cyt b559, and it was suggested that this effect occurred as a result of disrupting an 

interaction involving bound PsbY and the heme group of Cyt b559.  

1.4.5.8 Sll0933 

The Sll0933 protein is a homologue of the recently identified PAM68 in 

Arabidopsis thaliana (Nickelsen and Rengstl 2013). This protein co-

immunoprecipitated with the assembly factor Ycf48 (Rengstl et al. 2011), suggesting 

interaction among these two assembly factors for proper conversion of RC to RC47 

(Rengstl et al. 2013, Mabbitt et al. 2014). Removal of PAM68 led to amassing of the RC 

complex; yeast split-ubiquitin assays showed that it might interact with core PS II 

proteins (D1, D2, CP43 and CP47) along with other proteins of the PS II complex 

(Armbruster et al. 2010). Similar interactions were also noticed in Synechocystis 6803 

(Rengstl et al. 2013). It has been speculated that the Sll0933 may bind with CP43 and 

CP47, stabilising them either before or after the formation of the completed pigment-

protein complexes and potentially facilitating fast assembly by interacting with Ycf48 

(Rengstl et al. 2013). A recent study suggested that Sll0933 binds with ribosomes and 

helps in the folding of CP47 and insertion of chlorophyll into the nascent CP47 

polypeptide (Bučinská et al. 2018). 

1.4.5.9 Psb28 

Psb28 is a 13 kDa protein, found to be loosely associated with the RC47 

intermediate subcomplex but is absent from the mature PS II (Dobáková et al. 2009). 

In Synechocystis 6803 two orthologues of Psb28 are found, Psb28-1 (product of gene 

sll1398) being much more abundant than Psb28-2 (product of gene slr1739) (Mabbitt 

et al. 2014). Though the function of Psb28 is yet to be precisely determined, studies by 

Dobáková et al. (2009) suggested a possible role in assembly, repair and chlorophyll 

synthesis; in addition, Psb28 deletion mutants exhibited limitations in synthesising 

PsaA/PsaB subunits of PS I. Studies by Sakata et al. (2013) have shown the involvement 

of the Psb28-1 protein in recovery of photodamaged PS II under high-temperature 

conditions. In a recent study, the Synechocystis 6803 cells lacking Psb28-1 were found 

to exhibit a retarded growth under HL and intermittent HL-dark conditions (Bečková 
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et al. 2017). A cross-linking and mass-spectrometric analysis revealed the binding of 

Psb28 above the Cyt b559 subunits (Weisz et al. 2017). Although both Psb28-1 and 

Psb28-2 bind to the RC47 pre-assembly complex, Psb28-2 was observed to bind with 

the PS II monomer as well (Bečková et al. 2017). 

 

Figure 1.5 Schematics of the currently proposed model for biogenesis of PS II. The 

assembly proceeds by formation of four pre-assembly complexes coupled with the 

chlorophyll a synthesis. Attachment of OEC and extrinsic proteins gives rise to the active 

monomer, that undergoes dimerisation to form functional PS II. Adapted from Mabbitt et 

al. (2014). 
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1.5 Photosystem II assembly 

The currently proposed model for biogenesis of the PS II complex shows it to 

proceed in a highly coordinated stepwise manner by the formation of specific 

intermediates ultimately giving rise to the monomeric form of PS II (Nixon et al. 2010, 

Boehm et al. 2012). Subsequently, in the presence of light, the OEC is assembled 

followed by attachment of the extrinsic proteins and dimerisation to yield the active PS 

II complex as represented in Figure 1.5 (Nixon et al. 2010, Nickelsen and Rengstl 2013, 

Mabbitt et al. 2014). Assembly starts by binding of the D2 pre-assembly complex (D2-

Cytb559-PsbE/F) and the pD1-PsbI complex to form the RC complex, the carboxyl-

terminal extension of pD1 is removed by a protease (CtpA) to form the mature RC 

complex, to which then binds the CP47-PsbM/H/L/T/X/Y pre-complex forming the 

RC47 complex. The CP43-PsbZ/K/30 complex is ligated to the RC47 complex giving 

rise to the monomeric PS II complex. The final steps involve light-driven processes for 

the assembly of the Mn4CaO5 (OEC) cluster, a process known as photoactivation, 

followed by attachment of the extrinsic proteins and dimerisation (Bao and Burnap 

2016, Najafpour et al. 2016). The synchronisation of PS II assembly and chlorophyll 

biosynthesis has also been speculated and seems to be more than probable as that 

would ensure both, availability of pigments during assembly and also would prevent 

accumulation of potentially damaging chlorophyll molecules (Rengstl et al. 2011). In 

cyanobacteria and higher plants, the presence of differentiated membrane systems 

gives rise to further complexity in distribution and compartmentalisation of these pre-

assembly complexes (Nickelsen et al. 2011). Though much work has been done 

towards understanding the assembly of PS II, the precise mechanism and the role of 

assembly factors and pigments is still not very clear, and the presence of parallel 

assembly pathways has been suggested (Nixon et al. 2010, Stengel et al. 2012). Recent 

work by Knoppová et al. (2014) found that a Ycf39-Hlip pigment-protein complex was 

responsible for delivery of chlorophyll to initial complexes during PS II assembly, 

suggesting that complexes, other than those already discovered, may participate in the 

assembly of the PS II complex. Similar views have been put forward by Mabbitt et al. 

(2014). 
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Figure 1.6 Diagrammatic representation of the repair process. D1 protein during photolysis of water

is damaged, potentially by direct absorption of light by the Mn or by the formation of the reactive 

oxygen species due to excessive light causing a donor-side limitation leading to formation of P680
+ which 

causes damage to the neighbouring amino-acid residues. To maintain the photosynthetic efficiency, PS 

II undergoes the repair process that involves selective removal of damaged D1 and insertion of a newly 

synthesised D1. Adapted from Mabbitt et al. (2014). 



 

26 
 

1.6 Photodamage and Repair 

Susceptibility of PS II to light-induced damage, due to the formation of reactive oxygen 

species (ROS) and excessive radiation or by disruption of Mn-oxygen bonds resulting 

in release of Mn (Ohnishi et al. 2005, Zavafer et al. 2017), makes it necessary to 

continuously repair the PS II complex in order to avoid the inhibition of photosynthetic 

activity (Nixon et al. 2010, Vass 2012). The balance between the PS II damage and PS II 

repair determines the extent of photoinhibition (Mohanty et al. 2007). The D1 protein 

is the prime target for ROS-induced damage, resulting in it being degraded, synthesised 

and the new D1 protein reincorporated through a series of steps that constitute a 

repair process for the PS II complex (Aro et al. 1993). During the repair process (Figure 

1.6), irreversibly damaged PS II is partially disassembled to form a modified RC47 

complex (PS II lacking the CP43 subunits, the D1 protein and LMW subunits of CP43 

pre-assembly complex as well as the extrinsic subunits and the OEC) (Boehm et al. 

2012, Nath et al. 2013). While the majority of the disassembled proteins and other 

cofactors are recycled, damaged D1 protein is selectively removed and degraded by a 

thylakoid-membrane-bound FtsH protease in an ATP-driven process (Komenda et al. 

2012). Subsequently, the newly-synthesised replacement D1 protein is incorporated in 

the RC47 complex followed by the re-association of the other protein subunits and the 

various cofactors (Mabbitt et al. 2014). Although the major protein to be degraded and 

synthesised is D1, damage to the D2 protein was found to be comparable to the D1 

protein, but it is not degraded to the similar extent (Jegerschöld et al. 1990), and the 

half-life of D2 was found to be three times greater than D1 (Jansen et al. 1999). 

1.7 Aims of this research 

As evident from the literature cited above much work has been done in 

understanding the assembly of PS II, PS II repair and individual roles of the core and 

LMW proteins of the PS II complex. With the crystal structure of PS II now available at 

atomic resolution, the interactions and the ligands are better understood than before. 

However, despite all these advances, the mechanisms of how the OEC splits water is 

still to be understood. Moreover, some of the PS II associated proteins fail to give any 

clear-cut phenotype regarding PS II activity raising questions on their presence and the 
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requirement of these proteins. As aptly pointed out by Mabbitt et al. (2014), the 

relationship among different subcomplexes and LMW proteins within a sub-complex, 

as well as variations in the prokaryotic and eukaryotic pathways for PS II assembly and 

PS II repair, is still to be answered entirely. The presence of isoforms further 

complicates the situation (for example, the proteins encoded by the psbA gene family 

and the two copies of the psbD gene, encoding the D2 protein, in some cyanobacteria) 

and their differential expression under specific growth conditions, suggests that 

pathway variations may exist within an organism for PS II assembly and PS II repair. 

Structural information may not easily predict such variability: for example, Bentley et 

al. (2008) observed that mutants lacking both PsbM and PsbT showed enhanced 

recovery after exposure to HL as compared to the corresponding single mutants. New 

information such as the probable binding of CP47 and Psb28 with ScpB-D (a small 

chlorophyll-binding protein induced under HL stress) (Shi et al. 2012) suggests much 

remains to be understood about the repair cycle and the role of the various complexes 

and cofactors in the PS II repair and assembly of PS II.  

For this study, I have focussed on the LMW proteins, PsbM, PsbY and PsbX of the CP47 

pre-assembly complex. The CP47 pre-assembly complex participates in the early steps 

of PS II biogenesis and the PS II repair pathway that are associated with the assembly 

and incorporation of pre-complexes containing D1 and D2 in Synechocystis 6803. A 

gene-knockout approach is used in this study to elucidate the roles of these proteins. 

The first part of this project deals with the standardisation of experimental procedures 

to study the physiological impact of deleting LMW proteins. The standardised 

experimental procedures were then used to elucidate the roles of PsbM and PsbY in PS 

II assembly and repair processes.  

The second part of this project deals with understanding the role of PsbX in 

maintaining PS II activity, assembly and repair. Pulse-chase experiments and two-

dimensional (2D) gel electrophoresis further explored the results. Carrying forward 

the hypothesis developed by characterisation of the mutant strain lacking PsbX on PS 

II assembly and PS II repair, led to the construction and characterisation of novel point 

mutations targeting the conserved Arg24 and Arg26 residues at the N-terminus of the 

D2 protein. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals and equipment 

All the chemicals used in this study were analytical grade reagents. The 

chemicals and equipment were supplied by Agilent Technologies. USA; Agrisera, 

Sweden; AJAX chemicals, Australia; BioRad, USA; Chemservice, USA; DBH chemicals 

Ltd., England; Scientific supplies Ltd., New Zealand; Sigma-Aldrich Inc., USA; and 

Thermo Fisher Scientific Inc., USA. 

2.1.2 Oligonucleotides 

Strategies to develop mutant strains, to confirm the correct construction of 

plasmids and designing of primers was carried out using SnapGene® versions 2.4 and 

above (from GSL Biotech, USA available at snapgene.com). The primers were then 

ordered from either Sigma-Aldrich, Singapore or Integrated DNA Technologies, 

Singapore. Various primers used in this study are listed in Table 2.1 below. 

 

Table 2.1 List of primers used in this study. 

Primer name Primer sequence (5’-3’) 

PsbT-Fw CGGTTGAGCATTGACCCGATGGCTG 

PsbT-Rv TTCGTGATGACGGTAACCTCTGCCG 

RFR-PsbM-Rv CGGCGGTGCAAAAGGCATCGAT 

LFR-PsbM-Fw CAGGGGGACGGGCCAACACAAACAC 

RFR-PsbM-SpecR-Fw GGATCCCCGGGAATTCCATAGCCTAA 
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LFR-PsbM-SpecR-Rv GCAGGGGAATTGATCCGGGAAAGCTA 

SpecR-PsbM-Fw CCAAGGCTTAGCTTTCCCGGATCAATT 

SpecR-PsbM-Rv CGAGGCAGTTTAGGCTATGGAATTCCC 

RFR-PsbY-Rv GGCCAGGCGATCAATCAGCGCATCGG 

LFR-PsbY-Fw GCGTTAACAACGGAAACCCCTACC 

RFR-PsbY-KanR-Fw GCTTTGTTGAATAAATCCATTGCTGTACCTCGTTTTG 

LFR-PsbY-KanR-Rv GCGCTATTCTGACCTTAGGCCACAACGTCTCGGCGATCGC 

PsbY-KanR-Fw CGAGACGTTGTGGCCTAAGGTCAGAATAGCGCTGAGGTCTGC 

PsbY-KanR-Rv CGAGGTACAGCAATGGATTTATTCAACAAAGCCACG 

PsbY-Fw-N GCCAGACCAACTTTTGAGCTG 

PsbY-Rv-N GCCAAAGCCTCATCAATGGCA 

RFR-PsbX-Rv CCAAAGTCCATTGTTGAACCAGTTGG 

LFR-PsbX-Fw GCCGCAATTCATTACATAATTGG 

RFR-PsbX-KanR-Fw GCTTTGTTGAATAAATCCTCCAGAGAAAGTTTGCTAAAGAAGG 

LFR-PsbX-KanR-Rv GCGCTATTCTGACCTCAAAAAGACAAAATCACCCGTTCC 

KanR-PsbX-Fw GGTGATTTTGTCTTTTTGAGGTCAGAATAGCGCTGAGGTCTGC 
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KanR-PsbX-Rv GCAAACTTTCTCTGGAGGATTTATTCAACAAAGCCACG 

R24A-Fw CAATAAATACGAAACGATCAGCCTTTAGCCAATCGTCGAGGA 

R24A-Rv TCCTCGACGATTGGCTAAAGGCTGATCGTTTCGTATTTATTG 

R24D-Fw CCAATAAATACGAAACGATCATCCTTTAGCCAATCGTCGAGGAC 

R24D-Rv GTCCTCGACGATTGGCTAAAGGATGATCGTTTCGTATTTATTGG 

R24K-Fw 
CAACCAATAAATACGAAACGATCTTTCTTTAGCCAATCGTCGAGGAC

ATCA 

R24K-Rv 
TGATGTCCTCGACGATTGGCTAAAGAAAGATCGTTTCGTATTTATTG

GTTG 

R26A-Fw GACCAACCAATAAATACGAAAGCATCACGCTTTAGCCAATCGTC 

R26A-Rv GACGATTGGCTAAAGCGTGATGCTTTCGTATTTATTGGTTGGTC 

R26D-Fw GACCAACCAATAAATACGAAATCATCACGCTTTAGCCAATCGTC 

R26D-Rv GACGATTGGCTAAAGCGTGATGATTTCGTATTTATTGGTTGGTC 

R26K-Fw 
CCAACCAATAAATACGAATTTATCACGCTTTAGCCAATCGTCGAGGA

CA 

R26K-Rv 
TGTCCTCGACGATTGGCTAAAGCGTGATAAATTCGTATTTATTGGTT

GG 

R24A:R26A-Fw 
CCAACCAATAAATACGAAAGCATCAGCCTTTAGCCAATCGTCGAGGA

CATCAA 
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R24A:R26A-Rv 
TTGATGTCCTCGACGATTGGCTAAAGGCTGATGCTTTCGTATTTATT

GGTTGG 

R24D:R26D-Fw 
GACCAACCAATAAATACGAAATCATCATCCTTTAGCCAATCGTCGAG

GACATCAAAC 

R24D:R26D-Rv 
GTTTGATGTCCTCGACGATTGGCTAAAGGATGATGATTTCGTATTTA

TTGGTTGGTC 

R24K:R26K-Fw 
CAGCAAACCAGACCAACCAATAAATACGAATTTATCTTTCTTTAGCC

AATCGTCGAGGACATCAAACCA 

R24K:R26K-Rv 
TGGTTTGATGTCCTCGACGATTGGCTAAAGAAAGATAAATTCGTATT

TATTGGTTGGTCTGGTTTGCTG 

Sequencing primers for psbD1:psbC gene fragment 

D1/C-LFR-Fw-N CCACCGTGATGTACAGTTGCGAC 

D1/C-Rv-N TGAAGAAGTGCAACCACCGCTTG 

D1/C-LFR-Fw CTCCACGAAGCGGGCAAACAAGTGG 

D1/S-RFR-Rv CATGGGGTGTACAAGATGAACAGGT 

Seq1 CAGACCCTCACTAGCCTCAGTCAT 

Seq2 GCTGGTTCCAAATCGGTGGTTTGTGG 

Seq3 CTTTATCTTCCCTGAGGAGGTTCTC 

Seq4 CTGTATTTCCGGTGGTATCTGGCA 
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Seq5 GGAACCCACGTTGTTCATGCCTGAC 

LFR-left flanking region; RFR-right flanking region; Fw-forward; Rv-reverse; KanR-kanamycin 

resistance cassette; SpecR-spectinomycin resistance cassette; N-new; Seq-sequencing. 

 

2.1.3 Cloning vectors 

Two cloning vectors were used in this study. The genes knocked out by insertion 

of antibiotic-resistance cassettes corresponding to the specific LMW protein were 

cloned into the pGEM-T Easy cloning vector from Promega Corporation, USA. The 

psbD1:psbC operon was cloned into the pJET 1.2 cloning vector from Thermo Fisher 

Scientific, USA.  

2.1.4 Microbial strains 

2.1.4.1 Escherichia coli (E. coli) strain 

DH5α E. coli strain obtained from Sigma-Aldrich, USA was used as the primary 

host to amplify the cloning products generated in this project. 

2.1.4.2 Synechocystis 6803 strains 

The cyanobacterial strain used in this study was the Synechocystis sp. PCC 6803, 

subtype GTO1 (glucose-tolerant Otago1) (Morris et al. 2014). The strain is a genetic 

variant of the glucose-tolerant strain originally isolated by Williams (Williams 1988). 

All the mutants used in the current study were constructed in the Synechocystis 6803 

GTO1 strain (hereafter referred to as wild type) background. The LMW knockout 

strains used in this study are referred by the Greek alphabet Δ followed by the name of 

the specific protein that has been deleted (for example, ΔPsbT strain denotes PsbT-

lacking strain). Table 2.2 lists the mutant strains used in this study.  
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Table 2.2 Synechocystis 6803 strains used in this study. 

Strain Genetic background of 

the parent strain 

Reference 

ΔPsbT Wild type Mabbitt (2012) (PsbT 

deletion) 

ΔPsbM Wild type This study (PsbM deletion) 

ΔPsbY Wild type This study (PsbY deletion) 

ΔPsbM:ΔPsbY ΔPsbM This study (PsbM and PsbY 

deletion) 

Ycomp ΔPsbM:ΔPsbY This study (PsbY 

complement strain) 

ΔPsbX Wild type This study (PsbX deletion) 

ΔPsbD1:ΔPsbC:ΔPsbD2 Wild type Zhong (unpublished) 

(PsbD1C and PsbD2 

deletion) 

PsbD1C+:ΔPsbD2 ΔPsbD1:ΔPsbC:ΔPsbD2 Zhong (unpublished) 

(PsbD2 deletion) 

R24A ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 

R24D ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 
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R24K ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 

R26A ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 

R26D ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 

R26K ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 

R24A:R26A ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 

R24D:R26D ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 

R24K:R26K ΔPsbD1:ΔPsbC:ΔPsbD2 This study (PsbD2 

deletion) 

 

2.2 Methods 

2.2.1 General techniques and reagent preparation 

Standard microbial sterile techniques were used in this study. To maintain 

sterile conditions the laminar flow hood was used where possible. All the solutions and 

reagents were made using distilled, deionised water from a Millipore Milli-Q Plus® 

water system (Millipore, USA) with a resistivity of 182 MΩ at 25°C. Autoclaving of 

materials was performed at 15 psi for 20 min. All percentage measurements are 

weight/volume unless otherwise stated. 
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2.2.2 Maintaining microbial cultures 

2.2.2.1 E. coli 

E. coli cultures were grown in liquid LB (lysogeny broth) or on solid LB agar 

plates. The cultures were grown at 37°C with appropriate antibiotics. Appropriate 

antibiotics were added at a final concentrations of; ampicillin (25 μg.mL-1), kanamycin 

(50 μg.mL-1), spectinomycin (50 μg.mL-1) and gentamycin (10 μg.mL-1). The water-

soluble antibiotics stocks were prepared by dissolving in water and filter sterilising 

them. The water-soluble antibiotic stocks were stored at 4°C.  

LB media: 1% bactotryptone, 0.5% yeast extract, 1% NaCl and 1.5% agar (for 

solid media only). 

2.2.2.2 Synechocystis 6803 

Cyanobacterial cultures were maintained on BG-11 (blue-green) agar plates 

supplemented with glucose, atrazine and appropriate antibiotics under constant 

illumination using metal halide lamps (30 μE.m-2.s-1) and at a constant temperature of 

30°C. The final concentration of antibiotics in the growth medium was: kanamycin (25 

μg.mL-1), spectinomycin (25 μg.mL-1), chloramphenicol (15 μg.mL-1) and gentamycin 

(2.5 μg.mL-1). Chloramphenicol stock was prepared by dissolving in 100% ethanol, and 

the stock was stored at -20°C. Glucose and atrazine were added at final concentrations 

of 5 mM and 20 μM, respectively. Liquid starter cultures of Synechocystis 6803 were 

grown mixotrophically under constant illumination (metal halide lamps-30 μE.m-2.s-1) 

at 30°C in BG-11 liquid medium supplemented with glucose (5 mM) and appropriate 

antibiotics (final concentrations as used for BG-11 agar plates) in modified Erlenmeyer 

flasks (Figure1 in Eaton-Rye, 2011). The freezer stocks of cyanobacterial culture were 

prepared by suspending cells (grown in liquid starter cultures) harvested by 

centrifugation at 2,760 g for 10 min in BG-11 liquid medium supplemented with 15% 

glycerol.  

BG-11 media (100x) without iron, phosphate or carbonate: Sodium nitrate 

(NaNO3) 1.76 M; magnesium sulfate heptahydrate (MgSO4.7H2O) 30.4 mM; calcium 

chloride dihydrate (CaCl2.2H2O) 24.5 mM; citric acid (C6H8O7) 2.86 mM; disodium 
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ethylenediaminetetraacetate (C10H14N2Na2O8) pH 8.0 0.22 mM; 10% (v/v) trace 

minerals. 

Trace minerals: Boric acid (H3BO3) 46.26 mM; manganese (II) chloride 

tetrahydrate (MnCl2.4H2O) 8.9 mM; zinc sulfate heptahydrate (ZnSO4.7H2O) 0.77 mM; 

copper (II) sulfate pentahydrate (CuSO4.5H2O) 0.32 mM; sodium molybdate dihydrate 

(Na2MoO4.2H2O) 1.61 mM; cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O) 0.17 mM. 

BG-11 liquid medium: 1× BG-11 without iron, phosphate or carbonate; Ferric 

ammonium citrate (C6H8FeNO7) 6 μg.mL-1; sodium carbonate (Na2CO3) 20 μg.mL-1; 

dipotassium hydrogen phosphate (K2HPO4) 30.5 μg.mL-1. 

BG-11 agar medium for plates: BG-11 liquid medium supplemented with 10 mM 

TES-NaOH (pH 8.2); 0.3% sodium thiosulfate (Na2S2O3); 1.5% agar. 

2.2.3 Molecular biological techniques 

2.2.3.1 Genomic DNA extraction from Synechocystis 6803 

For genomic DNA extraction, the cells were grown to mid-exponential phase 

(O.D. at 730 nm ~0.8) and harvested by centrifugation at 2,760 g for 10 min. The pellet 

was washed twice with 5 M sodium chloride (NaCl) to remove extracellular 

polysaccharides. The pellet was then resuspended in 1 mL TE buffer (10 mM Tris/HCl; 

1 mM EDTA; pH 8) containing lysozyme (derived from chicken egg, Sigma Aldrich, USA) 

at 10 mg.mL-1 and incubated at 37°C for 1 h. After stopping the reaction by addition of 

0.5 mL 0.5 mM EDTA, 1 mL of proteinase K (Roche Germany) solution and 100 μL of 

20% SDS (sodium dodecyl sulfate) were added, followed by incubation at 37°C for 1 h 

to remove protein. Incubation was followed by addition of 1/6 volume 5 M NaCl and 

1/8 volume CTAB solution (0.7 mL NaCl and 10% cetyltrimethylammonium bromide) 

and incubation for 10 min at 65°C. To remove cellular debris the sample was 

centrifuged at 10,000 g for 10 min. Nucleic acids were extracted by transferring 

supernatant into a 50 mL Falcon™ tube, followed by a 1:1 phenol:chloroform wash for 

30 min. DNA was precipitated using 95% cold ethanol and pelleted at 10,000 g for 5 

min. The pellet was suspended in TE buffer pH 8.0, and RNAase A (Roche) at a final 

concentration of 40 μg.mL-1 to remove RNA and incubated for 30 min at 37°C. The 
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incubation was followed by at least three extraction steps using 1:1 phenol:chloroform, 

with each step consisting of mixing by inversion for 5 min followed by centrifugation 

for 5 min. In the final step the DNA was precipitated using 2 times the volume of 95% 

ethanol and 1/10 volume of 3 M sodium acetate pH 5.2 at -20°C for 1 h. Genomic DNA 

was pelleted by centrifugation at 12,000 g for 10 min at 4°C, followed by washing with 

70% ethanol and drying using heat block at 37°C. The pellet was finally resuspended 

in 200 μL TE buffer pH 8.0 and stored for future use at -20°C. 

For small-scale DNA extraction, cell scrapings from the BG-11 agar plate were 

suspended in 500 μL STET buffer pH 8.0 (100 mM NaCl, 50 mM Tris, 10 mM EDTA, 

0.5% Triton X-100, adjusted to pH 8.0 using HCl). The cell suspension was repeatedly 

frozen and heated at least 3 times using liquid nitrogen and heat block at 70°C. 

Lysozyme was then added (to digest cell wall) at a final concentration of 10 mg.mL-1 

and incubated at 37°C for 3 h. One hundred and twenty-five microlitre of 10% SDS was 

added and mixed by vortex mixer and incubated for 1 h at 37°C. The cell debris and 

protein were separated by mixing with equal volume of phenol and centrifuging at 

12,000 g for 5 min. After transferring the upper aqueous phase to a new tube, the DNA 

was extracted by an equal volume of 1:1 phenol:chloroform and centrifuged at 12,000 

g for 5 min. The aqueous phase was then separated and mixed with equal volume of 

chloroform and centrifuged at 12,000 g for 5 min. The genomic DNA was precipitated 

from the upper aqueous phase by adding and mixing a 1/10 volume of 3 M sodium 

acetate, followed by addition of 0.6 times the volume of isopropanol and overnight 

incubation at -20°C. The DNA was pelleted by centrifugation at 16,000 g for 20 min at 

0°C. After discarding the supernatant, the pellet was washed with cold 70% ethanol 

and dried using heat block at 37°C. The dried pellet was then dissolved in 20 μL of 

MilliQ water and stored at -20°C. 

2.2.3.2 Quantification of DNA 

DNA was quantified by a Nanodrop ND-2000 UV-Vis spectrophotometer (Biolab 

Ltd, USA) using 2 μL of sample. 
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2.2.3.3 Polymerase chain reaction (PCR) 

Standard PCR: Standard PCR was performed as per the manufacturer’s 

instructions in 50 μL volumes. Where necessary, 1.5 μL of 25 mM magnesium chloride 

(MgCl2) was added as an enhancer. The volume of sterile Milli-Q water was adjusted 

accordingly if MgCl2 was added. All reactions were carried out in thermocyclers by 

Eppendorf, Germany. Typically, 30 amplification cycles were performed using 

empirically determined annealing temperatures and extension time dependent upon 

the size of the amplicon. To reduce the risk of undesired mutations in amplicons, the 

hi-fidelity enzyme Phusion (Thermo Fisher Scientific, USA) was used.  

Overlap-extension PCR: Overlap-extension PCR (Bryksin and Matsumura 2010) 

was used to produce the constructs containing gene fragments with genes encoding for 

LMW proteins deleted by replacing the open reading frame (ORF) with an antibiotic-

resistance cassette. The advantage of this method over conventional restriction cloning 

is that it is independent of the presence of restriction sites, giving freedom in designing 

strategies for creating knockout strains. 

Colony PCR: To verify the complete segregation of Synechocystis 6803 mutants 

after transformation colony PCR was used. In this approach whole cells were used as a 

template instead of purified DNA. In this study, KAPA3G plant PCR kit (KAPA 

Biosystems) was used to perform colony PCR. The PCR amplification in colony PCR was 

carried out by touch-down PCR. In touch-down PCR the reaction mixture was prepared 

as outlined above, but the annealing temperature was set to decrease by 1°C (e.g. from 

65°C to 56°C) per cycle for the first 10 cycles. The remaining 20 cycles, were carried 

out at the annealing temperature set at an intermediate value (e.g. 60°C). 

Introduction of point mutations through PCR: For introducing the desired point 

mutations the QuikChange II site-directed mutagenesis kit (Agilent Technologies, USA) 

was used. The oligos were designed using the online tool 

https://www.genomics.agilent.com/primerDesignProgram.jsp. The PCR reaction 

mixture was, however, set up differently from the manufacturer’s instructions. The 

reaction was set up in a total volume of 12.5 μL containing 2.5 pmoles/μL each of 

forward and reverse primers, 10 mM each of dNTPs, 1× PfuUltra buffer, 1 μL of 

template DNA at 2-10 ng.μL-1, 0.25 μL of PfuUltra Hotstart DNA polymerase, 8.15 μL of 
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sterile water and 0.6 μL of 100% DMSO (dimethyl sulfoxide). The PCR reaction 

conditions were set up as follows: Initial denaturation for 5 min at 95°C; primer 

annealing and extension for 18 cycles using 50 s at 95°C, 50 s at 60°C, 1 min + 1 min/kb 

template at 68°C; final extension for 11 min at 68°C. The restriction enzyme, DpnI (New 

England Biolabs) was then added (0.5 μL of 20 U.μL-1) to the reaction mixture and 

incubated for 2 h at 37°C. The whole of the reaction mixture was then used to transform 

the DH5α cells and generate plasmids with the desired mutation. 

2.2.3.4 Restriction digests 

Restriction enzymes obtained from either Roche (Germany) or New England 

Biolabs (USA) were used to digest plasmids. The reactions were performed according 

to the manufacturer’s instructions in a 10 μL final volume containing 1 μL 10× buffer 

and 0.2-0.5 μg of DNA, depending on the application. Typically, 0.5 μL or 1 unit 

restriction enzyme was used per reaction, and reactions incubated at the indicated 

temperature for at least 90 min. 

2.2.3.5 Agarose gel electrophoresis 

To visualise the PCR-products and digested plasmids gel electrophoresis was 

performed with 0.8% agarose in TBE buffer. The gels were stained using 0.25 μg.mL-1 

ethidium bromide dissolved in MilliQ water. Typically, 10 μL of sample was mixed with 

2 μL of 6× DNA loading dye, loaded onto the gel and run at 100 V for 40 min. For size 

estimation, 0.9 μg of 1 kb Plus DNA Ladder (Invitrogen, USA) was run alongside the 

samples. Gels were visualised and documented using a UV transilluminator and 

Molecular Imaging software (Kodak, USA). 

5× TBE buffer: 445 mM Tris, 445 mM boric, 10 mM EDTA pH8.0. 

6× DNA Loading dye: 0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% 

glycerol. 

2.2.3.6 Purification of PCR products and gel-excised DNA 

The PCR products and gel-excised DNA from agarose gels were routinely 

purified using GenepHlow™ Gel/PCR Kit (Geneaid Biotech Ltd., Taiwan) as per the 
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manufacturer’s instructions. A final volume of 20-30 μL of elution buffer provided by 

the manufacturer was used to elute the DNA. The purified products were visualised by 

agarose gel electrophoresis and quantified using a Nanodrop spectrophotometer. 

2.2.3.7 A-tailing and blunt ending  

The PCR products from certain enzymes required the addition of a terminal 

dATP moiety to enable ligation into the pGEM-T Easy cloning vector. For A-tailing, 10 

μL of purified PCR product was incubated at 72°C for 30 min in a standard 25 μL PCR 

reaction mixture containing only dATP. Taq DNA polymerase was used for the A-tailing 

reaction.  

Some digested products required blunt ending before cloning. Depending on the 

restriction enzyme used the 3’ recessed termini was filled using Klenow fragment 

polymerase (Roche, Germany). One unit of Klenow fragment was used per μg DNA and 

incubated for 15 min at room temperature with 1 mM dNTPs. To remove the 3’ 

protruding termini, the digested product was incubated with T4 DNA polymerase 

(Roche, Germany) and 1 mM dNTPs. The mixture was incubated at 12°C for 15 min. In 

either case, the reaction was stopped by heat inactivating at 75°C for 10 min. 

2.2.3.8 Ligation 

Ligations into pGEM-T Easy or pJET 1.2 cloning vector were performed using 3-

5 U T4 DNA Ligase (Promega, USA) in rapid ligation buffer, by overnight incubation at 

4°C. Typically the ratio of insert DNA to cloning vector was 3:1 in a 10 μL reaction 

mixture. Once the incubation time was over, the whole reaction mixture was used to 

immediately transform the competent E. coli DH5α cells by the process described in 

section 2.2.5.  

2.2.3.9 Miniprep from overnight E. coli cultures 

Single colonies picked from the LB-agar plates were used to inoculate 5 mL of 

sterile LB liquid medium with appropriate antibiotics. The overnight cultures 

(harvested in <16h) were harvested by centrifugation, and plasmids were isolated 

using the Presto™ Mini Plasmid Kit (Geneaid Biotech Ltd., Taiwan) as per the 

manufacturer’s instructions.  
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2.2.3.10 Sanger sequencing 

All sequencing was performed by Genetic Analysis Service (Department of 

Anatomy, University of Otago, New Zealand). Samples were submitted with a final 

primer concentration of 0.64 pmol.μL-1 in a total volume of 5 μL. Template DNA was at 

a final concentration 1 ng/100 bp/5 μL for PCR products and not less than 30 ng.μL-1 

for plasmids. Sequencing was performed on a 3730xl DNA Analyser (Applied 

Biosystems, CA, USA) and the results analysed using SnapGene® software. 

2.2.4 Preparation of DH5α competent cells 

A single colony of E. coli DH5α cells were grown overnight in LB medium. Two 

conical flasks containing 100 mL ψB media were inoculated with 1 mL of overnight 

cultures and allowed to grow at 37°C with constant shaking till the O.D. at 600 nm 

reached ~0.3-0.4. The flasks were then transferred and kept on ice for 5 min, following 

which the cells were harvested at 2,760 g at 4°C. The cell pellet was resuspended in 

transformation buffer I (TfBI), following resuspension the cells were centrifuged at 

2,760 g at 4°C. The pellet was then resuspended by gentle pipetting in TfBII. Two 

hundred microlitres of resuspended cells were aliquoted into 1.5 mL centrifuge tubes 

and snap frozen using dry ice and ethanol. The frozen cells were stored at -80°C till 

further use. 

ψB liquid medium: 2% bactotryptone; 0.5% yeast extract; 10 mM potassium 

chloride (KCl); 34 mM magnesium sulfate (MgSO4); adjusted to pH 7.6 with potassium 

hydroxide (KOH). Sterile MgSO4 added after autoclaving. 

TfBI: 30 mM potassium acetate (CH3CO2K); 100 mM potassium chloride (KCl); 

10 mM calcium chloride (CaCl2); 50 mM manganese chloride (MnCl2); 15% glycerol; 

pH adjusted to 5.8 with 0.2 M acetic acid (CH3COOH). The solution was filter-sterilised 

and stored at 4°C. 

TfBII: 10 mM 3-(N-morpholino) propanesulfonic acid (MOPS); 75 mM CaCl2; 10 

mM rubidium chloride (RbCl2); 15% glycerol. The solution was filter-sterilised and 

stored at 4°C. 
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2.2.5 Heat shock transformation of E. coli DH5α competent cells 

The heat shock method for E. coli transformation is adapted from Sambrook et 

al. (1989). The competent cells were allowed to thaw on ice for ~15 min. Once thawed, 

the cells were transformed using 1 μL of plasmid DNA; if transforming a ligation 

product, the entire 20 μL of the ligation mixture was used to transform the competent 

cells. Cells after the introduction of DNA were left on ice for 30 min before being 

transferred to 37°C for 2 min. After 2 min the cells were transferred back on the ice for 

3 min. An extra 1.5 mL of sterile LB liquid medium was then added, and the cells were 

allowed to grow for 90 min at 37°C. The cells were then concentrated by centrifuging 

(12,000 g for 3 min) and resuspending in 200 μL of sterile LB liquid medium. Fifty 

microlitres of cells were then plated on LB agar plates containing selective antibiotics. 

The competent cells generated by the method outlined in section 2.2.4 typically yielded 

approximately 4×107 cfu.μg-1 DNA (colony forming units per microgram of DNA) 

determined by transforming with 1 ng pUC19 vector. 

2.2.6 Transformation of Synechocystis 6803 

Starter cultures were grown as described in section 2.2.2.2 to an O.D. at 730 nm 

of approximately 0.8-1.0. Cells were then harvested by centrifugation at 2,760 g for 7 

min at 23°C. The pellet after washin twice with BG-11 was resuspended in 500 μL BG-

11 liquid medium to an O.D. at 730 nm of 2.5. The cells were placed in a sterile 15 mL 

Falcon® tube along with 0.5-3 μg of plasmid DNA and incubated for 6 h at 30°C 

illuminated by metal halide lamps (30 μE.m-2s-1). The tubes were shaken after every 2 

h to keep the cells suspended. After 6 h glucose was added at 5 mM final concentration, 

and cells were left on a shaker (50-100 rpm) under constant illumination and at 30°C 

for 12 h. The cells were then spread over BG-11 plates containing appropriate 

antibiotics, glucose and atrazine. The plates were left under constant illumination at 

30°C, provided by metal halide lamps (30 μE.m-2s-1), until colonies of transformants 

appeared. Single transformed colonies were picked and re-streaked for at least three 

weeks or until complete segregation was verified by either colony PCR or standard PCR 

using genomic DNA isolated by the small-scale DNA isolation process (section 2.2.3.1). 
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2.2.7 Physiological characterisation of Synechocystis 6803 strains 

2.2.7.1 Growing and harvesting liquid cultures for physiological characterisation 

The liquid cultures were aerated continuously by pumping air into the flask 

through membrane filters. One hundred fifty millilitres of liquid starter cultures were 

grown mixotrophically for 2-3 days under constant illumination at 30°C. Care was 

taken so that cells do not reach the stationary growth phase. The cells from starter 

cultures were then used to inoculate 300 mL of working liquid cultures with 

appropriate antibiotics and glucose. The working cultures were harvested for 

physiological assays once they reached an O.D. at 730 nm of 0.8-1.0. The cells were then 

harvested by centrifuging at 2,760 g for 8 min. The pellet was then washed with BG-11 

by suspending the pellet and centrifuging at 2,760 g for 8 min. The washing process 

was repeated twice to remove traces of glucose and resuspended in approximately 5 

mL of BG-11 pH 7.5 liquid medium (BG-11 liquid medium supplemented with 25 mM 

HEPES and pH maintained by using NaOH). The chlorophyll concentration of cell 

suspension was measured by the process described by Mackinney (1941). The cells 

were then resuspended in 20-30 mL BG-11 pH 7.5 liquid medium at a chlorophyll a 

concentration of 10 μg.mL-1 and kept under constant illumination at 30°C on a shaker 

(50-100 rpm). The cells were left to acclimatise for 30 min after which aliquots were 

removed and used for various physiological assays performed in this study. 

2.2.7.2 Photoautotrophic growth 

Starter cultures grown mixotrophically in 150 mL modified Erlenmeyer flasks 

were harvested by centrifugation at 2,760 g for 8 min. The cells were washed twice 

using the process stated above to remove glucose and resuspended in 3-5 mL of BG-11 

liquid medium and O.D. at 730 nm was measured. Sterile modified Erlenmeyer flasks 

containing 150 mL of BG-11 liquid medium without glucose and with appropriate 

antibiotics were then inoculated with the cell suspensions to an O.D. at 730 nm of 0.05. 

The flasks were then maintained at 30°C with constant illumination and aeration. 

Aliquots of cells were removed, and O.D. at 730 nm was recorded every 12 h for the 

first 96 h and then every 24 h till 168 h. The doubling times were calculated as per the 

equation below derived from Powell (1956) 
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Doubling time = (Duration*ln(2))/(ln(OD48/OD0)) 

In this study, duration: 48 h; OD48: O.D. at 730 nm after 48 h; OD0: O.D. at 730 

nm at 0 h; ln: Natural logarithm.  

2.2.7.3 Room temperature whole cell absorption spectra 

Starter cultures for physiological measurements were grown mixotrophically 

as described in 2.2.7.1. Once they reached an O.D. at 730 nm between 0.8-1.0 aliquots 

were separated and diluted to an O.D. at 800 nm of 0.3 with BG-11. Spectra were 

collected using the Thermo Scientific Evolution 201 UV/Vis spectrophotometer, 

following a baseline scan. An absorption scan, against a BG-11 reference, was 

performed using a slit width of 1 mm and a scan speed of 4 nm.s-1. Translucent 

Sellotape® was used to cover the exit aperture of the cuvette holder to account for light 

scattering by whole cells. 

2.2.7.4 Oxygen evolution 

The cultures were prepared as per the process laid in section 2.2.7.1. Oxygen 

evolution was measured using a Clark-type electrode (Hansatech, UK). One millilitre of 

cells was transferred into the reaction chamber and maintained at 30°C by a water bath 

pumping water into a jacket that surrounds the reaction chamber. Saturating 

illumination (~8000 μE.m-2.s-1 red light) was provided by an FLS1 light source 

(Hansatech, UK) equipped with a 580 nm bandpass sharp cut-off glass filter (Melles-

Griot, USA). The oxygen concentration in the chamber was determined using an oxygen 

electrode control box (CBID, Hansatech, UK) and recorded by a computer, and 

illumination automatically activated or deactivated by a control unit (built in-house by 

S. A. Jackson). Illumination schedules were 30 s pre-record, 1 min with the light off, 3 

min light on and 1 min light off (unless otherwise stated). The voltage corresponding 

to oxygen-saturated water was measured by equilibrating with atmospheric oxygen 

(air saturated value), and the voltage at zero oxygen concentration was calibrated by 

the addition of a small amount of sodium dithionite. Oxygen evolution was supported 

by the addition of 15 mM sodium bicarbonate for whole-chain reactions, or 200 μM of 

the quinones 2,6-dichloro-1,4-benzoquinone (DCBQ) or 250 μM of 2,5-dimethyl-1,4-

benzoquinone (DMBQ) for PSII-specific reactions (the quinones were maintained in 
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the oxidised state by addition of 1 mM potassium ferricyanide). 3-(3,4-

dichlorophenyl)-1,1-dimethylurea (DCMU) independent oxygen-evolution 

measurements were done by adding DCMU at a final concentration of 40 μM along with 

either DMBQ or DCBQ and potassium ferricyanide at concentrations mentioned above. 

To evaluate the effect of sodium formate on oxygen-evolving activity, 25 mM sodium 

formate was added to the reaction mixture with either DMBQ and potassium 

ferricyanide or sodium bicarbonate. The following equation calculated the maximum 

oxygen-evolution rates: 

Maximum oxygen-evolution rate (μmol O2.(mg chl a)-1.h-1)= 

(ΔV ∗ 0.235 ∗ 60 ∗ 1000)

(�� ���) ∗ �ℎ� �� 
 

Where, ΔV: Change in voltage over 30 s of illumination; cal vol: (air saturated 

voltage-zero oxygen voltage); [chl a]: Chlorophyll a concentration in μg. 

2.2.7.5 Photodamage and recovery assay 

The cultures were prepared as described for the oxygen-evolution assay, but 

the cells were resuspended at 10 μg.mL-1 to a final volume of 50 mL in a 100 mL glass 

beaker. The cultures in the beaker were stirred continuously using a magnetic stirrer 

bar and maintained at 30°C and standard illumination (30 μE.m-2.s-1). Cultures were 

allowed to acclimatise for 30 min before samples were taken for oxygen-evolution 

measurement (T0). Oxygen evolution measured PS II activity in the presence of either 

250 μM DMBQ and 1 mM potassium ferricyanide or 15 mM sodium bicarbonate as 

described in 2.2.7.3. After the T0 measurement, an Ektalite slide projector (Kodak, 

USA) was used to apply a high-intensity constant light of 2,000 μE.m-2.s-1 (HL), to 

induce photoinhibition of PS II for 45 min, after which the light was switched off, and 

cultures were allowed to recover under standard growth conditions (LL). PS II activity 

was monitored during this time by taking samples for measurement every 15 min. To 

ascertain the dependency of the recovery process on protein synthesis lincomycin was 

added at a final concentration of 500 μg.mL-1 to the beaker after 45 min of HL exposure. 

Radioactive labelling of cells during photodamage and recovery assay: Cell 

preparation and experimental set up were like the normal photodamage and recovery 



 

47 
 

assay. At the start of the assay, a radiolabelled L-[35S]-methionine (Met) (>1000 

Ci.mmol-1; Perkin Elmer Inc., Boston, MA, USA) was added to a final activity of 10 

μCi.mL-1. At specific timepoints 2.0 mL samples were collected in 2.0 mL bead-beating 

tubes containing 0.5 mg.mL-1 chloramphenicol. The tubes were then centrifuged at 

10,000 g for 1 min. After completely discarding the supernatant, the cell pellets were 

snap frozen in liquid nitrogen and stored at -80°C till further use. 

2.2.7.6 Low-temperature (77 K) fluorescence emission spectroscopy 

Cultures for physiological measurements were prepared as described in 2.2.7.1. 

Two hundred fifty microlitres of cells at 10 μg.mL-1 were diluted to 1 mL in a test tube 

to get a final chlorophyll a concentration of 2.5 μg.mL-1 with BG-11 (pH 7.5). Diluted 

cells were transferred into a thin glass tube (internal diameter 4 mm, external diameter 

6 mm) and immediately frozen by dipping in liquid nitrogen. Spectra were measured 

using a modified MPF-3L fluorescence spectrometer (Perkin Elmer, USA), equipped 

with a custom made, silver-lined liquid nitrogen Dewar (Jackson et al. 2014). For data 

collection at an excitation wavelength of 440 nm, the excitation and emission slits were 

set at 12 and 2 nm, respectively. For excitation of whole cells at 580 nm the excitation 

and emission slits were set at 10 and 2 nm, respectively. Emission spectra were 

scanned at a rate of 100 nm.min-1. Data processing consisted of baseline subtraction 

using an R script (Appendix I) which approximated emission maxima using Gaussian 

curves, followed by normalisation to the 725 nm emission maxima of PS I. 

2.2.7.7 Room temperature variable chlorophyll a fluorescence 

Cultures for the assay were prepared as described above. Cells were diluted 

with BG-11 (pH 7.5) to a final chlorophyll a concentration of 5 μg.mL-1 in a final volume 

of 2 mL immediately before measurement; the diluted cells were dark-adapted for 8 

min in 4 mL transparent plastic cuvettes. 

All room temperature variable chlorophyll a fluorescence measurements were 

made using an FL-3500 double-modulation fluorometer (Photon Systems Instruments, 

Czech Republic) equipped with blue-light-emitting diodes (455 nm peak wavelength) 

for actinic illumination. Probe flashes employed either a blue measuring light (BMF, 

455 nm) or a red measuring light (RMF, 625 nm), each with a 3 μs duration. Four BMF 
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or RMF, pulses spaced 200 ms apart, were used to determine the initial fluorescence 

(Fo) of dark-adapted samples before the commencement of actinic light. For the 

fluorescence induction analyses, a continuous actinic light (455 nm) of 1,250 μE.m-2.s-

1 was applied, and the fluorescence measured by either BMF or RMF at specific time-

points for a total duration of 10 s (refer Appendix I for program details). For 

fluorescence decay assay, a single saturating actinic flash (2,500 μE.m-2.s-1) of duration 

30 μs was applied to cells, and decay probed with a logarithmic series of BMF for 60 s 

(refer Appendix 1 for program details. For some experiments, the sequential turnover 

of PSII centres was analysed by measuring fluorescence decay after a train of 5 

saturating single-turnover flashes, spaced 200 ms apart.  

Depending on the experiment, electron transport inhibitors were mixed by 

inversion with the samples in cuvettes and incubated with the cells for at least 2 min 

before measurement. To block electron transfer between QA and QB, DCMU was added 

to a final concentration of 40 μM. Fluorescence decay measurements were also made 

in the presence of DMBQ, sodium formate and sodium bicarbonate at final 

concentrations as mentioned in results sections. 

2.2.7.8 Fluorescence decay kinetic analysis 

Analysis of the fluorescence relaxation kinetics was performed by fitting two 

exponential phases and one hyperbolic phase according to the following equation from 

Vass et al. (1999):  

��−�o =�1exp(−�/�1 )+�2exp(−�/�2)+�3/(1+�/�3) 

Where Ft is the variable fluorescence at a given time point after the saturating 

single-turnover flash; Fo is the initial fluorescence before the saturating single-

turnover actinic flash; A1-A3 are the percentage amplitudes of each component of the 

decay; and T1-T3 are the time constants from which half-times can be calculated using 

half time = ln(2)/Tn for the exponential components and the half time = T3 for the 

hyperbolic component (Vass et al., 1999). According to this model, the fast phase 

reflects electron transfer from QA- to QB while the middle phase mainly represents the 

binding of a plastoquinone molecule to empty QB-binding sites in PS II centres. The 
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slow phase of the decay reflects the charge recombination of QA- with the S2 state of 

the OEC. 

In the presence of DCMU, when forward re-oxidation of QA- is blocked, 

fluorescence decay occurs by charge recombination of the reduced QA species with the 

S2 state of the OEC cluster and is mediated primarily through the P680+•:PHO-• radical 

pair in PS II (Cser and Vass 2007). The decay can be satisfactorily fitted with one 

exponential phase and one hyperbolic phase according to the following equation (after 

Fufezan et al. 2007): 

��−�o=�1exp(−�/�1 )+�2/(1+�/�2)+ 

Where c is a constant (an amplitude offset), A1-A2 are the amplitudes of each 

component and T1-T2 are the time constants. Curve fits were performed in SciDAVis 

version 1.22 (http://scidavis.sourceforge.net). 

2.2.8 Protein analysis 

2.2.8.1 Total membrane isolation 

General Total membrane isolation: All the steps were performed at 4°C and care 

was taken to minimise exposure of light-sensitive PS II proteins to light during 

isolation. Liquid cultures of Synechocystis 6803 were grown with appropriate 

antibiotics to an O.D. at 730 nm of ~0.8-1.0 in 1 L culture flasks subjected to the 

standard growth conditions. Cells were harvested by centrifugation at 4,000 g for 10 

min and re-suspended in 40 mL cell wash buffer in 50 mL Falcon® tubes before second 

centrifugation. Cell pellets were snap-frozen in liquid nitrogen and stored at -80°C until 

membrane isolation. Thawed cell pellets were rewashed in 40 mL cell wash buffer 

(4°C) in fresh, chilled 50 mL Falcon® tubes, centrifuged, and the pellets re-suspended 

in 1.6 mL of disruption buffer per litre of initial culture, at 4°C. The tubes were 

maintained on ice in dark once resuspended in the disruption buffer for 30 min before 

lysing the cells by bead beating with 0.1 mm zirconia beads (BioSpec Products, USA). 

For bead beating the cells were split evenly into two 2 mL bead beating tubes per 1 L 

of culture containing 700 μL equivalent volume of 0.1 mm zirconia beads per tube. Cells 

were broken by mechanical disruption in a bead-beater: 5 cycles, each consisting of 25 
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s at 4,800 rpm followed by 5 min on ice. Beads were removed by centrifugation at 2,000 

g for 2 min at 4°C, and unbroken cells removed by centrifugation at 8,000 g for 5 min 

at 4°C. Total membranes were pelleted by ultracentrifugation at 60,000 g for 1 h at 4⁰C, 

using 10 mL Beckman ultracentrifuge tubes in a 75 Ti rotor (Beckman-Coulter, USA). 

The pellet was suspended in disruption buffer using a paintbrush, topped up and 

centrifuged again at 60,000 g, 4°C, for 25 min, to wash away excess PBS proteins. 

Membranes were finally re-suspended in solubilisation buffer and aliquoted into 1.5 

mL microcentrifuge tubes and stored at -80°C. 

Total membrane isolation from photodamaged cells: All steps were carried out 

at 4°C in the dark and in between the steps the cells were maintained on ice. The total 

membranes from the 2 mL of photodamaged samples were isolated by bead beating 

the cells with 200 μL equivalent of 0.1 mm glass beads (BioSpec Products, USA) 

suspended in equal volume of MES-NaOH buffer pH 6.5. The bead beating was 

performed for two 25 s cycles at 4,800 rpm in bead beating tubes. The cells were 

maintained on ice between cycles. Following bead beating the samples were 

centrifuged at 900 g for 1 min. After the supernatant transferred to a new 1.5 mL 

microcentrifuge tube, the beads were washed once with 200 μL of MES-NaOH buffer 

pH 6.5. The combined volume of 400 μL was again centrifuged at 2,000 g for 1 min to 

remove cell debris and unbroken cells. The supernatant was transferred to a fresh 1.5 

mL microcentrifuge tube and centrifuged at 16,000 g for 15 min at 0°C. The total 

membrane so isolated were resuspended in 100 μL of MES-NaOH pH 6.5 buffer and 

immediately used for membrane solubilisation. 

Cell wash buffer: 50 mM HEPES-NaOH (pH 7.5), 20 mM CaCl2, 10 mM MgCl2, 1 

mM 6-aminocaproic acid, 1 mM phenylmethylsulfonylfluoride (PMSF), 2 mM 

benzamidine. 

Disruption buffer: 50 mM HEPES-NaOH (pH 7.5), 20 mM CaCl2, 10 mM MgCl2, 

800 mM sorbitol, 1 M betaine monohydrate, 1 mM 6-aminocaproic acid, 1 mM PMSF, 2 

mM benzamidine. 

Solubilisation buffer: 25 mM Bis-Tris HCl (pH 7.0), 20% glycerol, 0.25 mg.mL-1 

Pefabloc SC (Invitrogen, USA). 
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MES-NaOH pH 6.5 buffer: 25 mM MES-NaOH pH 6.5, 10 mM CaCl2, 10 mM MgCl2, 

40% glycerol (w/v), 1 tablet of protease inhibitor cocktail (Roche, Switzerland) per 10 

mL of buffer was also added. 

2.2.8.2 Membrane solubilisation 

Aliquots of isolated membranes were thawed on ice in the dark for 30 min. The 

chlorophyll a concentration in each sample was determined by extraction in 80% 

acetone followed by centrifugation at 13,200 g for 5 min at 4°C and measuring the O.D. 

at 665 nm using a spectrophotometer.  

General membrane solubilisation: Membranes were diluted with solubilisation 

buffer to give a final volume of 100 μL at a concentration of 0.5 mg.mL-1 chlorophyll a. 

Membranes were then subjected to solubilisation by addition of 100 μL of 2% β-D-

dodecylmaltoside (DDM) (Affymetrix, USA) in solubilisation buffer, gentle mixing, and 

incubation on ice for 1 min to give a final concentration of 1% DDM in a volume of 200 

μL. Samples were then centrifuged at 16,000 g for 18 min at 4°C. The supernatant was 

transferred to a new chilled microfuge tube and the chlorophyll a concentration 

determined by extracting in 80% acetone and measuring the absorbance at 665 nm. 

Solubilisation of membranes from photodamaged cells: After chlorophyll a 

estimation of the membranes isolated from photodamaged cells, the samples were 

again centrifuged at 16,000 g for 15 min at 0°C. The pellet was suspended in 

appropriate amounts of MES-NaOH pH 6.5 to give a final concentration of 0.5 mg.mL-1 

of chlorophyll a in each sample. The samples were then solubilised by gently mixing 

with equal volume of 2% DDM in MES-NaOH pH 6.5 buffer and incubating on ice for 1 

min. The samples were then centrifuged at 16,000 g for 18 min at 0°C. The supernatant 

was transferred to a new chilled microfuge tube and the chlorophyll a concentration 

determined by extracting in 80% acetone and measuring the absorbance at 665 nm. 

2.2.8.3 Blue-Native PAGE (BN-PAGE) 

Sample preparation from membranes from normal cells: Solubilised membranes 

were adjusted with appropriate volumes of solubilisation buffer to give the same 

chlorophyll a concentration 0.2 μg.μL-1 in a final volume of 28 μL. The membranes were 
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then mixed with 10 μL of 4× BN-PAGE loading buffer and 5 μL 5% Serva Blue G250 

(Serva, Germany). Eight microlitres (1 μg chlorophyll a) of this mixture were loaded 

onto a 15-well, 3-12% or 4-16% Bis-Tris 1.0 mm NativePAGE precast gel (Life 

Technologies, USA). Native gel electrophoresis was performed in a Novex gel chamber 

with 1× anode buffer as per the manufacturer’s instructions, in a 4°C room in the dark. 

Electrophoresis conditions were 80 V for 1 h in the presence of 1× dark blue cathode 

buffer, then 100 V for 30 min followed by 2.5 h at 150 V in the presence of 1× light blue 

cathode buffer. 

Sample preparation for membranes from photodamaged cells: Solubilised 

membranes were adjusted with appropriate volumes of MES-NaOH pH 6.5 buffer to 

give the same chlorophyll a concentration 0.2 μg.μL-1. The 5% Serva Blue G250 (Serva, 

Germany) solution was added to achieve a final concentration of 0.6% Serva Blue G250. 

The mixture was loaded at 0.5 μg chlorophyll a onto a 15-well, 3-12% Bis-Tris 1.0 mm 

NativePAGE precast gel (Life Technologies, USA). Native gel electrophoresis was 

performed as mentioned above. 

Following electrophoresis, BN-PAGE gels were removed from their cassettes 

and de-stained for 16 h in ultrapure water at 4°C. Gels were scanned using an 

ImageScanner III colour scanner (Epson, USA). The gels were further processed as 

stated in the results section. 

4× BN-PAGE Sample buffer: 50 mM Bis-Tris, 6 M HCl, 10% glycerol, 50 mM NaCl, 

0.001% Ponceau S. 

10× BN-PAGE running buffer: 50 mM Bis-Tris, 50 mM Tricine, pH 6.8 (not 

adjusted). 

10× cathode buffer additive: 0.2% Serva Blue G-250 (Coomassie) in ultrapure 

water. 

1× anode buffer: 1:10 dilution of 10× BN-PAGE running buffer. 

1× dark blue cathode buffer: 1:10 dilution of 10× BN-PAGE running buffer; 1:10 

dilution of 10× cathode buffer additive. 
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1× light blue cathode buffer: 1:10 dilution of 10× BN-PAGE running buffer, 

1:100 dilution of 10× cathode buffer additive. 

2.2.8.4 Western blotting 

Transfer of proteins was carried out at 4°C. Blue native-PAGE gels were 

equilibrated in pre-chilled electroblot buffer for 10 min, along with the components of 

the transfer sandwich, which consisted of the following vertical layers arranged 

sequentially within the cassette: scotch pad; 3MM Whatman filter paper; equilibrated 

gel; polyvinylidene fluoride (PVDF) or nitrocellulose membrane (BioRad, USA); 3MM 

Whatman filter paper; scotch pad. The cut-to-size PVDF membrane was immersed in 

100% methanol for 1 min immediately before assembly of the transfer sandwich. The 

cassette was immersed in electroblot buffer in a Mini Trans-Blot Cell (Bio-Rad, USA), 

with the gel facing the anode, and buffer mixed by gentle stirring using a plastic 

magnetic stirrer. The transfer conditions for the BN-PAGE gels in this study were 35 V 

for 18 h. Following completion of the transfer, the transfer sandwich was disassembled, 

and the membranes were washed with ultrapure water and air-dried on Whatman 

3MM filter using a fan. Coomassie stain was removed from the dried membranes by 

washing for 2-3 min in 100% methanol followed by two times ultrapure water washes. 

Membranes were incubated in Blot-O for 16 h at 4°C on a shaker set at 150 rpm, washed 

2× 10 min with ultrapure water on a rocker, and incubated with 25 mL of primary 

antibody for 16 h, gently rocking at 4°C.  

Electroblot buffer: 25 mM Tris, 192 mM glycine, 20% methanol. 

Blot-O: 4% Bovine serum albumin (BSA), 0.02% sodium azide (NaN3) in TBS 

(pH 7.4). 

Primary antibody: α-D1 global; raised in rabbit against D1 peptide; α-CP47, 

raised in rabbit against CP47 peptide; α-CP43, raised against amino acids 257-450 of 

Arabidopsis thaliana CP43; α-D2, raised in rabbit against a synthetic conserved C-

terminal region of D2 peptide; all purchased from Agrisera (Sweden) and diluted 

1:1000-1:3000 in TBS (pH 7.4) with 1% BSA and 0.02% NaN3. 
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TBS (pH 7.4): 0.137 M NaCl, 2.7 mM KCl, buffered with 25 mM Tris and pH 

adjusted to 7.4 with 37% HCl. 

Detection of PS II specific proteins: After incubation, primary antibody was 

poured off and saved. Membranes were then washed with 30 mL 0.1% Tween-20 in 

TBS (pH 7.4), 1 x 15 min and 2 x 5 min at room temperature on a rocker, before 

incubation with secondary antibody for 1-2 h at room temperature with gentle rocking. 

The secondary antibody was discarded, and membranes washed by three 5 min washes 

with 0.1% Tween-20 in TBS (pH 7.4), and enhanced chemiluminescence (ECL) induced 

by incubation of membranes for 1 min in freshly-prepared ECL reagents (Abcam, USA). 

Membranes were detected by using an Odyssey® Fc imaging system (LI-COR 

Biotechnology) set to chemiluminescence mode. 

Secondary antibody: Anti-Rabbit IgG (whole-molecule)-peroxidase antibody 

(produced in Goat by Sigma) diluted 1:20,000 in 50 mM Tris-HCl (pH 7.5), 150 mM KCl, 

3% BSA in ultrapure water (made fresh before use). 

2.2.8.5 Two-dimensional gel electrophoresis 

Individual lanes of a destained BN-PAGE gel were excised. Lanes were incubated 

in 1× LDS Sample buffer and 50 mM dithiothreitol (DTT) in the dark at 30°C for 15 min 

with gentle shaking. The temperature was then increased to 45°C and left for another 

15 min. Solubilised lanes were then applied to the 2D well of a pre-cast NuPAGE Novex 

12% Bis-Tris gel (Life Technologies, USA), and secured by a coating of 0.6% agarose 

dissolved by microwaving in 1× MES buffer and cooling to 55°C. A SeeBlue® Plus2 Pre-

Stained Protein Standard (Life Technologies, USA) was added to the ladder well and 

proteins were fractionated in the second dimension at 4°C using conditions 100 V for 

70 min and then 150 V for 60 min in 1× MES buffer. 

4× LDS Sample Buffer: 250 mM Tris-HCl pH 8.5, 8% LDS, 0.5 mM EDTA, 33% 

glycerol, 12.5 mM Serva Blue G-250, 0.4 mM bromophenol blue. 

10× MES Buffer: 500 mM MES, 500 mM Tris, 1% SDS, 10 mM EDTA, pH 7.3 in 

ultrapure water. 
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2.2.8.6 Visualisation of 2D and BN-PAGE gels used to separate proteins labelled with 

35S-Met 

The proteins labelled with 35S-Met were visualised by using a fixative solution 

containing 50% methanol and 10% acetic acid. The fixed gels were dried and exposed 

to autoradiography films (Kodak) for a maximum time of 36 h to visualise the proteins. 

The 2D gels were also stained with colloidal Coomassie stain before being dried. 

Colloidal Coomassie stain (Neuhoff et al. 1985, 1988): 0.12% Coomassie 

brilliant blue (CBB) G-250; 10% ammonium sulfate; 10% (v/v) phosphoric acid; 20% 

methanol. The stain was prepared as per the process laid out by Dyballa and Metzger 

(2009); ammonium sulfate was first dissolved in small volume of MilliQ water, 

methanol was then added and after the solution was homogenous CBB G-250 was 

added. The mixture was constantly stirred using a magnetic stirrer for at least 1 h. After 

complete solubilisation of CBB G-250, the phosphoric acid was added. Addition of acid 

to alcoholic media facilitates the CBB molecules to aggregate into the colloidal state. 

More MilliQ water was finally added to achieve final desired volume. 

2.2.9 Softwares used in this study 

PyMOL: For PS II crystal structure (PDB:4UB6) analysis PyMOL molecular 

visualisation software (Schrödinger 2015) was used. All the figures involving protein 

structures were drawn using PyMOL version 2.0.5.  

Unipro UGENE: Multiple sequence alignment of proteins was performed by the 

unified bioinformatics toolkit UGENE version 1.30 (Okonechnikov et al. 2012). 

Inkscape: All figures in this thesis were either entirely or partly made using 

Inkscape vector graphics editor. 

Rstudio: Rstudio suite was used for data analysis of low-temperature 

fluorescence emission spectra. 

Microsoft Office 365 suite: Integrated packages like Excel and Word were used 

for plotting graphs and writing thesis.
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3 Investigating the roles of the PsbM and PsbY proteins 

3.1 Introduction 

This chapter investigates the functions of the LMW proteins PsbM, PsbT, and 

PsbY, by knocking out these proteins in the wild-type background. These proteins 

associate with the CP47 pre-assembly complex. The LMW proteins present at the 

interface of the PS II dimer, PsbL, PsbM and PsbT are LMW proteins that have been 

studied in detail in Synechocystis 6803 (Bentley et al. 2008). PsbL, as mentioned earlier 

(section 1.4.5.3), is necessary for the assembly of PS II in Synechocystis 6803 and in the 

ΔPsbL mutant, no PS II was detected (Luo and Eaton-Rye 2008). The wild-type strain 

was used to standardise the experimental conditions, and the ΔPsbT strain was used 

for standardising the experimental conditions for the assays involving HL treatment in 

this study. The assays with standardised experimental conditions were then used to 

study the physiological impacts of deleting PsbM and PsbY in the wild-type 

background.  

3.1.1. Expression of LMW proteins in response to external stimuli 

The subtle variation in the expression of proteins to changing environmental 

conditions offers insights into the possible requirement of the proteins for processes 

to either mitigate or maintain activity under the changed conditions. Much work has 

been done on the changes in gene expression to varying conditions faced by the 

Synechocystis 6803 cells (Battchikova et al. 2010, Kopf et al. 2014). The results of one 

such study (Kopf et al. 2014) have been presented and summarised as the 

reads/average reads in Table 3.1. Under different conditions, changes are seen in the 

gene expression. However, the requirement of the PS II proteins under all conditions, 

makes it difficult to derive any specific conclusion based on the genomic or 

transcriptomic data. The situation is further complicated as a number of these proteins 

are transcribed as a cluster along with other essential proteins. Thus, to get a 

conclusive idea about the specific roles of the LMW proteins, gene knockout and point 

mutagenesis studies are both simple and effective. 
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Table 3.1 Expression of LMW proteins associated with the CP47 pre-assembly complex. The 

presented data are reads under different conditions per average reads. Source: supplementary material 

Kopf et al. 2014. (TU: Transcription Unit, Exp: Exponential, Stat: Stationary, HL: High Light -CO2: 

minus carbon dioxide). 

Protein 

Name 
TU 

Genes 

transcribed 

Exp. 

Phase 

Stat. 

Phase 
Dark HL -CO2 

PsbH TU1203 ssl2598 0.62 0.30 0.01 1.45 0.79 

PsbM TU134 sml0003 4.87 0.19 0.00 1.29 0.38 

PsbT TU2512 smr0001 2.21 0.79 0.07 0.73 1.49 

PsbX TU2754 

sml0002, 

ncl1310 

(ncRNA) 

3.73 0.37 0.05 1.38 0.47 

PsbY TU1298 

sml0007, 

ssl3829, 

sll2005, 

sll2006, sll2007 

3.38 0.14 0.14 1.43 0.41 
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Figure 3.1 Physiological characterisation of wild type and ΔPsbT. (A) Photoautotrophic growth. 

(B) Whole cell absorption spectra normalised to 440 nm peak corresponding to chlorophyll a. (C) 

Low-temperature emission spectra of the whole cells excited at 440 nm. (D) Low-temperature 

emission spectra of the whole cells excited at 580 nm. Wild type (black solid line); ΔPsbT (orange 

solid line). Data shown are averages of three independent experiments. Markers when present 

indicate the time points where readings were recorded. Data from biological repeats are shown in 

Figures AIII.1 (panel A) and AIII.2 (panels C and D) (Appendix III). 

440 nm 580 nm 

Photoautotrophic 
growth 

Whole-cell spectra 
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3.1.2. Chapter outline 

The chapter is divided into two sections, the first section deals with the 

standardisation of experimental conditions using wild type and the ΔPsbT strains, 

followed by physiological characterisation of the PsbM- and PsbY-lacking strains. The 

details of the construction of the gene knockout strains for the LMW proteins PsbM and 

PsbY are presented in sections dealing with the roles of PsbM and PsbY.  

The physiological characterisation of the ΔPsbM, ΔPsbY, and ΔPsbM:ΔPsbY 

strains includes an investigation on the effect of removing these LMW subunits on the 

photoautotrophic growth of cells, assembly of the PS II complex, their impact on 

oxygen-evolving capacity, and their influence on chlorophyll a fluorescence. 

Chlorophyll a fluorescence-based assays include assembly information gathered by 

fluorescence induction and kinetic information on electron transport following 

fluorescence relaxation/decay after exposure to both single and multiple actinic 

flashes. Data generated using these physiological assays gives an overall picture of the fine-

tuning by the LMW proteins of a complicated process that leads to the fixation of solar energy 

into a usable chemical form under physiological conditions. 

3.2. Standardisation of the experimental conditions 

3.2.1. Photoautotrophic growth, whole cell spectra, and low-

temperature fluorescence emission spectra 

Doubling time calculated from the data collected for the first 48 hours of 

photoautotrophic growth showed a significant difference between wild type and the 

ΔPsbT strain (Figure 3.1A). Removing the PsbT protein caused a reduction in the 

growth rate from 12 h observed for wild type to 14 h in the ΔPsbT strain (p = 0.007). 

The observed value for wild type was in agreement with the previous results (Jackson 

et al. 2014; Jackson and Eaton-Rye 2015). Whole cell absorption spectra of the 

pigments for wild type and the ΔPsbT strain showed little difference for cells grown 

under mixotrophic conditions (Figure 3.1B). The absorption spectra were normalised 

to the absorption maxima at 440 nm, which corresponds to absorption by chlorophyll 

a. To assess the relative levels of PS I and PS II in the whole cells of wild type and the 
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ΔPsbT strain, low-temperature emission spectra were collected following excitation at 

either 440 nm (exciting chlorophyll a in the core antenna) or 580 nm (exciting the 

phycobilisome pigments). Relative to the fluorescence spectra of the wild type, the 

ΔPsbT cells showed a slight reduction in emission upon the excitation of whole cells at 

440 nm. Excitation of whole cells under low-temperature condition (77 K) at 440 nm 

showed a slight enhancement of the peak observed at 685 nm relative to the peak 

observed at 695 nm in the ΔPsbT cells. On excitation at 580 nm, an overall reduction in 

the peaks was observed for the ΔPsbT cells as compared to the wild-type cells.  

Although the data derived from low-temperature fluorescence emission spectra 

gave information on PS II assembly, the data are normalised to the emissions from PS 

I and so provided a relative estimate of the PS II to PS I ratio (section 2.2.7.6). The PS I 

to PS II ratio is known to change with the change in light intensity, and light quality 

(Manodori and Melis 1986, Murakami 1997, Murakami et al. 1997) and similar changes 

have been observed for the bilin/chlorophyll ratio (Manodori and Melis 1986). As such, 

the shading of the cells during the growth or the subtle day-to-day variations in growth 

condition of the cells may have an impact on the observed spectra. Although indicative 

of assembly, emission spectra are not usually used for quantitative estimation of the 

number of PS II centres, due to the reasons stated above. 

3.2.2. Chlorophyll a fluorescence based assessment of the PS II 

functionality in the ΔPsbT cells 

Measurements of chlorophyll a variable fluorescence from PS II is a powerful, 

sensitive, non-invasive, robust and reliable tool to study photosynthetic efficiency and 

assembly because of its intricate relationship with various photosynthetic processes 

(Vredenberg et al. 2006, Stirbet and Govindjee 2011). Changes in fluorescence on 

illuminating a dark-adapted sample with actinic light were first observed by Kautsky 

and Hirsch (1931) and have since been termed either the Kautsky effect or 

fluorescence induction. The curve indicates the rise of fluorescence from its dark-

adapted state termed as ‘O’ for origin to ‘P’ for peak (maximum fluorescence or Fm), 

with two intermediate states ‘J’ and ‘I’. Each stage is indicative of the level of reduction 

(or oxidation) of the bound plastoquinone QA (Stirbet and Govindjee 2011). 
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Figure 3.2 Chlorophyll a fluorescence induction and relaxation for wild type and ΔPsbT. (A) 

Fluorescence induction using BMF. (B) BMF in the presence of DCMU. (C) RMF. (D) RMF in the 

presence of DCMU. (E) Normalised chlorophyll a fluorescence decay following single actinic flash. 

(F) Normalised chlorophyll a fluorescence decay in the presence of DCMU following single actinic 

flash. Wild type (black solid line); ΔPsbT (orange solid line). Data are averages of three independent 

experiments. Ft: fluorescence value at time t, Fm: maximum fluorescence, Fo: initial fluorescence level. 

DCMU: 40 μM. 

BMF(-DCMU) BMF(+DCMU) 

RMF(-DCMU) RMF(+DCMU) 

No addition DCMU 
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Similar experiments when performed with DCMU (a PS II-specific inhibitor that 

competes with the plastoquinone for binding at the QB-binding pocket) exhibited a 

steep rise in fluorescence which is proportional to the amount of reduced QA (Krause 

and Weis 1991). The data from the wild type and the ΔPsbT strain for the fluorescence 

induction measurements were collected using either a blue measuring flash (BMF) or 

a red measuring flash (RMF), both with and without DCMU; these results are presented 

in the Figure 3.2A-D. On using BMF, the rise in fluorescence is due to the direct 

excitation of chlorophyll, while RMF excites the bilin pigments and the fluorescence is 

indicative of phycobilisome coupled energy transfer to the chlorophyll pigments. A 

smaller increase from O to J was seen in the ΔPsbT cells as compared to the wild type, 

for both the BMF and RMF experiments. Similarly, in the experiments with DCMU 

present, a ~50% reduction in the fluorescence yield was observed in the ΔPsbT strain 

as compared to the wild type. 

The variable fluorescence rise as measured using a BMF, both in the absence 

and presence of DCMU, indicated that PS II could assemble in the ΔPsbT cells; however, 

there is a reduction in the number of active PS II centres. Following the increase in the  

Table 3.2 Chlorophyll a fluorescence relaxation kinetics after exposure to single actinic flash in the 

wild type and the ΔPsbT strain*. A: Relative amplitude. Highlighted cells indicate major changes 

observed between the strains. 

 
 

Half-time 

(μs) 
A (%) 

Half-time 

(ms) 
A (%) 

Half-time 

(s) 
A (%) 

No  

Addition 

Wild type 267 ± 19 61 ± 2 2.6 ± 0.3 30.9 ± 1.2 5.5 ± 0.4 7.7 ± 0.5 

ΔPsbT 474 ± 14 63 ± 2 17.3 ± 4.2 20.5 ± 2.0 8.8 ± 0.9 16.3 ± 0.1 

DCMU Wild type   2.2 ± 0.1 9.4 ± 0.4 0.5 ± 0.01 90.6 ± 0.4 

ΔPsbT   1.8 ± 0.2 16.2 ± 0.2 1.1 ± 0.1 83.8 ± 0.2 

*The presented data are averages of the three independent experiments. Standard error values are shown after the ± symbol. 

The analysis was performed on the fluorescence decay after exposure to single actinic flash. The curves were analysed as per 

two exponential (microsecond and millisecond) and one hyperbolic (seconds) components. The curves with DCMU were 

analysed as per one exponential (millisecond) and hyperbolic (seconds) components. Refer section 2.2.7.8 for details of 

analysis. Final concentrations of additives were; DCMU-40 μM. Residuals for curve-fitting are presented in Figure AIII.5 to 

evaluate the curve fitting. 
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Figure 3.3 Oxygen-evolution traces in wild type and the ΔPsbT cells. With (A) DMBQ and 

potassium ferricyanide [K3Fe(CN)6]. (B) DCBQ and K3Fe(CN)6. (C) sodium bicarbonate. (D) DCBQ, 

K3Fe(CN)6 and DCMU. (E) DMBQ, K3Fe(CN)6 and DCMU. Wild type (black solid line); ΔPsbT 

(orange solid line). Data are averages of three independent experiments except the panel E that is the 

average of two individual experiments. Final concentrations in the reaction mixture; DMBQ: 250 μM, 

DCBQ: 200 μM, K3Fe(CN)6: 1 mM, sodium bicarbonate: 15 mM and DCMU: 40 μM. Data from 

biological repeats for panels A, B and C are shown in Figure AIII.3 (Appendix III). 

DMBQ+potassium 
ferricyanide 

DCBQ+potassium 
ferricyanide 

Sodium 
bicarbonate 

DCBQ+potassium 
ferricyanide+DCMU 

DMBQ+potassium 
ferricyanide+DCMU 
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variable fluorescence with an RMF, a reduction in the number of active PS II centres 

was evident. However, the fluorescence rise due to the phycobilisome coupled energy 

transfer can take place in the ΔPsbT cells, indicating a normal coupling of the light-

harvesting phycobilisome antenna. Another way of tracking the electron transport 

from QA to QB is the fluorescence relaxation/decay after exposure to a single actinic 

flash. Figure 3.2E,F shows the chlorophyll a fluorescence decay in the wild type and the 

ΔPsbT cells in the presence and the absence of DCMU. The results of the kinetic analysis 

are summarised in Table 3.2. The fast microsecond phase (μs) in the table is ascribed 

to the forward electron transfer between QA to QB, while the middle millisecond phase 

(ms) indicates the binding/release of plastoquinone at the QB-binding pocket. An 

increase in the fluorescence decay half-time for both the fast and middle components 

suggested slowed electron transport from QA to QB along with conformational changes 

leading to the altered QB-binding site in the active PS II centres of the ΔPsbT cells. A 

decreased fluorescence decay half-time of the slow phase would suggest enhanced 

back reaction (decay half-time in (s) seconds) indicating a shift in the equilibrium in 

sharing of the electron between QA and QB. The equilibrium shift is causing an increased 

fraction of centres undergoing a back reaction from QA- with the S2 state of the OEC in 

the ∆PsbT cells. Increase in the relative amplitude of the slow phase and a concomitant 

decrease in the relative amplitude of the middle phase in the ΔPsbT cells, as compared 

to the wild type, also suggested a shift in the redox equilibrium between QA and QB on 

removing PsbT. 

3.2.3. Steady-state oxygen evolution 

Measurement of oxygen evolution is a direct assessment of PS II activity in the 

whole cells. As mentioned in section 2.2.7.4 the oxygen-evolution assay was carried out 

in the presence of either DMBQ, DCBQ or sodium bicarbonate. Both artificial quinones 

interact with the QB-binding site and accept electrons from QA (Satoh 1992, Satoh et al. 

1995), making the electron transport from water to artificial quinones, a direct 

measure of PS II activity. The presence of sodium bicarbonate during oxygen-evolution 

assays, however, relies on whole chain electron transport and native quinone. Average 

maximum oxygen-evolution rates of the wild type and the ΔPsbT cells are presented in 

Table 3.3. On average, maximum oxygen-evolution rates were reduced for the ΔPsbT 
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strain with DMBQ, DCBQ and sodium bicarbonate by 24%, 23%, and 15%, respectively, 

as compared to the wild type. The maximum oxygen-evolution rates do not manifest 

the entire impact of deleting PsbT. However, this can be observed from the complete 

oxygen-evolution traces (Figure 3.3A-C) recorded during the assays. A closer look at 

the oxygen-evolution trace with DMBQ (Figure 3.3A) showed a progressive decline in 

oxygen-evolving activity over the 3 min illumination period marked by ‘light on’ and 

‘light off’ in Figure 3.3. This decline was more pronounced in the ΔPsbT cells than the 

wild type. Considering the compromised nature of the assembled PS II centres in the 

ΔPsbT strain, this decline indicates an increased susceptibility to HL intensity. HL 

intensity (~8000 μE.m-2.s-1) used for the illumination of samples in the reaction 

chamber was able to cause the photoinactivation in the ΔPsbT cells during the assay, 

causing a decline in oxygen-evolving activity as the assay progressed. 

Table 3.3 Maximum oxygen-evolution rates in the wild type and the ΔPsbT strain*. 

This decline, however, was seen only with DMBQ and not with DCBQ or sodium 

bicarbonate (Figure 3.3B,C). The average oxygen-evolution traces also showed higher 

oxygen evolution in the presence of DCBQ or sodium bicarbonate as compared to the 

oxygen-evolving activity supported by DMBQ. With the previous suggestions of a 

change in the QB-binding site on removing PsbT (Bentley et al. 2008) and also the 

observation of DCBQ giving better rates in mutants with modified QB-binding pocket 

(Mulo et al. 1998), DCMU-independent oxygen evolution was assayed in the presence  

 

Oxygen evolution (μmol (mg of chlorophyll)-1 h-1) 

DMBQ DCBQ 
Sodium 

bicarbonate 
DCBQ/DCMU  

Wild type 380±35 482±47 534±58 34±2 

ΔPsbT 289±23 374±31 457±46 182±19 

*The data presented are averages of three independent experiments standard error values are presented with the ± symbol.

Final concentrations of additives were; DCMU-40 μM, DMBQ-250 μM, DCBQ-200 μM, sodium bicarbonate-15 mM. The 

maximum oxygen evolution rates were calculated as per the process explained in section 2.2.7.4. 
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Figure 3.4 Photodamage and recovery assay for wild type and ΔPsbT. (A) Oxygen evolution 

measured with DMBQ (250 μM) and K3Fe(CN)6 (1 mM). (B) Oxygen evolution measured with

sodium bicarbonate (15 mM) Oxygen evolution at T0 before being exposed to HL (2000 μE.m-2.s-1) 

is set as 100% and the change in oxygen evolution is represented as percent change from the 

maximum oxygen evolution at T0. After 45 min of HL treatment, the cells were allowed to recover 

under LL (30 μE.m-2.s-1). Wild type (black solid line and closed square); ΔPsbT (orange solid line 

and closed diamond). Data shown are averages of three independent experiments. Error bars are the 

standard error and error bars smaller than the symbols are not visible. 
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of DMBQ or DCBQ. No oxygen-evolving activity was observed with DMBQ in the 

presence of DCMU (Figure 3.3D). In the presence of DCBQ and DCMU; however, the 

ΔPsbT strain evolved oxygen at a much higher rate as compared to wild type (Table 

3.3 and Figure3.3E). 

A direct inference from the observed DCMU-independent oxygen-evolving 

activity could be that DCBQ can accept electrons directly from QA and/or the 

suggested alternate quinone binding sites QC and QD (Kruk and Strzalka 2001, 

Kaminskaya et al. 2007a, b, Kaminskaya and Shuvalov 2013) that might become 

accessible following changes in the QB-binding pocket of the ΔPsbT mutant. As the 

ΔPsbT strain was able to exhibit DCMU independent oxygen with DCBQ, DCBQ was 

not used for assaying the HL sensitivity in the mutants. 

3.2.4. Photodamage and recovery assay  

Light-induced damage and repair of PS II (Figure 1.6), as described in section 

1.6 is an ordered event required for normal PS II functioning. To assess the 

Figure 3.5 Titration with DMBQ. The normalised relative fluorescence values at 0.01 s are plotted 

against DMBQ concentration. Error bars are the standard error and error bars smaller than the symbols 

are not visible. Wild type (black solid line and closed squares); ΔPsbT (orange solid line and closed 

diamonds). Data shown are averages of three independent experiments. 
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sensitivity of strains to HL, the photodamage and recovery assay was performed as 

per the process laid out in section 2.2.7.5. The ΔPsbT mutant (Figure 3.4A) showed 

a reduction in oxygen-evolving activity during the exposure to HL. On returning the 

cells to LL, PS II activity returned to a level comparable to the initially observed 

oxygen-evolution rate. As compared to the wild type, the ΔPsbT cells exhibited 

higher sensitivity to HL that may be due to accelerated damage to PS II or slowed PS 

II repair in the ΔPsbT strain. The half-life of the D1 protein using spinach thylakoids 

has been estimated to be ~15 min at a light intensity of 1900 μE m-2 s-1 (Jegerschöld 

et al. 1990), the wild type in this study also recovered after 15 min of HL exposure 

which is consistent with the previous observation. When the oxygen evolution was 

supported by sodium bicarbonate the photodamage was not observed in either of 

the strain (Figure 3.4B). The results are further discussed in chapter 6. 

3.2.5. PsbT removal inhibits the forward electron transport in the 

presence of DMBQ 

In Figure 3.4A, DMBQ-supported oxygen evolution was impaired in the ∆PsbT cells 

after exposure to HL. In addition, the chlorophyll a fluorescence relaxation assay 

showed an altered binding of plastoquinone at the QB-binding site in the ΔPsbT cells, 

inferred by an increase in the relative amplitude and the fluorescence decay half-

time for the millisecond component (Table 3.2). DCMU-independent oxygen 

evolution with DMBQ as the electron acceptor pointed out the selective preference 

of DMBQ for the QB-binding site for acceptance of electrons (Figure 3.3E). Thus, to 

investigate the modifications of the QB-binding site and the impact of DMBQ on the 

forward electron transport, chlorophyll a fluorescence relaxation assay after a 

single turnover actinic flash with different concentrations of DMBQ was performed. 

Titration with different concentrations of DMBQ revealed a change in the half-

inhibitory (IC50) concentration of DMBQ in the ΔPsbT cells. The fluorescence decay 

was observed to be slower in the ΔPsbT cells as compared to the wild type in the 

presence of DMBQ and on plotting the normalised relative fluorescence values at 

0.01 s against DMBQ concentrations, a steeper rise in fluorescence than the wild 

type was observed for the ΔPsbT mutant with increasing concentration of DMBQ 

(Figure 3.5). 
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IC50 values were calculated from the data in Figure 3.5 using the online 

calculator at www.aatbio.com/tools/ic50-calculator. The value for the wild type 

was 0.37 mM while in the ΔPsbT mutant, the IC50 value was 0.19 mM. This would 

suggest a conformational change in the QB-binding site on removing PsbT, causing 

an apparent increase in the inhibition of the forward electron transport in the 

presence of DMBQ leading to tighter binding of DMBQ. The results further 

strengthen the viewpoint of an altered QB-binding site concluded from the increase 

in the half-time for the millisecond component observed for the ΔPsbT cells in Table 

3.2. 

3.3. Physiological characterisation of the ΔPsbM, ΔPsbY, 

and ΔPsbM:ΔPsbY strains 

The PsbM subunits at the monomer-monomer interface interlock to form a 

leucine zipper-like motif, suggesting its role in dimer stability (Guskov et al. 2009). 

Previous studies have, however, showed that PS II dimers could accumulate in 

PsbM-lacking strains, but were unstable and showed altered quinone binding at the 

QB-binding site (Bentley et al. 2008, Kawakami et al. 2011, Uto et al. 2017). Previous 

studies on removing PsbY have shown minimal impact on the PS II activity in 

Synechocystis 6803 cells, but when stressed (e.g., in calcium- and chloride-limiting 

conditions), ∆PsbY cells showed increased sensitivity to HL intensity (Meetam et al. 

1999, Neufeld et al. 2004). Since, the removal of PsbM at the monomer-monomer 

interface was found to be less disruptive than the removal of PsbL or PsbT (Bentley 

et al. 2008), a double deletion mutant lacking both PsbM and PsbY was constructed 

to further investigate the role of PsbY in Synechocystis 6803. Since both these 

proteins are a part of the CP47 pre-complex, though being distantly placed in the 

final PS II structure (~50 Å), it was hypothesised that they may have some additive 

role to play in the assembly or the dynamics of the PS II structure on exposure to a 

specific stimulus like HL.
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Figure 3.6 Construction of ΔPsbM and ΔPsbY strains. (A) psbM and neighbouring genes. (B) psbY and neighbouring genes, unique XbaI restriction site 

downstream to psbY was used for constructing the PsbY-complement plasmid. (C) Diagrammatic representation of the psbM knockout construct and 

verification of ΔPsbM strains. PCR amplification of psbM region in wild type (lane 2), ΔPsbM (lane 3) and ΔPsbM:ΔPsbY (lane4) showed complete 

segregation in the mutant strains. (D) Diagrammatic representation of the psbY knockout construct and verification of ΔPsbY strains. PCR amplification of 

psbY region in wild type (lane 2), ΔPsbM (lane 3) and ΔPsbM:ΔPsbY (lane4) showed complete segregation in the mutant strains. (E) Diagrammatic 

representation of the psbY-complement construct. PCR amplification of psbY region to verify segregation in the Ycomp strain (lane 4). Wild type (lane 2) 

and ΔPsbM:ΔPsbY (lane 3) are also shown. The shift in the PCR amplified psbY region for wild type (lane2) in panel D and panel E is because of using 

different primers for PCR amplification. 1 Kb Plus DNA marker (Invitrogen, Carlsbad, CA, USA) (lane 1) in panel C, D and E is used to compare the size 

of PCR product. SpecR: spectinomycin-resistance cassette; KanR: kanamycin-resistance cassette and GmR: gentamicin-resistance cassette. 
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3.3.1. Construction of the mutant strains 

Investigation of the roles of LMW proteins of the CP47 pre-assembly complex 

required deletion of open reading frames (ORF) corresponding to the genes of interest. 

To achieve this, overlap-extension PCR was used (Bryksin and Matsumura 2010), 

whereby a major part of the ORF was replaced with an antibiotic-resistance cassette 

for selective screening of the deletion mutants. To generate PCR fragments with 

knocked out genes sml0003 (psbM) and sml0007 (psbY) (Figure 3.6A,B), primers were 

designed with overhangs (primer information Table 2.1). Using these primers, a final 

PCR product was made that had the psbM and psbY ORFs interrupted with antibiotic-

resistance cassettes. For the psbM knockout construct, the region between the 4th bp to 

99th bp from the psbM start codon was replaced with a spectinomycin-resistance 

cassette (Figure 3.6C). For the psbY gene-knockout construct, the region between the 

8th bp to 117th bp from the psbY start codon was replaced with a kanamycin-resistance 

cassette (Figure 3.6D). The PCR generated fragments were then cloned into the pGEM-

T Easy cloning vector that was subsequently sequenced to confirm the correct 

construct had been assembled. The resulting plasmid was then used to transform 

Synechocystis 6803 to create the corresponding single knockout mutants. The ΔPsbM 

strain was also transformed with the psbY knockout plasmid to construct a double 

knockout mutant, ΔPsbM:ΔPsbY. Standard procedures for cyanobacterial 

transformation were followed (materials and methods; section 2.2.6) to introduce the 

gene fragment containing deletions for specific genes in Synechocystis 6803. A 

complement strain (Ycomp) was also constructed with psbY put back in the 

ΔPsbM:ΔPsbY mutant background. For the construction of the complement-plasmid, a 

unique XbaI restriction site downstream of the psbY ORF (Figure 3.6B) in the psbY 

fragment amplified by PCR, was used to insert a gentamycin-resistance cassette. The 

plasmid so constructed was sequenced to confirm proper insertion and absence of 

mutations in the psbY ORF of the Ycomp strain. As the Synechocystis 6803 genome 

contains multiple copies of its genome (Labarre et al. 1989), the strains were subject 

to multiple rounds of restreaking on agar plates to get cells homozygous for inactivated 

genes. Colony PCR was performed to check the complete lack of the wild-type PCR 

amplicon in mutants (Figure 3.6C-E). 
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Figure 3.7 Physiological characterisation of PsbM- and PsbY-lacking strains. (A) 

Photoautotrophic growth. (B) Variable fluorescence induction using BMF. (C) Relative fluorescence 

induction using BMF. (D) Variable fluorescence induction using BMF in the presence of 40 μM 

DCMU. Wild type (black solid line and closed square); ΔPsbM (green solid line and closed triangles); 

ΔPsbY (red solid line and closed circles); ΔPsbM:ΔPsbY (blue line and open triangles). Data shown 

are averages of three independent experiments. Ft: Fluorescence value at time t, Fm: Maximum 

fluorescence, Fo: Initial fluorescence value. Error bars are the standard error and error bars smaller 

than the symbols are not visible. 

Photoautotrophic 
growth 

BMF(-DCMU) 

BMF(-DCMU) BMF(+DCMU) 
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3.3.2. Photoautotrophic growth, fluorescence induction and low-

temperature fluorescence emission 

Deletion of PsbM and PsbY both singly and in combination did not prevent the 

photoautotrophic growth of Synechocystis 6803; however, the mutants exhibited a 

slight reduction in growth rate (Figure 3.7A). Under photoautotrophic conditions, 

doubling time for the wild type was 12 h, while the ΔPsbM, ΔPsbY and ΔPsbM:ΔPsbY 

strains grew with a slightly slower doubling time of 13 h, 13 h and 17 h, respectively. 

Fluorescence induction curves using BMF for the mutant strains are shown in Figure 

3.7B. The extent of the rise in variable fluorescence (Ft-Fo) showed a reduction in the 

mutants resulting in a lower P inflexion point (Fm) for the deletion mutants as 

compared to the wild type. A maximum reduction of 27% was observed in the 

ΔPsbM:ΔPsbY strain followed by the ΔPsbM strain (19%) and ΔPsbY strain (2%) for 

the Fm. Although a gross change in the fluorescence levels was seen on plotting variable 

fluorescence, it is difficult to assess the relative changes in J and I inflexion points from 

just the variable fluorescence. Therefore, to assess the relative change in the rise of 

fluorescence, relative variable fluorescence [(Ft-Fo)/(Fm-Fo)] is plotted in Figure 3.7C. 

The relative variable fluorescence revealed a change in the rise of the fluorescence 

between the J and I inflexion points for the PsbY-lacking mutants. The slope (change in 

fluorescence (ΔF) per second between the J and I inflexion points) showed a steeper 

increase in the PsbY-lacking mutants (ΔPsbY and ΔPsbM:ΔPsbY). In the ΔPsbM:ΔPsbY 

and ΔPsbY mutants the slope was calculated to be 2.99 ΔF.s-1 and 2.42 ΔF.s-1, 

respectively, while in the wild type and the ΔPsbM strain it was 1.5 ΔF.s-1 and 1.7 ΔF.s-

1, respectively. The faster rise in fluorescence between the J and I inflexion points, was 

an interesting observation as this was limited to the PsbY-lacking mutants and such an 

observation for PsbY-lacking strains has not yet been reported. DCMU, as stated 

previously blocks electron transport from quinone to the plastoquinone pool by 

occupying the QB-binding site (Mackay and J O’Malley 1993, Salem and Waasbergen 

2004). Fluorescence rise in the presence of DCMU is thus a potential indicator of the 

relative level of active assembled PS II centres as the QA is reduced only once in the 

presence of DCMU (Stirbet and Govindjee 2011). The fluorescence induction 

measurements made in the mutants with DCMU, showed reduced assembly relative to 

the wild type (Figure 3.7D). The relative PS II assembly was the least in the double 
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deletion mutant, ΔPsbM:ΔPsbY, while the ΔPsbM strain showed slightly better 

assembly than the double deletion mutant. Fluorescence rise in the ΔPsbY strain, 

although reduced, was closest to wild type in terms of assembled active PS II centres.  

The fluorescence induction measurements revealed reduced PS II assembly in 

the mutants relative to the wild type. Therefore, to assess the PS II assembly relative to 

PS I in the mutants, low-temperature fluorescence emission spectra measurements 

were made on the whole cells. The low-temperature fluorescence emission spectra for 

the wild type and the ∆PsbM, ∆PsbY and ∆PsbM:∆PsbY strains are presented in Figure 

3.8. Following excitation of the whole cells at 440 nm, emissions at 685 and 695 nm 

that originate from PS II (Boehm et al. 2011, Jackson et al. 2014) were at similar levels 

in the mutants and wild type when normalised to the 725 nm emission from the PS I 

(Figure 3.8A). On excitation of the whole cells at 580 nm (Figure 3.8B), a minor 

reduction could be seen for emissions at 685 nm from PsbM-lacking mutants (ΔPsbM 

and ΔPsbM:ΔPsbY). In addition, the ΔPsbM:ΔPsbY strain showed reduced emissions at 

650 nm, 665 nm and 695 nm, emanating from the bilin proteins (phycocyanin and 

allophycocyanin) (Ajlani and Vernotte 1998) and PS II, respectively.  

Figure 3.8 Low-temperature fluorescence emission spectra. (A) Fluorescence emission spectra 

normalised to emissions from PS I on excitation of whole cells at 440 nm. (B) Fluorescence emission 

spectra normalised to emissions from PS I on excitation at 580 nm. Wild type (black solid line); 

ΔPsbM (green solid line); ΔPsbY (red solid line); ΔPsbM:ΔPsbY (blue solid line). Data shown are

average of three independent experiments. Data are normalised to the 725 nm peak. 

440 nm 580 nm 
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3.3.3. Photosystem II assembly in the mutants, probed using BN-PAGE 

An independent assessment of the PS II assembly was made by separating the 

PS II complexes, obtained through detergent assisted solubilisation of total membranes 

from the wild type and the mutants, using BN-PAGE and detection by PS II-specific 

antibodies raised against the D1, D2, CP43 and CP47 proteins. In all the mutants and 

wild type PS II dimers, PS II monomers and the RC47 pre-assembly complex were 

identified (Figure 3.9). A small reduction was apparent in the level of dimeric PS II in 

the ΔPsbY and ΔPsbM:ΔPsbY strains when compared to the wild type and the ∆PsbM 

mutant. Along with the PS II dimers, PS II monomers and the RC47 pre-assembly 

complex; putative unassembled pre-assembly complexes containing either CP43 or 

CP47 were also observed in all the strains. In addition, the PsbM-lacking strains 

Figure 3.9 Analysis of PS II assembly by BN-PAGE and western blotting using enhanced 

chemiluminescence (ECL). The different assembly complexes were separated on a 3–12% gradient 

gel (A), followed by identification using antibodies raised against the core proteins: D1 (B), D2 (C), 

CP43 (D) and CP47 (E). Under the experimental conditions of this study an accumulation of 

unassembled pre-assembly complexes containing CP43 and CP47 was observed for all the strains. 

In addition, an extra CP43-containing pre-assembly complex, indicated by arrows in panel D was 

identified in the ΔPsbM and ΔPsbM:ΔPsbY strains. One μg chlorophyll a equivalent of thylakoids 

were loaded in each lane. The images are representative of two independent biological repeats. Data 

from biological repeat is shown in Figure AIII.4 (Appendix III). 
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showed an extra complex containing CP43 (Figure 3.9D). Both the PsbM-lacking 

mutants showed an accumulation of the RC47 pre-assembly complex to a greater 

extent than the wild type or the ΔPsbY strain. The apparently altered ratio between 

monomeric and dimeric PS II in the strains lacking PsbY was interesting, as all the 

previous measurements revealed the similarity between the wild type and the ΔPsbY 

strain. The double deletion mutant, ΔPsbM:ΔPsbY, showed characteristic features 

observed for the single deletion mutants ΔPsbM and ΔPsbY, namely the accumulation 

of an extra CP43-containing complex (observed in the ΔPsbM strain) or the loss of PS 

II dimers (observed in the ΔPsbY strain). From the western blots, it could be inferred 

that the two LMW proteins PsbM and PsbY do not directly interact with each other 

during assembly and each affects the accumulation of PS II complexes independently 

of each other. 

3.3.4. Impact of knocking out the PsbM and PsbY proteins on oxygen-

evolving activity 

With the artificial quinone, DMBQ, all mutants showed slightly reduced oxygen-

evolving activity as compared to the wild type (Figure 3.10A). However, in the presence 

of the alternative PS II-specific electron acceptor, DCBQ, an increase in oxygen-

evolution rates were observed for all the strains, relative to the rates observed with 

DMBQ (Figure 3.10B). The maximum oxygen-evolution rates (Table 3.4), showed a 

reduction of 25% to 21% for the mutants as compared to the value observed for the 

wild type, on using DMBQ as an electron acceptor. On using DCBQ as an electron 

acceptor, there was no reduction in oxygen-evolving activity for the ΔPsbM strain as 

compared to the wild type, while the ΔPsbY and ΔPsbM:ΔPsbY strains were within 30% 

of the rates observed for the wild type. The differences observed when using different 

artificial quinones prompted a test of the impact of adding the PS II-specific herbicide, 

DCMU, which also binds to the QB-binding site. The PsbM-lacking strains evolved 

oxygen at a higher rate with DCBQ and DCMU than either the wild type or the ΔPsbY 

strain (Figure 3.10C). However, on using DMBQ and DCMU, no oxygen evolution was 

seen for any of the strains (Figure 3.10D). DCMU-independent oxygen evolution with 

DCBQ suggested the additive effect of deleting PsbY in the ΔPsbM strain.  
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Figure 3.10 Oxygen-evolution traces for PsbM- and PsbY-lacking strains. A) With DMBQ and 

K3Fe(CN)6. (B) DCBQ and K3Fe(CN)6. (C) With DCBQ, K3Fe(CN)6 and DCMU. (D) With 

DMBQ, K3Fe(CN)6 and DCMU. Wild type (black solid line); ΔPsbM (green solid line); ΔPsbY 

(red solid line); ΔPsbM:ΔPsbY (blue solid line). Data shown are averages of three independent 

experiments. Final concentrations in the reaction mixture; DMBQ: 250 μM, DCBQ: 200 μM, 

K3Fe(CN)6: 1 mM, and DCMU: 40 μM. 

DMBQ+potassium 
ferricyanide 

DCBQ+potassium 
ferricyanide 

DCBQ+potassium 
ferricyanide+DCMU 

DMBQ+potassium 
ferricyanide+DCMU 
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In the presence of sodium bicarbonate, the oxygen-evolution rates were 

observed to be more than the oxygen-evolution rates observed with artificial quinone 

DMBQ. However, the decline in oxygen-evolving activity was comparable to the decline 

observed with DMBQ for all the mutants and the decline in rates was within 30% of the 

rates observed for the wild type (Figure 3.11A and Table 3.4). To test if the binding of 

the bicarbonate ligand to non-heme iron is impacted in the mutants, oxygen evolution 

was carried out with DMBQ, potassium ferricyanide and sodium formate. Sodium 

formate is known to displace the bicarbonate ligand (Eaton-Rye and Govindjee 1988a, 

b, Sedoud et al. 2011), thus if the mutation was causing problems with the binding of 

the bicarbonate ligand to non-heme iron, the bicarbonate ligand would be prone to 

displacement by sodium formate in the mutants. The oxygen evolution with DMBQ and 

sodium formate showed that the reduction was more prominent in the mutants as 

compared to wild type (Figure 3.11B and Table 3.4). The double deletion 

(ΔPsbM:ΔPsbY) mutant’s ability to evolve oxygen was most affected in the presence of 

sodium formate and dropped to a mere 30% of the rate observed for the wild type. 

Both the ΔPsbM and the ΔPsbY strains showed a drop of approximately 40% as 

compared to the wild type in the presence of sodium formate. The addition of sodium 

bicarbonate along with DMBQ and sodium formate, however, rescued the oxygen 

evolution in all the mutants (Figure 3.11C and Table 3.4). 

Table 3.4 Maximum oxygen-evolution rates*. 

 

 

Oxygen evolution (μmol (mg of chlorophyll)-1 h-1) 

DMBQ DCBQ 
Sodium 

bicarbonate 

Sodium 

formate/ 

DMBQ 

Sodium 

bicarbonate/ 

DMBQ/ 

sodium formate 

Wild type 380±35 482±47 534±58 293±24 400±32 

ΔPsbM 286±17 481±38 369±68 184±40 386±49 

ΔPsbY 299±36 349±26 406±74 171±8 340±29 

ΔPsbM:ΔPsbY 302±37 375±7 384±21 89±7 317±52 

*The data presented are averages of three independent experiments standard error values are presented with the ± symbol. 

Final concentrations of additives were; DMBQ-250 μM, DCBQ-200 μM, sodium bicarbonate-15 mM, sodium formate-25 mM. 

The maximum oxygen evolution rates were calculated as per the process explained in section 2.2.7.4. 
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3.3.5. Photodamage and recovery assay 

To test if the deletion of PsbM or PsbY, either singly or in combination, 

influences the rate of PS II repair in Synechocystis 6803, a photodamage and recovery 

assay (section 2.2.7.5) was performed. Previous sections described the preferential 

binding of DMBQ to the QB-binding site and as such, the oxygen-evolution assay to 

assess the vulnerability of the strains to HL intensity was performed with DMBQ and 

potassium ferricyanide. On exposure of cells to HL intensity, a drop in the oxygen-

evolving activity was observed in the ΔPsbM:ΔPsbY strain, this drop in PS II activity 

was not seen in the wild type, ΔPsbM or ΔPsbY strains (Figure 3.12A). On returning the 

cells to LL, all the strains were able to recover their oxygen-evolving activity; oxygen-

evolving activity under LL, for all the strains exceeded the oxygen-evolving activity 

observed at the initial T0 point. However, on using sodium bicarbonate to assess the 

oxygen-evolving activity under the HL intensity, all strains showed similar changes in 

oxygen evolution and no impairment in  oxygen-evolving activity was observed (Figure 

3.12B). To ascertain if the recovery seen under LL was dependent upon de novo 

synthesis of proteins, the photodamage and recovery assay was repeated, with 

lincomycin added to the cells at T45. Lincomycin inhibits the translation of proteins 

Figure 3.11 Oxygen-evolution traces. (A) With sodium bicarbonate. (B) With DMBQ, sodium formate 

and K3Fe(CN)6. (C) With DMBQ, sodium bicarbonate, sodium formate and K3Fe(CN)6. Wild type 

(black solid line); ΔPsbM (green solid line); ΔPsbY (red solid line); ΔPsbM:ΔPsbY (blue solid line). 

Data shown are averages of three independent experiments. Final concentrations in the reaction mixture; 

DMBQ: 250 μM, K3Fe(CN)6: 1 mM, sodium bicarbonate: 15 mM and sodium formate: 25 mM. 

Sodium 
bicarbonate 

DMBQ +potassium 
ferricyanide+sodium 

formate 

DMBQ +potassium 
ferricyanide+sodium 
formate+sodium 
bicarbonate 
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Figure 3.12 Photodamage and recovery assay. Cells were subjected to 45 min of HL (2000 μE m-2 s-

1) followed by LL (30 µE m-2 s-1). Oxygen evolution was measured every 15 min and presented as 

percent change in oxygen evolution from T0 (A) with DMBQ and K3Fe(CN)6, (B) with sodium 

bicarbonate. (C) with DMBQ and K3Fe(CN)6, lincomycin (500 µg.mL-1) was added at T45. Wild type 

(black solid line and closed square); ΔPsbM (green solid line and closed triangle); ΔPsbY (red solid 

line and closed circle); ΔPsbM:ΔPsbY (blue solid line and open triangle); Ycomp (green dashed line 

and closed circle). Data shown are averages of three independent experiments. Error bars are the 

standard error and error bars smaller than the symbols are not visible. DMBQ: 250 μM, K3Fe(CN)6: 1 

mM and sodium bicarbonate: 15 mM. 
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(Josten and Allen 1964) and in its presence the recovery seen with DMBQ under low 

light was stopped, signifying the dependency of repair on de novo protein synthesis and 

that the observed phenotype in the ΔPsbM:ΔPsbY strain was due to enhanced damage 

to PS II coupled with the slowed repair (Figure 3.12C). The Ycomp strain showed no 

impairment of oxygen-evolving activity under HL and behaved like the ΔPsbM strain 

(Figure 3.12A). 

3.3.6. Probing of the acceptor side PS II activity by chlorophyll a 

fluorescence decay following single and multiple actinic flashes 

Chlorophyll a fluorescence decay following a single actinic flash for the wild 

type and the mutants is presented in Figure 3.13 and the corresponding kinetics in 

Table 3.4. Relative to the wild type, all the mutants and, in particular, the ΔPsbM:ΔPsbY 

strain showed a slower decay for the no-addition treatment (Figure 3.13A). The slower 

decay of chlorophyll a fluorescence was also indicated by an increase in the half-time 

of fluorescence decay for the fast component in the mutants relative to the wild type. 

The millisecond component for the ΔPsbY strain showed only a small change from the 

wild type, while the ΔPsbM and ΔPsbM:ΔPsbY strains were the most affected with a 

half time of 5.2 ms and 10.7 ms, respectively, in comparison to the wild type (2.6 ms) 

for the no-addition treatment. The effects of the double deletion on the millisecond 

component were reversed in the Ycomp strain, as witnessed by the likeness of the 

decay half times for the millisecond component in the Ycomp and ΔPsbM strains. The 

fluorescence decay half-time of the fast component in the Ycomp strain, however, was 

similar to the ΔPsbM:ΔPsbY strain for the no-addition treatment. In the presence of 

DCMU, the curve fitting with the biphasic model resolved the fluorescence decay into 

the fast (milliseconds) and slow (seconds) components (Table 3.5). However, it could 

be argued that the millisecond component in the presence of DCMU arise from the 

forward leak of the electron. Studies on fluorescence decay with hydroxylamine 

(known to remove Mn of the OEC) have, however, proved that both the fast (ms) and 

slow (s) components in the presence of DCMU arises from the charge recombination 

with the S2 state of the OEC (Cheniae and Martin 1971, Vass et al. 1999). The half-time 

and relative amplitude for the slow component, in the presence of DCMU, did not show 

much change in the mutants and resembled the kinetics observed for the wild-type  
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Table 3.5 Chlorophyll a fluorescence relaxation kinetics after exposure to single actinic flash*. A: Relative amplitude. Highlighted cells indicate major changes 

observed between the strains. 

 
 Half-time 

(μs) 
A% Half-time (ms) A% Half-time (s) A% 

No addition wild type 267 ± 19 61 ± 2 2.6 ± 0.3 30.9 ± 1.2 5.5 ± 0.4 7.7 ± 0.5 

ΔPsbM 332 ± 3 64 ± 1 5.2 ± 0.2 23.5 ± 0.5 7.0 ± 1.0 12.5 ± 0.9 

ΔPsbY 331 ± 13 62 ± 1 3.9 ± 0.4 29.6 ± 1.1 6.2 ± 0.3 8.6 ± 0.3 

ΔPsbM:ΔPsbY 408 ± 12 66 ± 1 10.7 ± 2 20.6 ± 1.3 6.6 ± 0.9 13.6 ± 0.7 

Ycomp 403 ± 11 63 ± 1 6.2 ± 0.3 26.5 ± 0.5 11.1 ± 0.3 10.5 ± 0.3 

DCMU wild type   2.2 ± 0.1 9.4 ± 0.4 0.5 ± 0.01 90.6 ± 0.4 

ΔPsbM   1.3 ± 0.1 9.5 ± 1.1 0.6 ± 0.03 90.5 ± 1.1 

ΔPsbY   1.6 ± 0.4 8.9 ± 0.4 0.5 ± 0.02 91.1 ± 0.4 

ΔPsbM:ΔPsbY   1.6 ± 0.3 14.4 ± 0.7 0.5 ± 0.01 85.6 ± 0.7 

Ycomp   2.6 ± 0.1 11.8 ± 0.3 0.6 ± 0.01 88.2 ± 0.3 
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DMBQ wild type 282 ± 37 60 ± 2 7.5 ± 1.9 25.5 ± 1.4 6.3 ± 0.1 14.5 ± 0.2 

ΔPsbM 365 ± 9 54 ± 4 15 ± 1.7 23.5 ± 0.5 5.4 ± 1.3 22.1 ± 3.7 

ΔPsbY 352 ± 18 52 ± 1 7.6 ± 0.7 26.3 ± 1.0 2.7 ± 0.1 21.5 ± 0.9 

ΔPsbM:ΔPsbY 415 ± 13 47 ± 5 15.3 ± 0.9 21.8 ± 0.4 1.8 ± 0.2 31.6 ± 5.1 

Ycomp 396 ± 3 48 ± 0.5 12.6 ± 0.9 26.5 ± 0.3 6.0 ± 0.3 25.8 ± 0.3 

DMBQ 

/sodium bicarbonate 
wild type 233 ± 41 60 ± 2 6.1 ± 2.3 26.6 ± 1.9 11.0 ± 0.8 13.0 ± 0.2 

ΔPsbM 288 ± 36 55 ± 1 11.8 ± 2.4 26.1 ± 0.3 13.3 ± 2.9 19.3 ± 0.6 

ΔPsbY 250 ± 24 55 ± 0.3 6.1 ± 1.8 29.0 ± 0.8 7.3 ± 0.4 15.8 ± 0.4 

ΔPsbM:ΔPsbY 313 ± 14 52 ± 1 14.2 ± 2.3 24.6 ± 0.4 7.0 ± 1.0 23.7 ± 0.8 

Ycomp 309 ± 13 52 ± 0.4 9.9 ± 0.5 27.1 ± 0.4 11.8 ± 0.2 21.0 ± 0.2 
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Sodium formate wild type 423 ± 33 57 ± 3 8.6 ± 0.8 28.6 ± 1.8 1.4 ± 0.2 14.4 ± 1.6 

ΔPsbM 443 ± 12 50 ± 2 9.3 ± 0.4 28.7 ± 0.9 1.3 ± 0.03 20.9 ± 0.8 

ΔPsbY 455 ± 7 51 ± 5 9.7 ± 0.4 32.5 ± 2.4 1.2 ± 0.3 16.8 ± 2.6 

ΔPsbM:ΔPsbY 469 ± 17 52 ± 2 12.3 ± 2.2 28.3 ± 0.3 1.5 ± 0.6 19.9 ± 1.7 

Ycomp 537 ± 13 45 ± 1 12.0 ± 0.3 32.7 ± 0.2 1.4 ± 0.1 21.8 ± 0.7 

Sodium formate  

/sodium bicarbonate 
wild type 282 ± 23 65 ± 1 3.9 ± 0.3 26.8 ± 0.8 11.3 ± 1.0 8.5 ± 0.1 

ΔPsbM 302 ± 5 65 ± 1 5.5 ± 0.9 24.3 ± 0.9 9.6 ± 0.4 11.1 ± 0.01 

ΔPsbY 303 ± 17 62 ± 0.4 4.3 ± 0.4 28.6 ± 0.8 5.7 ± 1.0 9.0 ± 0.4 

ΔPsbM:ΔPsbY 358 ± 16 64 ± 1 12.3 ± 3.2 22.7 ± 0.6 7.7 ± 0.6 13.5 ± 0.8 

Ycomp 380 ± 13 64 ± 1 7.6 ± 0.8 25.4 ± 1.0 12.0 ± 0.5 10.9 ± 0.2 

*The presented data are averages of the three independent experiments. Standard error values are shown after the ± symbol.  The analysis was performed on the fluorescence decay after exposure 

to single actinic flash. The curves were analysed as per two exponential (microsecond and millisecond) and one hyperbolic (seconds) components. The curves with DCMU were analysed as per 

one exponential (millisecond) and hyperbolic (seconds) components.  Refer section 2.2.7.8 for details of analysis. Final concentrations of additives were; DCMU-40 μM, DMBQ-250 μM, 

sodium bicarbonate-15 mM, sodium formate-25 mM. 
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Figure 3.13 Relaxation of chlorophyll a fluorescence after a single saturating actinic flash for 

PsbM- and PsbY-lacking mutants. (A) No addition, (B) DCMU, (C) DMBQ, (D) DMBQ and sodium 

bicarbonate, (E) sodium formate and (F) sodium formate and sodium bicarbonate. Wild type (black 

solid line); ΔPsbM (green solid line); ΔPsbY (red solid line); ΔPsbM:ΔPsbY (blue solid line); Ycomp 

(green dashed line). Data shown are averages of three independent experiments. Final concentrations 

in the reaction mixture; DMBQ: 250 μM, DCMU: 40 μM, sodium bicarbonate: 15 mM and sodium 

formate: 25 mM. 

No addition DCMU 

DMBQ DMBQ+sodium 
bicarbonate 

sodium formate sodium 
formate+sodium 

bicarbonate 
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DMBQ+sodium 
bicarbonate 

Figure 3.14 Relaxation of chlorophyll a fluorescence after 5 actinic flashes for PsbM- and PsbY-

lacking mutants. (A) No addition, (B) DMBQ, (C) DMBQ and sodium bicarbonate, (D) sodium 

formate and (E) sodium formate and sodium bicarbonate. Wild type (black solid line); ΔPsbM (green 

solid line); ΔPsbY (red solid line); ΔPsbM:ΔPsbY (blue solid line); Ycomp (green dashed line). Data 

shown are averages of three independent experiments. Final concentrations in the reaction; DMBQ: 250 

μM, sodium bicarbonate: 15 mM and sodium formate: 25 mM. 

No addition 

DMBQ 

sodium formate sodium 
formate+sodium 

bicarbonate 



 

88 
 

strain. The millisecond component, however, was found to be slightly faster in the 

mutants. The relative amplitude showed an increase for the millisecond component in 

the ΔPsbM:ΔPsbY strain, suggesting a change in the ratio of fluorescence quenching 

achieved by direct charge recombination or through cyclic electron transport within 

PS II. The decay half-time for the millisecond component in the Ycomp strain, however, 

resembled wild type more than the ΔPsbM strain. 

The impact of the addition of DMBQ on the fluorescence decay was also 

investigated after a single turnover flash, and the results are presented in Figure 3.13C. 

The kinetics analysis revealed inhibition of the forward electron transport by DMBQ in 

the PsbM-lacking mutants (Table 3.5). Half-time of the millisecond component as 

compared to the wild type, in the presence of DMBQ, doubled for the ΔPsbM and 

ΔPsbM:ΔPsbY strains while the half-time for the slow component showed a decrease 

for PsbY-lacking mutants. The addition of sodium bicarbonate (Figure 3.13D) restored 

the slow component in the ΔPsbY and ΔPsbM:ΔPsbY mutants but was unable to restore 

the millisecond component observed in the PsbM-lacking strains (Table 3.5). The 

presence of sodium formate slowed the fluorescence decay for all the strains (Figure 

3.13E). The slowed fluorescence decay in the presence of sodium formate was found to 

be similar in all the strains, as indicated by the increase in the half-time for the fast and 

middle components as compared to the no-addition treatment (Table 3.5). The slow 

component upon the addition of sodium formate was observed to accelerate to 

approximately 1 s for all the strains. However, the effect of adding sodium formate was 

reversed by the addition of sodium bicarbonate (Figure 3.13F, Table 3.5). For all the 

treatments except with the no-addition treatment and the addition of DCMU, a 

reduction (relative to the wild type) in the decay half-time of the slow component, 

corresponding to the charge recombination between the QA- and S2 state of the OEC for 

the ΔPsbY and ΔPsbM:ΔPsbY mutants was observed.  

Exposure to the single actinic flash in the dark-adapted samples (QAQB) leads to 

the formation of QA-QB. The second actinic flash gives rise to the species QA-QB-, a 

subsequent transfer of an electron from QA to QB results in the formation of 

plastoquinol, which is released and a new plastoquinone occupies the QB site. Thus, at 

every odd-numbered flash the QB returns to its dark-adapted state which is dependent 

on the time-gap between flashes, a change in the decay of fluorescence is suggested to 
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reflect the change in the time of release and binding of a new plastoquinone (Robinson 

and Crofts 1987, Crofts et al. 1993, Kramer and Crofts 1996). Slower decay suggests 

either a conformational change in the QB site leading to delayed binding of 

plastoquinone or release of plastoquinol (Kramer and Crofts 1996). The results of 

chlorophyll a fluorescence decay after five actinic flashes at 5 Hz, presented in Figure 

3.14A-E indicated a delayed fluorescence decay in the mutants as compared to the wild 

type. With the no-addition treatment, the double deletion mutant, ΔPsbM:ΔPsbY, 

showed the slowest fluorescence decay (Figure 3.14A). Similarly, in the presence of 

DMBQ (Figure 3.14B) the ΔPsbM:ΔPsbY mutant showed the slowest decay while the 

fluorescence decay was similar in the ΔPsbM and ΔPsbY mutants. The presence of 

sodium formate when five actinic flashes are given exacerbates the effect of deleting 

PsbM or PsbY, and an evident vulnerability of the assembled PS II centres can be seen 

in the mutants (Figure 3.14D). The presence of sodium bicarbonate with either DMBQ 

or sodium formate was able to restore the forward electron transport in the mutants, 

but the middle of the curve continued to exhibit the delay in fluorescence decay for the 

mutants (Figure 3.14C,E). No kinetic analysis was performed for the fluorescence 

decay after five actinic flashes as the model used to fit the fluorescence decay curve is 

explained only when the cells are exposed to the single actinic flash.  

The observed delay in the binding of plastoquinone at the QB-binding site in the 

ΔPsbM and ΔPsbY strains was further explored by performing chlorophyll a 

fluorescence decay experiments with different concentrations of DMBQ (Figure 3.15). 

The titration with DMBQ showed similar IC50 levels for PsbY and PsbM with IC50 values 

of 0.22 mM and 0.23 mM, respectively. However, from the Figure 3.15, it is clear that 

fluorescence values for the wild type, ΔPsbM and ΔPsbY strains have not reached a 

plateau, as such the data might not be reflecting accurate IC50 concentrations for these 

strains, but on increasing DMBQ concentration beyond 1 mM, the signal becomes too 

noisy to derive meaningful interpretations from the data. Similar IC50 for the ΔPsbM 

and ΔPsbY strains indicated a similar impact of the mutation on the QB-binding site, 

which was surprising for the ΔPsbY strain, owing to its location in the dimeric PS II. 
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3.4. Conclusions 

This chapter aimed to investigate the roles of the PsbM and PsbY proteins in 

Synechocystis 6803. In this study, a gene knockout approach was used to look into the 

functions of these two proteins. Knockout mutants of these two proteins were created 

in the wild-type background, and the physiological impacts of removing these proteins 

were presented in this chapter. However, before physiological characterisation of the 

knockout strains, it was necessary to standardise the experimental conditions by 

physiological characterisation of the wild type and the ΔPsbT strain. The physiological 

characterisation of the wild type (Jackson et al. 2014) and the ΔPsbT strain (Bentley et 

al. 2008) in the previous studies are in agreement with the results obtained in this 

study. After successful standardisation of the experimental conditions, the same 

Figure 3.15 Influence of DMBQ concentration on chlorophyll a fluorescence decay. Chlorophyll 

a fluorescence decay assay was performed with different concentrations of DMBQ. Fluorescence 

value at 0.01 s from the normalised data was selected and plotted against DMBQ concentration. Error 

bars are the standard error and error bars smaller than the symbols are not visible. Wild type (black 

solid line and closed square); ΔPsbM (green solid line and closed triangles); ΔPsbY (red solid line 

and closed circles). Data shown are averages of three independent experiments. 
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conditions were employed with changes based on the observed phenotype for 

characterising and revealing novel observations in the strains lacking PsbM and PsbY. 

Deletion of PsbM has been reported to alter the stability of assembled PS II centres 

(Bentley et al. 2008, Kawakami et al. 2011). A concomitant reduction in growth, oxygen 

evolution and slight changes in the electron transfer capability between QA to QB had 

also been observed in the PsbM-lacking mutant (Bentley et al. 2008). An increase in the 

millisecond component similar to the observations made by Bentley et al. (2008) was 

noted in the current investigation. An investigation using the artificial quinone DMBQ 

revealed a change in the binding of quinone to the QB–binding pocket in PsbM-lacking 

Synechocystis 6803, suggestive of a conformational change in the QB pocket as observed 

in tobacco (Umate et al. 2007). Previously reported, sensitivity to HL in the ΔPsbM 

strain by Bentley et al. (2008) was, however, not observed in the current study which 

might be due to differences in the wild-type genetic background between the previous 

and current study. The ΔPsbM strain used in the study by Bentley et al. (2008) showed 

an additional mutation in the ChlH (chlorophyll H) subunit of magnesium chelatase 

causing additional impairment in PS II activity (Morris et al. 2014, Crawford 2016). The 

kinetics of QA- relaxation in the current study showed that not only was the forward 

electron transport hampered in PsbM-lacking mutants, but there was also a delay in 

the binding or release of quinones at the QB–binding site that was independent of the 

addition of sodium bicarbonate. Moreover, the presence of an extra CP43-containing 

band observed for the PsbM-lacking mutants in native PAGE suggested that during 

assembly CP43 is unable to bind properly to the PsbM-lacking RC47 pre-assembly 

complex (assembly intermediate lacking CP43) or the assembled PS II centres are more 

susceptible to detergent assisted solubilisation than the wild type. Alterations in the 

acceptor side electron transport were also made evident by DCMU-insensitive oxygen 

evolution in the presence of DCBQ and potassium ferricyanide. 

The PsbY-lacking mutant in this study failed to produce any extreme changes in 

the phenotype. The mutant was able to grow photoautotrophically with only a slightly 

slower growth rate as compared to the wild type. A slight reduction in the oxygen-

evolving activity was also observed. Reduction in the oxygen-evolving activity in the 

ΔPsbY strain has also been observed in previous studies (Meetam et al. 1999). The 

fluorescence relaxation kinetics in the presence of DMBQ, however, suggested a faster 

back reaction on removing PsbY. In addition, an increase in the fluorescence decay half-
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time for the transfer of an electron between QA and QB was also observed for the ΔPsbY 

strain. This increase was similar to the fluorescence decay half-time values observed 

for the ΔPsbM strain. The reason for the slowed transfer of electrons from QA to QB, 

however, appears to be different in the ΔPsbY strain as compared to the ΔPsbM strain. 

Since, the half-time for the fluorescence decay of the intermediate component in the 

ΔPsbY strain with DMBQ was similar to the wild type, suggestive of no modification of 

the QB–binding site in the ΔPsbY strain. The titration with DMBQ, however, showed a 

decrease in the IC50 for the ΔPsbY strain, this decrease in IC50 was similar to the ΔPsbM 

strain. An accelerated slow component for the ΔPsbY strain in the presence of DMBQ 

suggested a shift in the charge equilibrium (between the two states QA-QB and QAQB-) 

towards QA-QB, causing a faster charge recombination in the ΔPsbY cells than either 

wild type or the ΔPsbM cells. In addition, the PsbY-lacking strains also exhibited a 

faster rise in the fluorescence between the J and I inflexion points relative to either the 

wild type or the ΔPsbM strain. The JIP rise is traditionally allocated to the 

plastoquinone pool reduction (Stirbet et al. 2014). Likewise, it has been further 

suggested that the relative J levels are an indicator of the oxidation state of 

plastoquinone pool in higher plants (Tóth et al. 2007, Stirbet et al. 2014). In 

cyanobacteria, however, respiratory and photosynthetic electron transport chains 

share the same plastoquinone pool, making it more difficult to interpret a direct 

conclusion about the redox state of the plastoquinone pool. A change in the slope of J-I 

rise could potentially indicate a change in the redox state of the plastoquinone pool in 

the mutants. A reduced state of the plastoquinone pool could possibly result in a 

steeper rise of fluorescence between the J and I inflexion points. The ΔPsbY strain was 

also found to be sensitive to the addition of sodium formate, potentially indicating the 

loose binding of the bicarbonate ligand to the non-heme iron between QA and QB. 

Removing PsbY from the ΔPsbM strain was additive, and the characteristic 

features of single deletions could be identified in the ΔPsbM:ΔPsbY strain. The 

combination of these features made the strain sensitive to HL whenDMBQ and 

potassium ferricyanide were used to assess the oxygen-evolving activity. The HL 

sensitivity of the ΔPsbM:ΔPsbY strain was, however, not witnessed in the presence of 

sodium bicarbonate. 

In summary, the work presented in this chapter suggested a change in the 

forward electron transport and a conformational change in the QB–binding pocket in 
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the absence of PsbM. Removal of PsbM also affected the bicarbonate ligand binding to 

the non-heme iron consistent with the observations made by Uto et al. (2017). The 

removal of PsbY in the ΔPsbM strain caused additional changes to the homeostatic 

environment or to PS II itself, leading to a slowed repair process in the double deletion 

mutant. However, sodium bicarbonate was able to compensate for the loss of activity 

probably by potentially restoring the bicarbonate ligand and non-heme iron 

association. A possible change in the redox state of the plastoquinone pool for mutants 

lacking PsbY was also noticed. Fluorescence relaxation with different concentrations 

of DMBQ showed an altered binding of DMBQ to the QB-binding site for all the single 

mutants (ΔPsbT, ΔPsbM and ΔPsbY) as compared to the wild type, causing a partial 

inhibition of the forward electron transport when DMBQ is present.  
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4 Role of PsbX 

4.1 Introduction 

In Synechocystis 6803, psbX (sml0002) is represented by a 120 bp region of the 

chromosome between 2,613,481 and 2,613,600 bp, encoding a protein with 39 amino 

acids and a molecular mass of 4.1 kDa and is ubiquitous to oxygen-evolving 

photoautotrophs (García-Cerdán et al. 2009). N-terminal sequencing of LMW proteins 

from T. vulcanus identified PsbX, as the protein similar to nuclear-encoded 4.1 kDa 

protein of spinach and wheat (Ikeuchi et al. 1989). In Odontella sinensis the 4.1 kDa 

protein was found to be encoded by the chloroplast genome and was designated as 

PsbX (Kowallik et al. 1995). In Arabidopsis thaliana, PsbX was found to be synthesised 

with a pre-sequence whose incorporation into the thylakoid membrane was 

independent of SecA or ΔpH dependent pathways (Kim et al. 1996). In subsequent 

years, an effort to elucidate the role of the PsbX protein did not give any clear-cut 

phenotype associated with deletion of PsbX in Synechocystis 6803 (Funk 2000) and T. 

elongatus (Katoh and Ikeuchi 2001).  

The studies on higher plants and cyanobacteria have failed to reach a consensus 

on the role of PsbX, and unexplored facets to its presence in PS II remain. In this 

chapter, physiological characterisation of the ΔPsbX strain is undertaken to elucidate 

the changes in PS II activity on removing PsbX. This chapter describes results from 

different physiological assays performed on the ΔPsbX strain. The physiological 

measurements undertaken include determination of photoautotrophic growth, 

oxygen-evolving activity, variable chlorophyll a fluorescence induction assays and 

analysis of chlorophyll a fluorescence decay kinetics along with photodamage and 

recovery assays. Visualisation of PS II complexes by the BN-PAGE and western blotting 

in normal and photodamaged cells revealed essential aspects of PS II repair in the 

absence of PsbX. Further information on the expression of PS II associated proteins 

during repair of PS II in the wild type and the ΔPsbX strain, was explored by radioactive 

labelling of the proteins by 35S-labelled Met.  
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Figure 4.1 Construction of psbX knockout strain. (A) Location of psbX and neighbouring genes. (B) Diagrammatic representation of the psbX gene-

knockout construct and (C) verification of the psbX gene-knockout strain by colony PCR, amplification of psbX region in the wild type and ΔPsbX 

strain showed complete segregation. 1 Kb Plus DNA marker (Invitrogen, Carlsbad, CA, USA) (lane 1); wild type (lane 2) and ΔPsbX (lane 3). KanR: 

Kanamycin resistance cassette, ncRNA: Non-coding RNA, UTR: Untranslated region. 
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4.2 Construction of the ΔPsbX strain 

Figure 4.1 (A) shows the location of psbX in the Synechocystis 6803 genome. 

Graphical representation of the construct used for disrupting the psbX ORF with the 

kanamycin-resistance cassette (1.2 kb) and confirmation of complete segregation 

using colony PCR is shown in Figure 4.1 (B-C). The region between 32 bp 

(corresponding to the codon for the 11th amino acid) and 94 bp (corresponding to the 

codon for 32nd amino acid residue) from the start codon of psbX was replaced with the 

kanamycin-resistance cassette to disrupt the psbX gene (refer Table 2.1 for primer 

information). Overlap-extension PCR approach was used to generate the PCR 

fragments. The PCR fragments were then used to generate a single PCR fragment 

containing the upstream and downstream flanking regions of the psbX ORF with the 

psbX gene replaced by the kanamycin-resistance cassette. The PCR fragment with the 

knocked out psbX was then cloned into a pGEM-T Easy vector (Promega, Madison, WI, 

USA) and confirmed by sequencing to make sure there were no unwanted mutations 

in the flanking regions. 

4.3 Physiological characterisation of the ΔPsbX strain 

4.3.1 Photoautotrophic growth, whole cell spectra, low-temperature 

fluorescence emission and oxygen evolution 

To examine the functional significance of PsbX, photoautotrophic growth was 

measured in the ΔPsbX strain. Overall growth during the 168 h of photoautotrophic 

growth assay is shown in Figure 4.2 (A). The photoautotrophic growth of the ΔPsbX 

strain was observed to be marginally slower than the wild type, under the standard 

light (30 μE.m-2.s-1) and photoautotrophic conditions. The doubling time calculated 

from the first 48 hours of photoautotrophic growth in the ΔPsbX strain (13 h) as 

compared to the wild-type strain (12 h) was similar in both the strains. Whole cell 

absorption spectra normalised to the 440 nm (corresponding to the chlorophyll a) 

peak showed almost no change in the overall shape of the curve, a small reduction in 

the magnitude of the 635 nm (corresponding to the phycobilisomes) was, however, 

observed in the ΔPsbX strain (Figure 4.2B) as compared to the wild type. 
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Figure 4.2 Physiological characterisation of the ΔPsbX strain. (A) Photoautotrophic growth curve, 

results shown are averages of three independent measurements, error bars are standard errors, error 

bars smaller than the marker is not visible. (B) Whole-cell absorption spectra, normalised to the 440 

nm peak. (C) Low-temperature fluorescence emission spectra following excitation of whole cells at

440 nm actinic light, curves shown are the averages of three independent experiments. (D) Low-

temperature fluorescence emission spectra following excitation of whole cells at 580 nm, curves

shown are the averages of three independent experiments. Both the curves presented in C and D are 

normalised to PS I emission at 725 nm. Wild type (black solid line and filled square); ΔPsbX (green

solid line and filled diamond). Markers represent specific time points where O.D. was recorded. 

Photoautotrophic 
growth 

Whole-cell spectra 

440 nm 580 nm 



 

99 
 

 

Table 4.1 Maximum oxygen-evolution rates in the wild type and the ΔPsbX strain*. 

Low-temperature fluorescence emission spectra on the excitation of whole cells 

at 440 nm (Figure 4.2C) showed a reduction in the PS II specific emissions observed at 

685 nm and 695 nm, which would suggest a change in the PS II/PS I ratio in the ΔPsbX 

strain as compared to the wild-type strain. Emissions following excitation of whole 

cells at 580 nm (Figure 4.2D) also showed a reduction in the 665 nm and 685 nm peak 

(refer section 3.3.2 for the origin of emissions at a specific wavelength). Although 

reduced, the overall shape of the curve for the emissions ensuing excitation of whole 

cells at 440 nm and 580 nm were identical to the wild-type strain, and it could be 

hypothesised that the PS II centres and PBS antenna could assemble in the absence of 

PsbX. 

Steady-state oxygen-evolution measurements performed on the ΔPsbX strain in 

the presence of either DMBQ, DCBQ or sodium bicarbonate, was used to assess the PS 

II activity in the absence of PsbX. The oxygen-evolution rates are documented in Table 

4.1 and oxygen-evolution traces in the presence of DMBQ, DCBQ and sodium 

bicarbonate are shown in Figure 4.3(A-C). As evident from the data (Table 4.1 and 

 
Oxygen evolution (μmol (mg of chlorophyll)-1 h-1) 

DMBQ DCBQ 
Sodium 

bicarbonate 

DCBQ/ 

DCMU 

DMBQ/ 

Sodium 

formate 

Wild type 380±35 482±47 534±58 34±2 293±24 

ΔPsbX 228±13 286±11 435±18 86±5 37±3 

*The data presented are averages of three independent experiments standard error values are presented with the ± symbol. 

Final concentrations of additives were; DCMU-40 μM, DMBQ-250 μM, DCBQ-200 μM, potassium ferricyanide-1 mM

sodium bicarbonate-15 mM, sodium formate-25 mM. The maximum oxygen evolution rates were calculated as per the process 

explained in section 2.2.7.4.  
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Figure 4.3 Oxygen-evolution traces in wild type and the ΔPsbX strain. (A) With DMBQ and 

K3Fe(CN)6. (B) With DCBQ and K3Fe(CN)6. (C) With sodium bicarbonate. D) With DMBQ, 

K3Fe(CN)6 and sodium bicarbonate. Wild type (solid black line); ΔPsbX (solid green line). The 

curves are averages of three independent experiments. Final concentrations in the reaction mixture; 

DMBQ: 250 μM, DCBQ: 200 μM, K3Fe(CN)6: 1 mM, and sodium bicarbonate: 15 mM. 

DMBQ+potassium 
ferricyanide 

DCBQ+potassium 
ferricyanide 

Sodium bicarbonate DMBQ +potassium 
ferricyanide+sodium 

bicarbonate 
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Figure 4.4 Oxygen-evolution traces in wild type and the ΔPsbX strain. (A) With DMBQ, 

K3Fe(CN)6 and sodium formate. (B) With DMBQ, K3Fe(CN)6, sodium formate and sodium 

bicarbonate, sodium bicarbonate was added at the point shown by arrow to test the restorability of 

oxygen-evolving activity in the ΔPsbX strain by addition of sodium bicarbonate. (C) With DCBQ, 

K3Fe(CN)6 and DCMU. (D) With DMBQ, K3Fe(CN)6 and DCMU. Wild type (solid black line), 

ΔPsbX (solid green line). The curves are average of three independent experiments, except in panel 

D that is average of two independent measurements. Final concentrations in the reaction mixture; 

DMBQ: 250 μM, DCBQ: 200 μM, K3Fe(CN)6: 1 mM, DCMU: 40 μM, sodium formate: 25 mM, 

and sodium bicarbonate: 15 mM. 
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formate+sodium 
bicarbonate 
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Figure 4.3A-C), the ΔPsbX strain showed a decline in maximum oxygen-evolution rate 

by almost 40% as compared to wild type supported by either DMBQ or DCBQ with 

potassium ferricyanide. However, the reduction in oxygen evolution dropped by only 

19% when supported by sodium bicarbonate. The oxygen-evolution traces (Figure 4.3) 

showed reduced oxygen evolution in the PsbX-lacking strain as compared to the wild 

type for all the treatments. In the presence of DMBQ, a progressive decline in oxygen 

evolution was observed during the course of the assay, suggesting susceptibility of the 

PsbX-lacking strain to photoinactivation under HL (similar observations were made 

with the ΔPsbT strain; section 3.2.3). The oxygen-evolution traces in the presence of 

sodium bicarbonate showed reduced rates of oxygen evolution in the ΔPsbX strain as 

compared to the wild-type strain, suggesting a problem in either the whole-chain 

electron transport in the ΔPsbX strain or possibly a reduced level of PS II assembly. 

However, the progressive decline in oxygen-evolving activity observed when 

supported by DMBQ, was not observed when either DCBQ or sodium bicarbonate 

supported oxygen evolution. To explore the impact of sodium bicarbonate addition on 

oxygen evolution supported by DMBQ, oxygen-evolution measurements supported by 

both DMBQ and sodium bicarbonate were performed. Oxygen evolution when 

supported by DMBQ, potassium ferricyanide and sodium bicarbonate showed no 

change between wild type and the ΔPsbX strain (Figure 4.3D). To assess the sensitivity 

of the ΔPsbX strain to sodium formate addition, oxygen-evolving activity was measured 

in the presence of sodium formate supported by DMBQ and potassium ferricyanide. 

The oxygen-evolving activity in the ΔPsbX cells was observed to be sensitive to sodium 

formate addition, and the maximum oxygen-evolution rate was reduced to only 12% 

of the rate observed in wild type (Table 4.1, Figure 4.4A). Sodium bicarbonate, 

however, was able to restore the oxygen evolution in the sodium formate treated cells 

(Figure 4.4B). DCMU-insensitive oxygen evolution was also assayed in the ΔPsbX strain 

using the oxygen-evolution assay supported by either DMBQ or DCBQ along with 

DCMU present in the reaction mixture. DCMU-independent oxygen evolution showed 

higher oxygen-evolving activity in the ΔPsbX strain as compared to the wild type on 

using the artificial quinone DCBQ with DCMU (Table 4.1, Figure 4.4C). No oxygen-

evolving activity was observed in the ΔPsbX strain when DMBQ was used with DCMU 

(Figure 4.4D). 



 

 
 

103
 

Figure 4.5 Room temperature variable fluorescence induction. (A) Variable fluorescence induction with BMF. (B) Relative variable fluorescence 

induction with BMF. (C) Variable fluorescence induction with BMF in the presence of 40 μM DCMU. Wild type (solid black line and closed square); ΔPsbX 

(solid green line and closed diamond). The curves are averages of three independent experiments. Ft: Fluorescence value at time t, Fm: Maximum 

fluorescence, Fo: First fluorescence value recorded during measurement. 

BMF(-DCMU) BMF(-DCMU) BMF(+DCMU) 
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4.3.2 Chlorophyll a fluorescence based measurements 

Variable chlorophyll a fluorescence induction in the ΔPsbX strain was reduced 

as compared to wild type, a visibly different shape of the curve between wild type and 

the ΔPsbX strain could be observed during the fluorescence rise between J-I-P inflexion 

points (Figure 4.5A). The relative rise in J level showed a small increase in the ΔPsbX 

strain from the wild-type strain (Figure 4.5B). The ratio of variable fluorescence over 

maximum fluorescence (Fv/Fm), used as an indicator of the maximum quantum yield of 

PS II (Toth et al. 2009, Stirbet and Govindjee 2011); however, did not show any change 

between the ΔPsbX and the wild-type strains (0.9 and 0.89, respectively).  

One of the subtle changes observed in Figure 4.5 (A,B) was the loss of the dip 

after the J inflexion point in the ΔPsbX strain as compared to the wild-type strain. This 

dip, observed after the J inflexion point has been associated with reoxidation of QA- due 

to the transient limitation on the donor side (Kolli et al. 1998). Therefore, a loss of dip 

after the J inflexion point, observed in the ΔPsbX strain could be interpreted as an 

altered charge recombination kinetics in this strain. An interesting observation was the 

change in the rise of fluorescence between J and I inflexion points. In the ΔPsbX strain, 

the fluorescence rise remained almost constant between the J- and I-inflexion points, 

relative variable fluorescence presented in Figure 4.5(B) made the difference quite 

evident between the wild type and the ΔPsbX strain. In the presence of DCMU, as 

explained earlier the forward electron transport is blocked, and the relative J levels 

indicate the relative numbers of the assembled PS II centres. The J level observed in the 

ΔPsbX strain was slightly reduced than the wild-type strain (Figure 4.5C) suggesting a 

reduced PS II assembly in the ΔPsbX strain. 

The data from the fluorescence induction suggested a change in the forward 

electron transport between QA and QB. The oxygen-evolution assay demonstrated the 

susceptibility of the PS II centres to sodium formate addition in the ΔPsbX strain. Thus, 

to understand the acceptor-side electron transport events better, the chlorophyll a 

fluorescence relaxation assays were performed. In the sections 3.3.4 and 4.3.1, the 

selective binding of DMBQ to the QB-binding site was established through oxygen-

evolution assay in the presence of DCMU supported by DMBQ and potassium 

ferricyanide. To explore the changes in the binding of DMBQ to the QB-binding site in  
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Figure 4.6 Relaxation of chlorophyll a fluorescence after a saturating actinic flash for ΔPsbX. (A) 

No addition treatment. (B) In the presence of DCMU. (C) In the presence of DMBQ. (D) In the 

presence of DMBQ and sodium bicarbonate. Wild type (solid black line); ΔPsbX (solid green line). 

Data shown are averages of three independent experiments. Final concentrations in the reaction; 

DMBQ: 250 μM, DCMU: 40 μM, and sodium bicarbonate: 15mM. Ft: Fluorescence value at time t, 

Fm: Maximum fluorescence, Fo: Initial fluorescence level in dark-adapted cells. 

No addition DCMU 

DMBQ DMBQ+sodium 
bicarbonate 
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Figure 4.7 Relaxation of chlorophyll a fluorescence after single saturating actinic flash for the ΔPsbX strain. (A) In the 

presence of sodium formate. (B) In the presence of sodium formate and sodium bicarbonate. (C) In the presence of sodium 

bicarbonate. Wild type (solid black line); ΔPsbX (solid green line). Data shown are averages of three independent experiments. 

Final concentrations in the reaction; sodium formate: 25 mM and sodium bicarbonate: 15mM. Ft: Fluorescence value at time t, Fm: 

Maximum fluorescence, Fo: Initial fluorescence in dark-adapted cells. 

Sodium formate Sodium 
formate+sodium 

bicarbonate 

Sodium 
bicarbonate 
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the ΔPsbX mutant, chlorophyll a fluorescence relaxation assays were performed in the 

presence of DMBQ. The sensitivity of oxygen-evolving activity to sodium formate 

addition in section 4.3.1 suggested that the bicarbonate ligand binding to the non-heme 

iron is affected by removing PsbX. To expound on the hypothesis of altered binding of 

bicarbonate ligand to the non-heme iron in the ΔPsbX mutant, the chlorophyll a 

fluorescence relaxation assay was also performed with sodium formate and sodium 

bicarbonate. 

Results of chlorophyll a fluorescence relaxation assay after exposure to single 

actinic flash are shown in Figure 4.6A-D, and the kinetics data derived by the curve-

fitting as explained in section 2.2.7.8 is presented in Table 4.2. The fluorescence 

Figure 4.8 Titration with DMBQ for ΔPsbX. Chlorophyll a fluorescence relaxation measurements 

were performed with different concentrations of DMBQ. Fluorescence values at 0.01 s from the 

normalised data were selected and plotted against DMBQ concentration. Error bars are the standard 

error and error bars smaller than the symbols are not visible. Wild type (black solid line and closed 

square); ΔPsbX (green solid line and closed diamond). Data shown are averages of three independent 

experiments. F0.01: Fluorescence value at time 0.01 s, Fm: Maximum fluorescence, Fo: Initial

fluorescence level in dark-adapted cells. 
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relaxation curve for the ΔPsbX strain with no-addition treatment showed slightly 

slower fluorescence relaxation (indicated by the shift of the curve from the wild type’s 

fluorescence relaxation curve) as compared to the wild type (Figure 4.6A). The slower 

fluorescence relaxation in the ΔPsbX strain was also indicated by the kinetic data with 

the no-addition treatment presented in Table 4.2. The fluorescence decay half-time of 

the fast phase (microsecond component), indicative of the transfer of an electron from 

QA to QB (section 2.2.7.8) has increased by 46% in the ΔPsbX strain as compared to the 

wild-type strain. An increase of 226% was noted in the half-time of the middle phase 

(millisecond component), that has been associated with the binding/release of the 

plastoquinone at the QB-binding site. The slow phase (with a fluorescence decay half 

time ranging in seconds); however, showed a faster half-time for the fluorescence 

decay. Half-time for fluorescence decay of the slow phase was reduced by 73% in the 

ΔPsbX strain as compared to the wild-type strain. Relative amplitudes (a relative 

measure of the percentage fluorescence arising individually from the three phases of 

the total fluorescence), as compared to the wild type was reduced for the fast and 

middle phases but, an increase was observed for the slow phase in the ΔPsbX strain. In 

the wild-type strain, only 7.7% of the total fluorescence arose due to the slow 

component, but in the ΔPsbX cells, about 19% of the total fluorescence was arising due 

to the component attributed to charge recombination.  

To explore the changes in the PS II donor side on knocking out PsbX, the 

fluorescence relaxation assay was performed in the presence of DCMU. As mentioned 

earlier (sections 3.2.2 and 3.3.3), DCMU blocks forward electron transfer and the 

quenching of fluorescence is primarily achieved by charge recombination between the 

QA- and S2 state of the OEC. The fluorescence relaxation curve with DCMU (Figure 4.6B) 

showed a slight variation in the ΔPsbX strain as compared to the wild type. The half-

time for the millisecond component in the ΔPsbX strain was faster than the wild type 

(Table 4.2), while, the half-time for the slow component was slightly slower in the 

ΔPsbX strain as compared to the wild type. 
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Table 4.2 Chlorophyll a fluorescence relaxation kinetics after exposure to single actinic flash*. Highlighted cells indicate major changes observed between the 

strains. 

  Half-time (μs) A% Half-time (ms) A% Half-time (s) A% 

No addition 
wild type 267 ± 19 61 ± 2 2.6 ± 0.3 30.9 ± 1.2 5.5 ± 0.4 7.7 ± 0.5 

ΔPsbX 391 ± 22 56 ± 2 5.9 ± 1.2 25.2 ± 2.7 2.1 ± 0.12 19.2 ± 1.6 

DCMU 
wild type   2.2 ± 0.1 9.4 ± 0.4 0.5 ± 0.01 90.6 ± 0.4 

ΔPsbX   1.9 ± 0.5 13.0 ± 2.1 0.6 ± 0.02 87.0 ± 2.1 

DMBQ 
wild type 282±37 60±2 7.5±1.9 25.5±1.4 6.3±0.1 14.5±0.2 

ΔPsbX 500 ± 54 6 ± 1 12.9 ± 1.6 13.3 ± 0.2 0.8 ± 0.0 80.4 ± 0.7 

DMBQ/sodium 

bicarbonate 

wild type 233±41 60±2 6.1±2.3 26.6±1.9 11.0±0.8 13.0±0.2 

ΔPsbX 257 ± 13 41 ± 2 20.8 ± 1.7 23.2 ± 0.8 2.9 ± 0.3 35.5 ± 1.2 

Sodium formate 
wild type 423±33 57±3 8.6±0.8 28.6±1.8 1.4±0.2 14.4±1.6 

ΔPsbX 512 ± 6 36 ± 0.4 19.6 ± 0.7 34.9 ± 0.1 1.3 ± 0.08 28.9 ± 0.5 

Sodium formate/ 

sodium bicarbonate 

wild type 282±23 65±1 3.9±0.3 26.8±0.8 11.3±1.0 8.5±0.1 

ΔPsbX 358 ± 6 60 ± 1 13.8 ± 2.5 22.2 ± 0.6 2.6 ± 0.6 17.4 ± 0.1 

Sodium bicarbonate 
wild type 234 ± 9 63 ± 0.3 2.9 ± 0.2 28.9 ± 0.8 8.9 ± 0.5 8.1 ± 0.5 

ΔPsbX 328 ± 8 61 ± 2 8 ± 1.1 23 ± 1.2 2.6 ± 0.4 16 ± 0.3 

**The presented data are averages of the three independent experiments. Standard error values are shown after the ± symbol.  The analysis was performed on the fluorescence decay after exposure 

to single actinic flash. The curves were analysed as per two exponential (microsecond and millisecond) and one hyperbolic (seconds) components. The curves with DCMU were analysed as per 

one exponential (millisecond) and hyperbolic (seconds) components. Refer section 2.2.7.8 for details of analysis. Final concentrations of additives were; DCMU-40 μM, DMBQ-250 μM, DCBQ-

200 μM, sodium bicarbonate-15 mM, sodium formate-25 mM. 
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Fluorescence relaxation assay in the presence of DMBQ, explored the impacts of 

deleting PsbX on the electron transport events at the QB-binding site. The selective 

binding of DMBQ to the QB-binding site was utilised for gathering information on the 

changes in the QB-binding site of the ΔPsbX strain. Figure 4.6(C) shows the fluorescence 

relaxation curve in the presence of DMBQ. Surprisingly, for a strain that showed almost 

no change in the photoautotrophic growth (Figure 4.2A, section 4.3.1), the fluorescence 

relaxation with DMBQ in the ΔPsbX strain was strikingly different. The shape of the 

curve for the ΔPsbX strain resembled the shape of fluorescence relaxation curve 

observed in the presence of DCMU. The observation would suggest a change in the 

binding of DMBQ at the QB-binding site. The shape of the curve also suggested that in 

the presence of DMBQ forward electron transport was blocked between QA to QB. 

Kinetics data (Table 4.2) showed that the half-time for the microsecond and 

millisecond component has almost doubled in the ΔPsbX strain from the values 

observed for the wild-type strain in the presence of DMBQ. The half-time for the slow 

component has decreased from 6.3 s in wild type to 0.8 s in the ΔPsbX strain. More than 

5-fold increase in the relative amplitude of the slow phase suggested that the major 

pathway for fluorescence quenching in the presence of DMBQ in the ΔPsbX cells was 

through charge recombination. This observation led to the question; can the sodium 

bicarbonate restore the forward electron transport in the ΔPsbX cells in the presence 

of DMBQ? Fluorescence relaxation curve with both DMBQ and sodium bicarbonate 

present in the reaction mixture (Figure 4.6D) did indicate that mM amount of sodium 

bicarbonate present in the reaction mixture was able to restore the forward electron 

transport. Kinetics data (Table 4.2) also suggested restoration of forward electron 

transport between QA to QB with both DMBQ and sodium bicarbonate present. The half-

time for the microsecond component in the wild-type strain with DMBQ and sodium 

bicarbonate present was 233 μs while, in the ΔPsbX strain it was 257 μs. However, in 

comparison to the wild-type strain, the half-time for middle (millisecond) component 

showed an increase of more than three times for the ΔPsbX strain (wild type=6.1 ms, 

ΔPsbX=21 ms). The half-time of the slow (second) phase for the ΔPsbX strain, even with 

sodium bicarbonate present, continued to be almost three times less than the wild-type 

strain. The relative amplitude of the slow phase for the ΔPsbX strain, in the presence of 

sodium bicarbonate with DMBQ, improved but was still quite high as compared to wild 

type.  
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The oxygen evolution of the ΔPsbX cells, when supported by the DMBQ and 

potassium ferricyanide, was susceptible to the addition of sodium formate. However, 

DMBQ was observed to inhibit electron transport in the ΔPsbX strain. To 

independently assess the effect of sodium formate on electron transport in the ΔPsbX 

strain, chlorophyll a fluorescence relaxation was performed with sodium formate 

(Figure 4.7A), with sodium bicarbonate and sodium formate (Figure 4.7B) and sodium 

bicarbonate alone (Figure 4.7C). With sodium formate alone, the fluorescence 

relaxation curve and the kinetics data (Table 4.2) suggested a more pronounced 

inhibition of the forward electron transport in the ΔPsbX strain than the wild-type 

strain. The blocked electron transfer was also suggested by an increase in the 

fluorescence decay half-time for the millisecond component. The slow component with 

sodium formate in the ΔPsbX strain was only slightly faster than the wild-type strain, 

indicating the inappreciable change in the charge recombination reactions (from the 

QA- to S2 state of the OEC through P680) in the ΔPsbX strain as compared to the wild 

type. Relative amplitudes, in the presence of sodium formate, for the three phases are 

nearly same in the ΔPsbX unlike in wild type, where the major contributors to 

fluorescence relaxation are the fast and the intermediate phases. Relative amplitudes 

for the microsecond and millisecond components in the ΔPsbX strain, with both 

sodium formate and sodium bicarbonate (Table 4.2) resembled the relative amplitudes 

observed for the components in the wild-type strain. An increase in the half-time values 

for the fast and middle phases, however, indicated the susceptibility of the electron 

transport process to the presence of sodium formate in the ΔPsbX strain. The slow 

phase in the ΔPsbX strain continued to exhibit a faster half-time for the fluorescence 

decay, and the relative amplitude was almost double the value observed for the wild-

type strain. With sodium bicarbonate alone, the fluorescence decay half-time for the 

fast and intermediate phases continued to be slower for the ΔPsbX strain than the wild 

type while the half-time for the slow phase was faster in the ΔPsbX strain as compared 

to the wild type. The relative amplitude for the slow phase also continued to be almost 

double than the value observed for the wild type. The inhibition of electron transport 

by DMBQ was further explored by titration with increasing concentration of DMBQ 

(refer section 3.2.4). The data presented in Figure 4.8 was used to calculate the IC50 for 

the ΔPsbX strain. The IC50 value was 0.14 mM for the ΔPsbX strain, as compared to the 

wild type (0.37 mM). 
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The data presented above indicated that removing PsbX has caused changes in 

the acceptor side events of the PS II electron transport. The chlorophyll a fluorescence 

induction assays revealed a slightly reduced PS II assembly in the ΔPsbX strain as 

compared to the wild type. Fluorescence relaxation assays in the ΔPsbX strain revealed 

a slowed fluorescence relaxation that on kinetics analysis was interpreted as a change 

in the redox equilibrium towards the QA-QB state, along with changes in the QB-binding 

site. To assess if the observed changes were due to the flawed PS II assembly process, 

BN-PAGE and western blotting were performed for an individual assessment of PS II 

assembly in the ΔPsbX strain. 

4.4 Photosystem II assembly in the ΔPsbX strain 

BN-PAGE followed by western blotting was used to determine the PS II assembly in the 

strain lacking PsbX, relative to wild type and the ΔPsbT strain (Figure 4.9). Following 

separation of proteins, western blotting identified three major PS II complexes (PS II 

dimer, PS II monomer and RC47 pre-assembly complex) using antibodies raised 

against the D1, D2, CP47 and CP43 proteins in the ΔPsbX strain (Figure 4.9A-E). The 

western blots did not show much difference between the wild-type strain and the 

Figure 4.9 Analysis of the PS II assembly in ΔPsbX by BN-PAGE and western blotting using 

enhanced chemiluminescence (ECL). Wild type (lane 1), ∆PsbT (lane 2), ∆PsbX (lane 3). The 

different assembly complexes are separated (A) on a 3–12% gradient gel, followed by identification 

using antibodies raised against the core proteins: D1 (B), D2 (C), CP47 (D) and CP43 (E). The PS II 

dimer doublet observed in the ΔPsbT strain is indicated by red arrows. One μg chlorophyll a equivalent 

of thylakoids were loaded in each lane. 
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Figure 4.10 Photodamage and recovery assay for ΔPsbX. Cells were subjected to 45 min of HL 

(2000 μE.m-2.s-1) followed by LL (30 µE.m-2.s-1). Oxygen evolution was measured in the presence of 

(A) DMBQ and K3Fe(CN)6, (B) sodium bicarbonate. Wild type (black solid line and closed square); 

ΔPsbX (green solid line and closed diamond). Data shown are averages of three independent 

experiments. Error bars are the standard error and error bars smaller than the symbols are not visible. 

DMBQ: 250 μM, K3Fe(CN)6: 1 mM and sodium bicarbonate: 15 mM. 
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Figure 4.11 Photodamage and recovery assay for ΔPsbX. Cells were subjected to 45 min of HL 

(2000 μE.m-2.s-1) followed by LL (30 µE.m-2.s-1). Oxygen-evolving activity was measured in the 

presence of (A) DMBQ and K3Fe(CN)6, and sodium bicarbonate. (B) DMBQ and K3Fe(CN)6 with 

lincomycin added at a final concentration of 500 µg.mL-1 after 45 min of HL treatment. Wild type 

(black solid line and closed square); ΔPsbX (green solid line and closed diamond). Data shown are 

averages of three independent experiments. Error bars are the standard error and error bars smaller than 

the symbols are not visible. DMBQ: 250 μM, K3Fe(CN)6: 1 mM and sodium bicarbonate: 15 mM. 
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ΔPsbX strain. This would be in agreement with the results of photoautotrophic growth 

where almost no change in photoautotrophic growth capabilities of the ΔPsbX strain 

was observed as compared to the wild-type strain. Unlike the ΔPsbM (Figure 3.9) or 

ΔPsbT (Figure 4.9), however, negligible accumulation of putative assembly 

intermediates containing CP43 was seen in the ΔPsbX cells, indicating a normal PS II 

assembly or no destabilisation of assembled PS II centres that lack the PsbX protein. 

From the gels, it could be summarised that the PS II assembly and dimerisation of the 

PS II was not affected by the removal of PsbX. 

4.5 Photodamage and recovery in the PsbX-lacking strain 

In previous studies on the physiological significance of PsbX, it had been 

suggested that the PsbX-lacking cells might be HL sensitive (Katoh and Ikeuchi 2001). 

To test this hypothesis, the effects of HL on the ΔPsbX cells was assessed by change in 

the oxygen evolution supported by DMBQ and potassium ferricyanide on HL exposure. 

Figure 4.10 (A) shows the impact of removing PsbX on oxygen evolution supported by 

DMBQ and potassium ferricyanide under HL. Within the first 15 min of HL irradiance, 

oxygen evolution dropped to a mere 25% of the oxygen evolution at T0. The oxygen-

evolving activity dropped further to 10% at the end of 45 min when the HL was 

switched off. On returning the cells to LL conditions, a sudden jump in oxygen-evolving 

activity could be seen in the wild type, which indicates the accelerated repair over 

damage. This Jump in PS II activity was seen for both the light-sensitive strains, that 

are, the ΔPsbT strain and the ΔPsbM:ΔPsbY strain (Figures 3.4 and 3.12A) described in 

this thesis. In case of the ΔPsbX strain, however, no such increase was observed, and 

the recovery rate of oxygen-evolving activity was slower than any other mutant used 

in this study. Also evident from the Figures 3.4 and 3.12 was that the oxygen-evolving 

activity during recovery process under LL was more than the oxygen-evolving activity 

at T0 for the HL sensitive strains used in this study. However, in the ΔPsbX cells, the 

oxygen-evolving activity never exceeded the initial oxygen-evolution rate observed at 

the beginning of the assay, and the average recovery is only about 70% of the oxygen-

evolution rate at T0. The observations suggest that removing PsbX was not only 

causing an increased susceptibility to HL but also caused a decline in the efficiency of 

the repair process. Combination of both, increased susceptibility and inefficient repair 
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process was causing the reduction of PS II oxygen-evolving activity when oxygen 

evolution is supported by DMBQ and potassium ferricyanide in the ΔPsbX strain.  

Since photodamage under HL was masked when using sodium bicarbonate to 

assess the oxygen evolution in the ∆PsbT cells (Figure 3.4B), the effect of sodium 

bicarbonate assisted oxygen evolution in ∆PsbX cells following the HL treatment was 

investigated (Figure 4.10B). Interestingly, the photodamage evident when oxygen 

evolution was supported by DMBQ was not observed when oxygen evolution was 

measured with sodium bicarbonate. The sensitivity of the ΔPsbX strain to the presence 

of sodium formate was explored in sections 4.3.1 and 4.3.2, wherein defects of 

bicarbonate ligand binding to the non-heme iron in the ΔPsbX cells was suspected. In 

addition, the chlorophyll a fluorescence relaxation assay with DMBQ showed inhibition 

of electron transport by DMBQ in the ΔPsbX strain. As such, the photodamage and 

recovery assay was repeated, and oxygen-evolving activity supported by DMBQ, 

potassium ferricyanide and sodium bicarbonate was measured. The results presented 

in Figure 4.11(A), showed the sensitivity of the ΔPsbX strain to HL with both DMBQ 

and sodium bicarbonate present as compared to the wild-type cells; however, the 

extent of reduction was not as evident as with DMBQ alone. A drop of nearly 18% 

(compared to the oxygen-evolution rate at T0), can be seen in the oxygen-evolving 

activity of the ΔPsbX cells when supported by DMBQ, potassium ferricyanide and 

sodium bicarbonate. To test the dependency of recovery process on de novo protein 

synthesis, another repeat of photodamage and recovery assay was done, but this time, 

lincomycin (protein synthesis inhibitor) was added at the final concentration of 500 

μg.mL-1 to the cells after 45 min of HL treatment. The results are presented in Figure 

4.11(B). The presence of protein synthesis inhibitor lincomycin prevents recovery, 

observed under LL conditions. Interestingly, the wild type shows a larger decline in the 

oxygen-evolving rate in the experiment with lincomycin (Figure 4.10A and Figure 

4.11B), this could be because of the variability observed in the biological repeats of the 

experiment. However, the trend of decline is similar as what is observed in Figure 

4.10A.  

The data presented in Figures 4.10-11 established the enhanced susceptibility 

of the ΔPsbX strain to HL, and the recovery process was observed to be dependent on 

the de novo synthesis of protein. To visualise the events taking place during recovery 
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and a better understanding of the differences observed on using sodium bicarbonate 

or DMBQ as electron acceptors, cell samples from the ΔPsbX strain and the wild-type 

strain were collected at specific time points during the photodamage and recovery 

assay. Impacts of HL treatment on assembled PS II centres were visualised by isolating 

membranes (section 2.2.8.1) and separation of protein complexes by BN-PAGE (Figure 

4.12A), followed by identification of protein complexes by western blotting. Both the 

PS II dimer and PS II monomer could be identified in the samples from the ΔPsbX strain 

and the wild-type strain with antibodies raised against the core proteins, D1, D2, CP43 

and CP47 (Figure 4.12B-E). A prominent difference between the ΔPsbX and wild-type 

strains was the reduction in the PS II dimer band when visualised using D2 and CP43 

antibody on HL treatment. With anti-D1 and anti-CP47 antibodies, however, the PS II 

dimer band was visible, but the PS II dimer band intensity was reduced in the ΔPsbX 

strain. Also, the signal from the PS II monomer band of the ΔPsbX strain appeared much 

pronounced as compared to the signal from the PS II monomer band of the wild-type 

strain. 

 The results indicated that either the HL irradiated PS II dimer from the ΔPsbX 

strain was prone to solubilisation by the detergent or the formation of PS II dimers on 

exposure to HL was slower in the ΔPsbX strain as compared to the wild type. For a 

better understanding of the changes in the PS II repair process of the ΔPsbX strain as 

compared to the wild-type strain, pulse-chase experiment using 35S-labelled Met was 

performed.  

Addition of 35S-labelled Met at the start of HL treatment was used to track the 

protein synthesis during photodamage and repair process. Cell samples were collected 

at T0 (start of HL treatment and addition of radioactive label), T45 (end of HL 

treatment), T60 (15 min of recovery under LL), T75 (30 min of recovery under LL), 

T165 (120 min of recovery under LL). The membranes were isolated and solubilised 

as per the process explained in sections 2.2.8.1 and 2.2.8.2, respectively. The results 

shown in Figure 4.13A,B do suggest a similar inference as observed with the western 

blotting of photodamaged cells. The majority of the 35S-label was concentrated with the 

PS II monomer in the ΔPsbX strain. The PS II dimer in the ΔPsbX cells, unlike the 

western blot; however, showed a strong signal as well. The overall signal strength from 

the protein complexes of the ΔPsbX strain was much stronger when compared to the 
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Figure 4.12 Separation and identification of PS II complexes in photodamaged wild type and the ΔPsbX cells. The cells at 10 μg.mL-1 chlorophyll 

a concentration were subjected to HL for 45 min followed by recovery under LL for 120 min. 2 mL cell samples were collected at the start (T0) of HL, 

T45 (HL switched off), T60 (15 min of recovery under LL), T75 (30 min of recovery under LL) and T165 (120 min of recovery under LL). Following 

thylakoid extraction and solubilisation complexes were separated on a 3-12% acrylamide gel (A) and different complexes were identified by western 

blot using antibodies raised against the proteins D1 (B), D2 (C), CP43 (D) and CP47 (E). 0.5 μg chlorophyll a equivalent of thylakoids were loaded in 

each lane. 
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Figure 4.14 Autoradiograph of two-dimensional PAGE of wild type and the ΔPsbX strain. (A) 

Wild type and (B) ΔPsbX membrane fractions from cells collected at T165 separated first by BN-PAGE 

and then SDS PAGE. Red arrows mark the possible position of the NdhH protein co-migrating with 

other proteins of the PS II complexes. 

Figure 4.13 Analysis of photodamage and recovery with proteins labelled using 35S-labelled Met. 

Cell suspensions at 10 μg.mL-1 chlorophyll a concentration were subjected to HL and LL treatment. 35S

labelled Met was added at the start of the HL treatment. Samples were collected at designated time 

points and membranes isolated. (A) Solubilised thylakoids separated on a 3-12% gradient acrylamide 

gel. (B) BN-PAGE gel visualised by autoradiography. 0.5 μg chlorophyll a equivalent of thylakoids 

were loaded in each lane. 
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wild-type strain. The signal strength between the PS II dimer and PS II monomer 

suggested almost an equal ratio between the two PS II complexes in the wild-type 

strain, which was not observed in the ΔPsbX strain where the signal was observed to 

be more concentrated with the PS II monomer band. A novel observation showed the 

presence of PS II dimer doublet in both the wild-type and ΔPsbX strains (Figure 4.13B) 

(the PS II dimer doublet was also observed in the ΔPsbT cells; Figure 4.9). The 35S-

labelled protein complexes separated in one dimension revealed the accumulation of 

PS II monomer and a PS II dimer doublet in the ΔPsbX strain. In Chapters 1 and 3, the 

turnover of D1 protein during PS II repair process has been mentioned, but a lack of PS 

II dimer with the anti-D2 and anti-CP43 antibodies observed in western blots of the 

ΔPsbX strain and the presence of PS II dimer doublets raised questions on the impact 

of photodamage on other core proteins D2, CP43and CP47 in the ΔPsbX strain. To 

answer the question, 35S-labelled protein complexes separated by BN-PAGE were 

further subjected to 2D-PAGE. Comparative assessment of the accumulation of 35S-

labelled Met in the ΔPsbX strain and the wild type (T165) performed using the two-

dimensional PAGE is presented in the Figure 4.14A,B. Increased accumulation of 35S-

Figure 4.15 Autoradiograph of two-dimensional PAGE of the ΔPsbX strain. Separated first by BN-

PAGE and then SDS PAGE for the thylakoid samples from cells collected at T60 (A) and T75 (B). Red 

arrows mark the possible position of the NdhH protein co-migrating with other proteins of the PS II 

complexes. 
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label in the core PS II proteins was evident in the ΔPsbX strain as compared to the wild-

type strain. Furthermore, the results showed the uptake of the label was not just in the 

D1 protein, but other core reaction proteins were also synthesised de novo on exposure 

to HL in both the wild type and the ΔPsbX strain. Although the majority of the signal 

was concentrated with the newly synthesised D1 protein, the band intensity of the 

CP47, CP43 and D2 proteins suggested that to maintain activity, de novo synthesis of 

PS II core proteins was required. In addition, the PS II dimer doublet seen more 

prominently in photodamaged ΔPsbX cells showed the presence of a protein 

prominently labelled with 35S (shown by red arrows in Figures 4.14-15) along with 

other PS II associated proteins. The CP43 protein, however, was not observed in the PS 

II dimer doublet. Following the time-course of the repair process in the ΔPsbX strain 

(Figure 4.15A,B), showed that most of the signal from the PS II dimer arose from the 

incorporation of a newly synthesised copy of D1 protein at T15. However, under LL the 

newly synthesised PS II monomer undergoes the dimerisation process to form active 

PS II dimers. This observation would be in agreement with the results of western 

blotting. 

4.6 Conclusions  

This chapter aimed at elucidating the role of one of the LMW proteins, PsbX that 

associates with the CP47 pre-assembly complex during PS II assembly. Removal of 

PsbX in Synechocystis 6803, like in the previous study (Funk 2000) did not show much 

difference in photoautotrophic growth as compared to the wild-type strain. However, 

oxygen evolution with synthetic quinones showed a slight decline. Sodium bicarbonate, 

when used to assess the oxygen-evolving capacity, reduced the difference in maximum 

oxygen-evolution rate between the wild type and the ΔPsbX strain. Fluorescence 

induction revealed subtle changes in the forward electron transport on removing PsbX. 

The fluorescence induction revealed the probable blocking of electron transport on 

removing PsbX. As compared to the wild type, the ΔPsbX strain showed a small 

reduction in the PS II assembly. Low-temperature fluorescence emission spectra of 

whole cells showed a probable change in the PS II to PS I ratio. Western blot following 

separation of protein complexes using BN-PAGE, identified the PS II dimer, PS II 

monomer and RC47 pre-assembly complex. Western blotting, however, showed PS II 
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assembly comparable to the wild-type strain. The results, suggest that the PS II 

assembly is not influenced directly by the PsbX protein. The oxygen-evolution assays 

revealed an increase in the DCMU-independent oxygen evolution when supported with 

DCBQ and potassium ferricyanide on removing PsbX. The oxygen-evolving activity in 

the ΔPsbX strain was also found to be sensitive to the presence of sodium formate 

which was reversed by addition of sodium bicarbonate. 

Chlorophyll a fluorescence relaxation assays and the kinetic analysis suggested 

the inhibition of forward electron transport between QA and QB, a likely change in the 

plastoquinone binding at the QB-binding site and a shift of the redox equilibrium 

towards QA-QB state in the ΔPsbX strain. The fluorescence relaxation in the presence of 

DMBQ inhibited the fluorescence quenching, construed to be achieved by forward 

electron transport. Since the DMBQ preferentially binds to the QB-binding site, it was 

hypothesised that the QB-binding site had developed conformational change due to the 

absence of PsbX. The altered QB-binding site in the ΔPsbX strain was causing a 

reduction in the IC50 value of DMBQ as well. A persistent observation made with the 

kinetic analysis of chlorophyll a fluorescence data was a faster decay half-time for the 

slow phase in the ΔPsbX strain that continued to be faster than wild type in the 

presence of sodium bicarbonate as well.  

4.6.1 The potential role of PsbX in stabilising the Fe-quinone acceptor 

complexes of PS II 

The results of fluorescence induction and fluorescence relaxation assay 

suggested altered acceptor-side events of PS II in the ΔPsbX strain. The oxygen 

evolution in the presence of sodium formate (Figure 4.4A), however, provided the 

primary clue to form the hypothesis of a weaker binding of bicarbonate ligand to the 

non-heme iron. However, two arguments could be raised for using the oxygen-evolving 

activity in the presence of DMBQ and sodium formate and the restoration of oxygen-

evolving activity by sodium bicarbonate as evidence to speculate about the 

bicarbonate-ligand binding. One is the presence of DMBQ with sodium formate when 

assaying the oxygen evolution, as the presence of DMBQ alone in chlorophyll a 

fluorescence relaxation inhibited the forward electron transport in the ΔPsbX strain. 

Second, on resolving the fluorescence relaxation curve into the three respective phases 
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showed that the presence of sodium bicarbonate with DMBQ was unable to return the 

kinetics to the wild-type levels. The kinetics of fluorescence relaxation in sodium 

formate treated cells, however, strengthened the hypothesis of loose binding of 

bicarbonate ligand in the ΔPsbX strain as the fast and middle phases of the fluorescence 

relaxation showed substantial increases as compared to the wild type. Moreover, the 

presence of sodium bicarbonate either alone or with sodium formate was unable to 

completely restore the decay half-times for the fast and middle phases.  

Increased fluorescence decay half-time for the middle phase of the fluorescence 

relaxation kinetics suggested an altered binding of plastoquinone to the QB-binding 

site. The inhibition of electron transport with the QB site-specific artificial quinone also 

hinted of alterations in the QB-binding site. Since the middle phase of the fluorescence 

relaxation kinetics is interpreted as the delayed binding of the quinone at the QB-

binding site. It is obvious to interpret that the enhanced decay half-time for the middle 

phase in the ΔPsbX strain is related to an altered QB-binding site, but this might be a 

simplification of the events, especially in the mutants. As the ΔPsbX also showed a 

slowed fast phase, which is interpreted as slowed electron transfer between the QA and 

QB. However, the slowed electron transfer between QA and QB might be the reason for 

the increased millisecond component. Due to the slowed electron transfer, the quinone 

bound at the QB-binding site might be taking longer to be reduced and therefore, is 

probably spending more time at the QB-binding site. It is therefore difficult to ascertain 

the actual outcome of knocking out the PsbX protein on the QB-binding site.  

The effect of removing the PsbX protein that persisted in the kinetic analysis of 

the fluorescence relaxation, irrespective of the treatment was the faster decay half-

time for the slow phase. The slow phase is supposed to indicate the charge 

recombination between the QA- and the S2 state of the OEC. The shift in the redox 

equilibrium towards QA-QB state in contrast to the normal QAQB- state has been 

suggested to be the reason for the faster slow phase. The proposed shift in the redox 

equilibrium towards the QA-QB state was persistent even in the presence of sodium 

bicarbonate in the ΔPsbX strain. The fluorescence induction suggested a slight change 

in the charge recombination kinetics in the ΔPsbX strain, which was later also implied 

by the kinetics analysis of the fluorescence relaxation with DCMU.  
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In the ΔPsbX strain, the millisecond component in the presence of DCMU was 

faster than wild type. Since, both the fast and slow components in the presence of 

DCMU are speculated to be arising due to the charge recombination, a faster 

millisecond component in the ΔPsbX strain hinted at the enhanced utilisation of some 

alternate pathways of charge recombination to quench fluorescence. One such 

pathway might be the cyclic electron transport involving Cyt b559 (Shinopoulos and 

Brudvig 2012). An enhanced milliseconds component would fit with the observations 

of enhanced oxygen evolution seen with DCBQ and DCMU in the mutants (ΔPsbM, 

ΔPsbT and ΔPsbX) than the wild type. All the mutants stated above, exhibited a faster 

decay half-time for the fast millisecond component in the presence of DCMU (Table 3.2, 

Table 3.5 and Table 4.2) and all of these mutants showed enhanced oxygen-evolution 

rates with DCBQ and DCMU. The results from these two experiments (fluorescence 

relaxation with DCMU and oxygen evolution with DCBQ and DCMU) do seem to suggest 

that the deletion of these proteins causes some conformational change in the PS II 

structure, making available some alternate pathways for charge recombination. This is 

further discussed, and detailed description of this hypothesis is presented in the 

discussions chapter (chapter 6). 

4.6.2 The disparity in the HL sensitivity with DMBQ or sodium bicarbonate 

The assembled PS II centres in the ΔPsbX strain not just showed a decline in 

oxygen evolution (with DMBQ and potassium ferricyanide as the electron acceptors) 

on exposure to HL intensity, but on returning the cells to LL, they exhibited a slower 

recovery as compared to the wild-type strain. The reduction in oxygen evolution, 

however, was not observed when using sodium bicarbonate to assess oxygen 

evolution. The PS II repair process, however, was found to be dependent on de novo 

protein synthesis. As the slowed PS II repair was not seen in other HL sensitive mutants 

used in this study, the western blot of photodamaged cells could have potentially 

revealed some yet unidentified intermediary steps during the repair of photodamaged 

PS II centres and clarify the differences observed between the results on using DMBQ 

or sodium bicarbonate. The western blots, however, failed to reveal any intermediate 

assembly complexes but revealed a loss of the PS II dimers (especially with the anti-D2 

antibody) in the ΔPsbX strain. The western blots with different antibodies also showed 

an accumulation of monomeric PS II complexes in the ΔPsbX strain. The accumulation 



 

125 
 

of the monomeric PS II in the ΔPsbX strain could answer the elevated oxygen evolution 

seen with sodium bicarbonate, and it could be hypothesised that the PS II monomer 

might be participating in oxygen evolution on using sodium bicarbonate while 

accessibility of QB-binding site in the PS II monomer to DMBQ is limited. The 

autoradiogram of 35S labelled proteins during the photodamage and recovery phases 

separated using BN-PAGE yet again revealed an accumulation of PS II monomer in the 

ΔPsbX strain. Of much interest, was the 2D-PAGE, as during the repair process the 

ΔPsbX strain accumulated a larger amount of label than the wild-type strain, which 

would indicate the turnover of the PS II core proteins was accelerated in the ΔPsbX 

strain under HL. Contrasting to the current model of repair presented in Figure 1.6 that 

suggests selective removal of only D1 protein, seems to be an over-simplification, as all 

the core proteins (D1, D2, CP43 and CP47) were labelled in both the wild type and the 

ΔPsbX strain. This would suggest that to maintain the PS II activity, de novo synthesis 

of PS II is coupled with the repair process under HL. Another interesting observation 

was the co-migration of the NdhH protein (shown with red arrows in Figures 4.14-15) 

with the complex containing CP47, D2 and D1. The mobility of this protein was similar 

to the protein identified as the NdhH protein by mass spectrophotometry following 

separation by two-dimensional PAGE by Jackson & Eaton-Rye (2015). The absence of 

CP43 in the PS II dimer doublet lane does support the conclusions made by (Bentley 

2008) that the PS II dimer doublet might be a result of dimerisation of RC47. However, 

the presence of the NdhH protein suggested that it might be an assembly intermediate 

in the process of dimerisation.  

A comparison of the PS II assembly between the ΔPsbT and ΔPsbX strains 

presented in Figure 4.9 helped to compare the HL sensitivity observed in the two 

strains. The ΔPsbT strain showed reduced PS II dimers and the extra PS II dimer 

doublet along with an accumulation of a CP43 containing complex. The results would 

suggest a destabilisation of PS II dimer in the ΔPsbT strain. Such destabilisation of 

dimers in the absence of LMW protein PsbH has been discussed by Komenda et al. 

(2002), where the PsbH removal was thought to weaken the binding of CP47 to the D1-

D2 heterodimer. The position of PsbT at the monomer-monomer interface would make 

it more plausible to think that the assembled PS II centres in the ΔPsbT strain would 

be prone to detergent assisted solubilisation of the total membrane. In the ΔPsbX cells, 



 

126 
 

however, no such PS II intermediates or unassembled PS II complexes could be 

identified with any of the four antibodies used in this study. The intensity of the bands 

observed in western blotting was also similar in the wild-type and ΔPsbX cells, 

suggesting a normal PS II assembly and the stability of the assembled PS II centres 

being similar in the wild type and the ΔPsbX strain. It could, therefore, be speculated 

that the HL sensitivity in the ΔPsbX strain is not due to flawed PS II assembly but is 

probably due to the enhanced damage to the PS II dimer or problems with dimerisation 

of PS II monomer during the PS II repair process. 

In summary, the fluorescence relaxation kinetics suggested a change in the 

oxidation state of the QA in the ΔPsbX strain. The altered redox equilibrium towards QA-

QB and not the usual QAQB- was inferred from the faster fluorescence decay half time 

observed for the slow phase along with a simultaneous increase in the amplitude for 

the slow phase observed with different treatments in the ΔPsbX strain relative to wild 

type. Addition of sodium bicarbonate was able to restore (up to a certain extent) the 

fast phase corresponding to the electron transfer between QA and QB. The fluorescence 

decay kinetics of the middle phase and the slow phase, however, suggested an altered 

plastoquinone binding at the QB-binding site and the faster direct charge 

recombination in the ΔPsbX cells as compared to the wild type. The results of western 

blotting and pulse-chase experiments suggested a slowed PS II dimerisation process in 

the ΔPsbX strain, leading to a severe reduction in the oxygen-evolving activity on 

exposure to HL in the ΔPsbX cells. As incorporation of the D1 protein appeared to be 

near normal in the ΔPsbX strain, the sensitivity of the ΔPsbX strain to HL was 

speculated to arise due to an enhanced rate of damage to the D2 protein (core reaction 

protein that provides ligands to the QA and shows damage due to oxidative nature of 

water splitting). The hypothesis of the D2 protein being affected in the ΔPsbX mutant 

strain was also indicated by the change in the electron transport kinetics observed with 

chlorophyll a fluorescence relaxation assays. The observed shift in the redox 

equilibrium towards the QA-QB state observed in the ΔPsbX strain could be because of 

removing PsbX on D2, as the D2 protein harbours the QA molecule. The conclusions 

drawn here are discussed further in Chapter 6. The question, however, was how the 

PsbX protein might be influencing the D2 protein?  
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5 Site-directed mutagenesis targeting conserved Arg 

residues on the N-terminus of the D2 protein 

5.1 Introduction 

Physiological characterisation of the ΔPsbX strain in the previous chapter 

revealed three notable findings. Removing PsbX, 1) caused changes in the binding of 

plastoquinone at the QB–binding site, 2) altered the redox equilibrium towards the QA-QB 

as compared to the normal QAQB-, and 3) caused an increase in the rate of damage to the 

PS II dimer under HL. The phenotypical changes observed in the ΔPsbX mutant were 

hypothesised to be due to the changes in the properties of QA (ligands provided by D2) 

and QB (ligands provided by D1) binding pockets. In addition, under HL a putative 

enhancement in the damage to the D2 protein and a possible slowed dimerisation during 

PS II repair in the ΔPsbX strain was also speculated. These changes hinted at some 

interaction between the D2 protein and PsbX in vivo. As the PsbX protein is hypothesised 

to associate with the CP47 pre-assembly complex, the question then asked was; do the 

PsbX protein interact with the D2 protein in the mature PS II dimer? To answer the 

question, a closer examination of the PS II crystal structure (PDB:4UB6) was undertaken 

to see if the amino-acid residues of the PsbX and the D2 proteins interact with each other 

in the PS II dimer.  

Crystal structure of PS II shows the PsbX protein to have regions protruding in the 

cytosol and the thylakoid lumen at both the N- and C-terminus, respectively (Umena et al. 

2011, Suga et al. 2015). Before looking at the interactions, however, the multiple 

sequence alignment of PsbX from different species was undertaken to identify the 

conservation of the amino-acid residues of the PsbX protein. The interactions of PsbX 

with neighbouring proteins of PS II were identified using PyMOL. The multiple sequence 

alignment of the D2 protein across different species is also presented to reveal the 

conservation of the amino-acid residues identified to be interacting between PsbX and 

D2. Based on the interaction identified between PsbX and the D2 protein and multiple 

sequence alignment point mutations were created at the Arg24 and Arg26 residues of the 

D2 protein and characterised. 
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Figure 5.1 Structure prediction and multiple sequence alignment of PsbX. (A) Structure prediction of PsbX to identify the membrane-

spanning region of PsbX in Synechocystis 6803 using web-based tool PROTTER (Omasits et al. 2014). The Ser31 and Asp34 residues 

observed to be absolutely conserved among the species, are highlighted. (B) Multiple sequence alignment of PsbX from different species, 

amino acids with more than 60% of conservation among the species considered for alignment are highlighted. Amino acid sequences on the 

N- and C-terminus for species with leader sequences are trimmed to fit the alignment. 



 

130 
 

5.2 Sequence analysis of PsbX 

The structure of PS II at 1.95 Å from T. vulcanus shows PsbX to have a single 

membrane-spanning α-helix (Suga et al. 2015). Modelling the structure of PsbX from 

Synechocystis 6803, using PROTTER (http://wlab.ethz.ch/protter/start), showed the 

transmembrane region to extend from tryptophan (Trp) 10 to isoleucine (Ile) 30 

(Figure 5.1A). The PS II structure (PDB:4UB6) shows the N-terminus of PsbX 

protruding into the thylakoid lumen and the C-terminus of PsbX extending into the 

cytosol (Suga et al. 2015). Figure 5.1B shows the multiple sequence alignment of the 

PsbX protein sequences from twenty-three different species, representing 

cyanobacteria, algae and higher plants. Interestingly, the sequences from the 

eukaryotes (Chlamydomonas reinhardtii, Arabidopsis thaliana and Spinacia oleracea) 

and a few cyanobacteria (Cyanothece sp. PCC 7425, Prochlorococcus marinus, T. 

elongatus and T. vulcanus) showed the presence of N-terminal leader sequence. 

Channelling of proteins to biological membranes through secretory pathways is a 

common process among all organisms. The N-terminal region is known to guide the 

entry of the protein in the thylakoid membrane or facilitates in the transfer of protein 

through the lipid bilayer (Nielsen et al. 1997, Romero-Ruiz et al. 2010). Sequence 

alignment presented in the Figure 5.1B showed high levels of conservation at the N-

terminus, C- terminus, and for the glycine (Gly) 15 amino-acid residue among the 

species considered for alignment.  

The multiple sequence alignment showed that in more than 90% of the species 

considered for alignment the N-terminal amino acid residues, threonine (Thr) 2, serine 

(Ser) 4, leucine (Leu) 5 and phenylalanine (Phe) 8 are conserved. In addition, three 

amino acid residues in the C-terminal region, Ser31, aspartic acid (Asp) 34 and arginine 

(Arg) 38 also showed a high level of conservation. The Ser and Asp amino acid residues 

at positions 31 and 34, respectively, were found to be absolutely conserved among the 

species considered for alignment. In the transmembrane helix, the amino acids Ser11, 

Leu12 and Gly15 were observed to be conserved in more than 80% of the species 

considered for alignment. Such high level of conservation suggests functional 

importance of these amino-acid residues at the N-terminal, C-terminal ends and the 

transmembrane region of the protein and of the protein itself. 
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Figure 5.2 Polar interactions of PsbX amino-acid residues with amino acids of CP47 and D2. 

(A) Arg39 of PsbX forms polar interactions with both Asp20 of D2 and Asp501 of CP47. (B) Polar 

interactions between the C-terminus residues of PsbX and CP47. (C) Polar interaction between the 

Asp35 of PsbX and Arg24 of D2 protein. The interactions are represented with orange dash. PsbX 

(splitpea green), CP47 (green) and D2 (yellow). Figures are drawn using PyMOL version2.0.5 on 

the PS II crystal structure (PDB:4UB6). To identify interactions ‘Find’ function of PyMOL was used. 

Amino acids are numbered according to the labels in PDB:4UB6. 
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5.3 Assessment of PS II structure to identify the interacting 

residues between the PsbX and neighbouring proteins 

The ‘Find’ function of PyMOL identified the interacting residues between the 

PsbX and the neighbouring proteins. Both polar interactions and any interactions less 

than 4 Å were used as parameters to identify the interacting residues in the recent PS 

II structure (PDB: 4UB6) from thermophilic cyanobacterium T. vulcanus. For clarity, 

the amino acids of the PsbX protein are numbered according to the sequence of 

Synechocystis 6803 with Met numbered as 1 to Ser39 (Figure 5.1A) in the text. In the 

figures, the amino acid residues are labelled according to the labels in the PDB:4UB6 

file. 

The PS II crystal structure showed the N-terminus region of PsbX to be within 4 

Å with the water molecules. The Ser4 amino-acid residue also showed polar interaction 

with the Ile54 of the PsbH. The C-terminus tail of PsbX was found to lie near the N-

terminus region of the D2 protein and the C-terminus of the CP47 (valine (Val) 491 to 

Arg505) protein. Many residues of PsbX and CP47 or D2 were found to be within 4 Å. 

The Arg39 (Arg38 in Synechocystis 6803) amino-acid residue of the PsbX formed polar 

interactions with the Asp amino-acid residue of both the D2 (Asp20) and the CP47 

(Asp501) (Figure 5.2A) proteins. The Ser39 (Ser40 in PDB:4UB6) amino-acid residue 

of the PsbX protein also formed polar interactions with the Arg505 amino-acid residue 

of the CP47 protein. The Arg38 (Arg39 in PDB:4UB6) amino-acid residue of the PsbX 

protein along with Asp501 of the CP47 protein was also observed to interact with the 

Thr503 amino-acid residue of the CP47 protein. Glutamine (Gln) residues at positions 

38 (aligns with Thr37 in Synechocystis 6803) and 497 in the PsbX and CP47 proteins, 

respectively, also formed polar interactions with each other (Figure 5.2B). The amino-

acid residue, Asp35 (Asp34 in Synechocystis 6803) of the PsbX protein was observed to 

form a polar interaction with the Arg24 amino-acid residue of the D2 protein (Figure 

5.2C). 

The multiple sequence alignment (Figure 5.1B) showed a high level of 

conservation from the Ser11 to alanine (Ala) 16 amino-acid residues and the Val19 to 

proline (Pro) 22 amino-acid residues of the PsbX protein among the species considered 



 

133 
 

for alignment. The computational analysis of the PS II structure revealed the residues 

between the Leu14 and Val19 (numbered according to PDB:4UB6) amino-acid 

residues of the PsbX protein to be within 4 Å of one of the chlorophyll a molecules that 

associate with the D2 protein. Chlorophyll a being one of the crucial co-factors required 

for the activity of the PS II, a high level of conservation observed in this region could be 

related to the interactions with the chlorophyll a and the interactions could be 

hypothesised to exist in other organisms as well. The region from Val19 to Ile30 (Val20 

to Ile31 in PDB:4UB6) showed interactions with the sulfoquinovosyldiacylglycerol 

(SQDG) that associate with PsbF in the crystal structure. SQDG is a sulfur-containing 

lipid found in the thylakoid membrane of cyanobacteria and has been found to be 

critical for the survival of Synechocystis 6803 (Güler et al. 2000, Aoki et al. 2004). The 

interactions of the residues of PsbX with SQDG thus, potentially be essential for 

maintaining the PS II activity and assembly. 

In the computational analysis of the PS II structure, two residues of the D2 

protein identified to be forming polar interactions with the amino-acid residues of the 

PsbX protein were Asp20 and Arg24. Interaction of Arg39 (Arg39 in Synechocystis 

6803) with Asp20, however, was not exclusive to the D2 protein and involved the 

Asp501 amino-acid residue of the CP47 protein. The next step to answer the question 

asked at the beginning of the chapter, therefore, was to look at the structure and 

sequence of the D2 protein in Synechocystis 6803. 

5.4 Structure prediction and the sequence analysis of the D2 

protein 

The D2 protein in Synechocystis 6803 contains 352 amino acids with five 

transmembrane helices. The structure prediction using the SWISS-MODEL repository 

(Biasini et al. 2014, Bienert et al. 2017) is presented in Figure 5.3A,B. Transmembrane 

regions were found to be between cysteine (Cys) 40 to Thr60, Gly124 to Pro140, 

Val152 to Ser165, Gly207 to glutamic acid (Glu) 227 and Gly278 to Arg294 (highlighted 

regions in alignment presented in Figure 5.3A). The alignment and the structure were 

predicted based on the PS II structure PDB:5B5E (Tanaka et al. 2017). 
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Figure 5.3 Alignment and structure prediction of the D2 protein using SWISS-MODEL 

repository. (A) Alignment of the PsbD amino-acid sequence from Synechocystis 6803 with the PsbD 

amino-acid sequence from PDB:5B5E. (B) Predicted structure of the D2 protein from Synechocystis

6803. The transmembrane regions are highlighted in light blue. 
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Figure 5.4 Multiple sequence alignment of the first 38 amino-acid residues of PsbD from different species. Amino-acid residues with more than 80% 

conservation level among the species are highlighted. Arg residues 24 and 26 are numbered in the alignment. 
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The multiple sequence alignment of the D2 protein among different species 

showed a high level of conservation, which could be predicted due to the importance 

of the D2 protein in the PS II activity. However, the sequence alignment was focused on 

the amino acids (Asp20 and Arg24) identified to be forming polar interactions with the 

PsbX protein. Since, both the amino acids are present in the N-terminus region of the 

D2 protein, the sequence alignment of the first 38 amino acids are presented in Figure 

5.4. Both the Asp20 and Arg24 were observed to be conserved in more than 80% of the 

species considered for alignment, with Asp 20 being absolutely conserved. Also, the 

amino-acid residues at positions 23, 24 and 26 were observed to be positively charged 

amino acids and were conserved with a sequence identity of more than 80% among 

the species considered for alignment. The amino-acid sequence alignment also showed 

that across different species the changes at the position 24 were mostly charge-

conserved changes with Arg replaced by another basic amino acid, lysine (Lys). Only in 

one case among the twenty-two species Arg was observed to be replaced by the polar 

amino acid Gln. The Arg26 was also observed to be absolutely conserved among the 

different species, suggesting the importance of this residue.  

One polar interaction found to exist exclusively between PsbX and D2 was the 

one involving Arg24 amino-acid residue of the D2 protein. A high conservation level of 

the Arg24 residue suggested that the interaction might be important for PS II activity 

and thus was chosen to be explored by site-directed mutagenesis of D2. Multiple 

sequence alignment of the amino-acid residues of the D2 protein (Figure 5.3) from 

different species showed a high level of conservation for the Arg24 and Arg26 residues 

among the species considered for alignment. Since the PsbX protein in Synechocystis 

6803 is slightly smaller as compared to the T. vulcanus (PDB:4UB6) (Figure 5.1B). An 

assumption was made that either of these Arg residues (due to them being close to each 

other) could be interacting with the Asp 34 amino-acid residue of PsbX. As such, point 

mutations were introduced at both the Arg24 and Arg26 positions, individually and in 

combination. Three strategies for introducing point mutations considered were; 1) Arg 

residue was replaced with an alanine (Ala), to remove the side chain, 2) Arg residue 

was replaced with an Asp, reversal of charge to disrupt the interaction and 3) Arg 

residue was substituted with Lys as a charge-conserved mutation. The physiological 

impacts on PS II activity, PS II assembly and response to HL intensity due to the point  
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Figure 5.5 Construction of D2 mutagenesis system. (A) DNA sequence of the downstream flanking region of the psbD1/psbC operon showing the site 

for introduction of StuI site, used to insert the spectinomycin-resistance cassette. (B) Plasmid map of the pPsbD1/PsbC plasmid. The HindIII restriction 

sites are shown on the map and the size of the fragments generated on restriction digest are shown using the red dashed arrow between HindIII sites. (C) 

Confirmation of the correct construct of pPsbD1/PsbC using the HindIII restriction enzyme, lane1: 1Kb plus DNA ladder; Lanes 2 and 3: Two pPsbD1/PsbC 

plasmids from different E. coli colonies digested with HindIII and separated on a 0.8% agarose gel. 
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Figure 5.6 Confirmation of the presence of mutations in the plasmids generated using Quikchange II site-directed 

mutagenesis kit in the pPsbD1/PsbC plasmid by Sanger sequencing. Individual plasmids were then used to transform 

ΔPsbD1:ΔPsbC:ΔPsbD2 Synechocystis 6803 to create strains used in this study. 
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mutations in the D2 protein, were studied using assays described in the previous 

chapters.  

5.5 Construction of the D2 mutagenesis system 

In Synechocystis 6803, two copies of the gene coding for the D2 protein exists. For 

clarity throughout this thesis, the constitutively expressed copy of the gene coding for 

the D2 protein is labelled as psbD. The other copy of the gene encoding for the D2 

protein is referred to as psbD2. The coding region of the psbD1 gene overlaps with psbC 

(encodes for the CP43 protein). The start codon of the psbC gene is situated 14 bp 

upstream from the psbD1 stop codon and starts with the GTG codon (Carpenter et al. 

1990). The psbD2 gene is monocistronic and shares 100% amino-acid sequence 

identity with psbD1 in Synechocystis 6803. In previous studies, psbD2 was found to be 

expressed strongly under HL in Synechococcus sp. PCC 7942 (Bustos and Golden 1992, 

Anandan and Golden 1997). In Synechocystis 6803, however, the expression of the 

psbD2 gene under stress was not as strong as in Synechococcus sp PCC 7942 (Hihara et 

al. 2001, Angermayr et al. 2016). The transcription of psbD2 in Synechocystis 6803 was 

observed to increase 5-7 times when cells were irradiated with UV-B (Viczián et al. 

2000).  

Although psbD2 is the stress-induced copy of the genes coding for the D2 

protein, the overlapping ORF of psbD1/psbC makes it the preferred operon (as deleting 

the psbD1 gene could also interfere with the expression of psbC) for introducing 

mutations to study the role of specific amino-acid residues of the D2 protein. 

Introduction of mutation in the psbD2 after deleting is also an issue due to the presence 

of slr0929, which is only 13 bp after the 3’ UTR downstream to the psbD2 ORF. As such, 

introducing an antibiotic-resistance cassette downstream of psbD2 might interfere 

with the expression of slr0929. 

Due to the reasons stated above, all the point mutations have been introduced 

in the psbD1 gene in this study. The ΔPsbD1:ΔPsbC:ΔPsbD2 triple deletion mutant 

strain was used as the parent strain to introduce the mutated psbD1/psbC gene. The 

psbD1/psbC operon in the triple deletion strain is replaced by a chloramphenicol-

resistance cassette, while the psbD2 gene is replaced by a kanamycin-resistance 
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Figure 5.7 Physiological characterisation of the control strain and the Arg24 mutants. (A) 

Photoautotrophic growth curve, results shown are the averages of three independent measurements, 

error bars are standard errors, error bars smaller than the marker are not visible. (B) Whole cell 

absorption spectra normalised to 440 nm peak. (C) Low-temperature fluorescence emission spectra 

following excitation of whole cells at 440 nm, curves shown are averages of three independent 

experiments. (D) Low-temperature fluorescence emission spectra following excitation of whole 

cells at 580 nm, curves shown are averages of three independent experiments. The curves presented 

in C and D are normalised to PS I emission at 725 nm. PsbD1C+:ΔPsbD2 (purple solid line); R24A 

(orange solid line); R24D (green solid line) and R24K (blue solid line). Markers in panel A represent 

the time points where O.D. was measured. 

Photoautotrophic 
growth 

Whole-cell spectra 

440 nm 580 nm 
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cassette (Nicol 2014). For the construction of the pPsbD1:PsbC plasmid, a StuI 

restriction site was introduced by replacing GG with a CC, 263 bp downstream of the 

psbC ORF (Zhong, unpublished data) (Figure 5.5A). A spectinomycin-resistance 

cassette was then introduced at this StuI restriction site to give the plasmid 

pPsbD1:PsbC (Figure 5.5B). To make sure the absence of any undesired mutations in 

the insert of the plasmid and the correctness of the construct, the plasmid was 

subjected to restriction digest with HindIII (Figure 5.5C) and Sanger sequencing (data 

not shown). The desired mutations were introduced in the pPsbD1:PsbC plasmid by 

designing specific primers (Table 2.1) with mutations and then using the QuikChange 

II site-directed mutagenesis kit from Agilent Technologies, USA to introduce desired 

mutations. The standard procedure for E. coli transformation (section 2.2.5) was then 

used and the plasmids so obtained were sequenced to confirm the mutation (Figure 

5.6). The plasmids with desired mutations were then used to transform the 

ΔPsbD1:ΔPsbC:ΔPsbD2 strain of Synechocystis 6803 using the cyanobacterial 

transformation procedure (section 2.2.6) to obtain the desired strains. The 

transformed Synechocystis 6803 cells were subjected to PCR, and the PCR products 

were sequenced (data not shown), to confirm the presence of mutations. The 

ΔPsbD1:ΔPsbC:ΔPsbD2 strain was also transformed with a non-mutated pPsbD1:PsbC 

plasmid to give a strain designated as the PsbD1C+:ΔPsbD2 control strain. This strain 

was used as a control strain, as it carried the spectinomycin-resistance cassette that is 

present in all the mutants, but not present in the wild type. The PsbD1C+:ΔPsbD2 

control strain, like the other D2 mutants used in this study, also lacks the psbD2 gene. 

5.6 Physiological characterisation of the Arg24 mutants 

As mentioned in section 5.4 three mutants were constructed to study the 

physiological role of the Arg residue at position 24. The Arg residue at position 24 was 

modified to Ala, Asp or Lys to make the corresponding mutants, named as the R24A, 

R24D and R24K, respectively. 
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5.6.1 Photoautotrophic growth, whole cell spectra and low-temperature 

fluorescence emission 

The physiological importance of the Arg residue at position 24 was assessed by 

studying the impact of mutations on photoautotrophic growth. Photoautotrophic 

growth is presented in the Figure 5.7A. In this study, the absence of psbD2 in the 

PsbD1C+:ΔPsbD2 control strain potentially resulted in a slight decline in the 

photoautotrophic growth capabilities as compared to the wild type. The doubling time 

of the PsbD1C+:ΔPsbD2 control strain was calculated to be 14 h. The doubling time of 

the R24A strain (13 h) was slightly faster than the control strain. The R24A strain 

although showed a marginally faster doubling time than the control strain, but the 

difference in the doubling time between the R24A and control strain was non-

significant (p = 0.18). Both the R24D and R24K strains showed a decline in the 

photoautotrophic growth as compared to the control strain with a doubling time of 18 

h. To assess the relative abundance of photosynthetic pigments in the mutants a 

comparison of the whole cell absorption spectra between the control strain, and the 

mutants are presented in Figure 5.7B. The normalised absorption spectra of the control 

and R24A strains overlapped on each other. The R24D and R24K strains, however, 

showed a reduction in the absorption maxima at 625 nm (corresponding to PC) and 

685 nm (corresponding to chlorophyll a). The region between 475 nm to 520 nm, 

corresponding to the absorption region of carotenoids showed a slight increase for the 

R24D and R24K strains. Normalised low-temperature fluorescence emission spectra of 

whole cells on excitation at 440 nm (Figure 5.7C) showed a small decline in the 685 nm 

and 695 nm peaks for the R24A and the R24K strains as compared to the control strain. 

In the R24D strain, in addition to a small decline in the 685 nm peak, a nearly complete 

loss of the 695 nm peak was observed, indicating PS II assembly was impaired in this 

mutant. Emissions following excitation of whole cells at 580 nm indicated only minor 

changes in the PS II antenna assembly for the R24A and the R24K strains as compared 

to the control strain. In the R24D strain, however, the PBS coupled energy transfer was 

hampered, indicated by a massive emission at 685 nm (Figure 5.7D), and would be in 

agreement with impaired PS II assembly in the R24D strain. 
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5.6.2 Steady-state oxygen evolution 

Average maximum oxygen-evolution rates are presented in Table 5.1. On 

assessing the oxygen evolution supported by DMBQ and potassium ferricyanide, the 

control strain showed the highest oxygen-evolving activity. Among the point mutants, 

the R24A strain had the maximum oxygen-evolution rate while the R24D strain gave 

the least rates. The oxygen-evolution rate decreased by 23% and 37% in the R24A and 

the R24K strains, respectively, as compared to the control strain. In the R24D strain, 

the oxygen evolution dropped by 72% in comparison to the control strain. Oxygen-

evolution rates supported by sodium bicarbonate (Table 5.1), however, showed that 

the oxygen-evolving activity of the R24D and R24A strains was slightly enhanced than 

the control and the R24K strains. 

  

Figure 5.8 Steady-state oxygen-evolution traces for the control and Arg24. In the presence of (A) 

DMBQ and K3Fe(CN)6 and (B) sodium bicarbonate. Light on and Light off represent the time points 

where the light source was switched on and off, respectively, during the assay. The curves are averages 

of at least two independent biological replicates. PsbD1C+:ΔPsbD2 (purple solid line); R24A (orange 

solid line); R24D (green solid line) and R24K (blue solid line). DMBQ: 250 μM, K3Fe(CN)6: 1 mM, 

and sodium bicarbonate: 15 mM. 

DMBQ+potassium 
ferricyanide 

Sodium bicarbonate 
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Table 5.1 Maximum oxygen-evolution rates and Fv/Fm values from the control and the Arg24 

mutants. 

The oxygen-evolution traces presented in Figure 5.8 showed the overall impact 

of mutations on the oxygen-evolving activity. The oxygen-evolution traces in the 

presence of DMBQ (Figure 5.8A) showed that in all the strains the oxygen-evolving 

activity dropped progressively due to photoinactivation during the 3 min period of 

illumination. The oxygen-evolution traces indicated a similar trend as shown by the 

maximum oxygen-evolution rates. The R24D strain showed the least oxygen-evolving 

capacity, while the R24A strain showed the maximum oxygen-evolving activity among 

the point mutants. In the presence of sodium bicarbonate (Figure 5.8B), however, the 

oxygen-evolution traces were similar between the control strain and the mutants. The 

data above indicated that the active PS II centres could assemble in the Arg24 mutants. 

To elaborate and understand the impacts of the mutation on the acceptor-side electron 

transport events in the assembled PS II centres, chlorophyll a fluorescence based 

assays were performed. 

5.6.3 Fluorescence induction and chlorophyll a fluorescence relaxation  

Normalised fluorescence induction using BMF (Figure 5.9A) showed that the 

rise of fluorescence for the R24A and R24K strains were comparable to the control 

strain. The R24K strain, however, reached the Fm slightly earlier as compared to the 

control strain. The shape of the curve for the R24D strain was observed to be different 

from the other strains, and the rise of fluorescence between J and P inflexion points 

was negligible. Fv/Fm values presented in Table 5.1 shows the PS II efficiency in the 

Arg24 mutants. The PS II efficiency was observed to be nearly same for the R24A and 

 
Oxygen evolution (μmol (mg of chlorophyll)-1 h-1) 

Fv/Fm# 
DMBQ* Sodium bicarbonate* 

PsbD1C+:ΔPsbD2 578±67 597±8 0.91 

R24A 448±12 666±1 0.89 

R24D 160±4 701±10 0.75 

R24K 363±36 617±82 0.89 

*#The data presented are averages of two independent experiments. * standard error values are presented with the ± symbol. 

Final concentrations of additives were; DMBQ-250 μM, potassium ferricyanide-1 mM sodium bicarbonate-15 mM. The 

maximum oxygen evolution rates were calculated as per the process explained in section 2.2.7.4. 
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Figure 5.9 Room temperature variable fluorescence induction for the control and Arg24 mutants.

(A) Fluorescence induction using BMF, (B) Fluorescence induction using BMF in the presence of 

DCMU, (C) Fluorescence induction using RMF, (D) Fluorescence induction using RMF in the 

presence of DCMU. The curves are averages of at least three independent biological repeats. 

PsbD1C+:ΔPsbD2 (purple solid line); R24A (orange solid line); R24D (green solid line) and R24K 

(blue solid line). Markers represent the readings at specific time points. 

BMF(-DCMU) BMF(+DCMU) 

RMF(-DCMU) RMF(+DCMU) 
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the R24K strains, while the R24D strain showed a decline in the PS II efficiency. Relative 

rise of fluorescence to the J inflexion point in the presence of DCMU is proportional to 

the active PS II centres, and thus to relatively quantify the PS II assembly in the control 

strains and the mutants, fluorescence induction was measured with DCMU in the 

control strain and the mutants. The data (Figure 5.9B) showed a decline in J levels 

relative to the control strain by as much as 57% in the R24D strain, while the R24A and 

R24K strains showed a decline by 12% and 27%, respectively. 

In section 5.6.1 low-temperature fluorescence emission spectra of whole cells 

showed uncoupling of PBS for the R24D strain. To further test, the PBS-coupled energy 

transfer in these strains, fluorescence induction assay was performed by selective 

excitation of the PBS antenna using RMF. The fluorescence induction curve using RMF 

(Figure 5.9C) showed a similar pattern of fluorescence rise in the control and the R24A 

strains, while the increase between J to P inflexion points was slightly faster in the 

R24K strain as compared to the control strain. Fluorescence rise in the R24D strain, 

however, remained almost constant after the initial rise to J inflexion point, which 

would be consistent with the uncoupling observed in the low-temperature 

fluorescence emission spectra on the excitation of whole cells at 580 nm. Another 

feature noted in the induction curve without DCMU using RMF was the decrease in the 

fluorescence once the P peak was reached. The control, R24A and R24K strains 

exhibited a slower decline in fluorescence as compared to the R24D strain. The slow 

fluorescence transient after attaining Fm has been attributed to the regulatory 

distribution of antenna between PS I and PS II in both algae and cyanobacteria (Kaňa 

et al. 2012, Kodru et al. 2015). The complete state-transition from state 1 (larger 

antenna with PS II; high-fluorescent state) to state 2 (larger antenna with PS I; low-

fluorescent state) due to the compromised nature of PS II in the R24D strain was 

probably causing the fluorescence to fall rapidly and ultimately reach 
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Figure 5.10 Relaxation of flash-induced chlorophyll a fluorescence for the control 

and Arg24 strains. (A) With no-addition treatment, inset shows the relative variable 

fluorescence. (B) in the presence of 40 μM DCMU, (C) in the presence of 250 μM DMBQ 

and (D) in the presence of 250 μM DMBQ and 15 mM sodium bicarbonate. The curves 

shown are the averages of at least three independent biological replicates. 

PsbD1C+:ΔPsbD2 (purple solid line); R24A (orange solid line); R24D (green solid line) 

and R24K (blue solid line). 

No addition DCMU 

DMBQ DMBQ+sodium 
bicarbonate 
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 Table 5.2 Forward electron transfer kinetics in the control strain and the Arg24 mutants, based on the normalised chlorophyll a fluorescence relaxation*. 

Highlighted cells indicate major changes observed between the strains. 

  Half-time(μs) A% Half-time(ms) A% Half-time(s) A% 

No addition PsbD1C+:ΔPsbD2 298 ± 5 66 ± 0.9 3.6 ± 0.4 24.3 ± 1 9.4 ± 0.8 9.5 ± 0.1 

R24A 299 ± 25 65 ± 3 3 ± 0.5 25 ± 2.0 8 ± 1.0 10 ± 0.3 

R24D 339 ± 7 43 ± 1.1 4.5 ± 0.6 23 ± 1.5 1 ± 0.03 34 ± 1.6 

R24K 369 ± 4 62 ± 0.4 2.9 ± 0.2 31 ± 0.4 2.7 ± 0.6 7 ± 0.0 

DCMU PsbD1C+:ΔPsbD2   1.3 ± 0.2 8.9 ± 0.3 0.5 ± 0.0 91.1 ± 0.3 

R24A   1.0 ± 0.1 8.1 ± 1.4 0.5 ± 0.0 91.9 ± 1.4 

R24D   1.7 ± 0.2 13.0 ± 1.4 0.5 ± 0.0 87 ± 1.4 

R24K   1.8 ± 0.3 9.8 ± 0.5 0.4 ± 0.0 90.2 ± 0.5 
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DMBQ PsbD1C+:ΔPsbD2 260 ± 6 54 ± 2 9 ± 0.3 27 ± 1.0 7 ± 0.2 19 ± 0.4 

R24A 371 ± 15 40 ± 0.2 11 ± 0.2 26 ± 0.7 2 ± 0.1 34 ± 0.4 

R24D 361 ± 66 14 ± 0.7 10 ± 1.8 14 ± 0.1 1 ± 0.0 72 ± 0.8 

R24K 280 ± 21 57 ± 1.4 9 ± 1.8 28 ± 1.7 11 ± 1.3 15 ± 0.9 

DMBQ/Bicarbonate PsbD1C+:ΔPsbD2 220 ± 3 60 ± 0.2 8.3 ± 0.8 25 ± 0.4 12.6 ± 2.1 15 ± 0.2 

R24A 239 ± 13 55 ± 0.5 7 ± 0.3 28 ± 0.1 11 ± 1.3 17 ± 0.6 

R24D 248 ± 21 30 ± 4.0 11 ± 3.0 20 ± 1.0 0.7 ± 0.1 50 ± 5.0 

R24K 262 ± 0.4 63 ± 0.2 8 ± 0.2 26 ± 0.3 20 ± 2.0 12 ± 0.0 

*The presented data are averages of the three independent experiments. Standard error values are shown after the ± symbol.  The analysis was performed on the fluorescence decay after exposure 

to single actinic flash. The curves were analysed as per two exponential (microsecond and millisecond) and one hyperbolic (seconds) components. The curves with DCMU were analysed as per 

one exponential (millisecond) and hyperbolic (seconds) components. Refer section 2.2.7.8 for details of analysis. Final concentrations of additives were; DCMU-40 μM, DMBQ-250 μM, sodium 

bicarbonate-15 mM. 
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below Fo. Fluorescence induction using RMF in the presence of DCMU (Figure 5.9D) 

showed the rise of fluorescence in the R24A to be slightly higher than the control strain, 

while the R24K and R24D showed a similar increase in fluorescence. 

The results of chlorophyll a fluorescence relaxation with no-addition treatment, 

with DCMU, with DMBQ and with DMBQ and sodium bicarbonate are shown in Figure 

5.10A-D, and the kinetic analysis is presented in Table 5.2. The curves shown in Figure 

5.10A, indicated the similarity of fluorescence relaxation between the control strain 

and the R24A and the R24K strains, while the R24D strain showed a blockage in the 

forward electron transport causing a delayed fluorescence decay. The variable 

fluorescence (Ft-Fo) rise after exposure to a single actinic flash in the chlorophyll a 

fluorescence decay presented in the inset of Figure 5.10A, showed a substantial decline 

in the magnitude of variable fluorescence rise for the R24D strain. Kinetic analysis 

(Table 5.2) showed a delay in electron transport between QA to QB for both the R24D 

and R24K strains. A slight increase in the half-time for the millisecond component 

indicating the binding of plastoquinone to QB-binding site was also seen for the R24D 

strain. A large change could be observed in the half-time for the slow (second) 

component for the R24D and R24K strains. The relative amplitude of the slow 

component was also increased to 34% for R24D as compared to approximately 10% 

for other strains. In the presence of DCMU (Figure 5.10B), however, both the relaxation 

curves and kinetics did not show much difference between the strains. In the presence 

of DMBQ (Figure 5.10C), the fluorescence relaxation curve of the R24K strain 

resembled the control strain. Kinetic analysis also indicated the similarity of 

fluorescence decay in the control strain and the R24K strain. The R24A and R24D 

strains, on the other hand, showed an increase in the half-time for both the 

microsecond and millisecond components. The change in the fluorescence relaxation 

of the R24D strain was observed to be most affected in the presence of DMBQ. In both 

the R24A and R24D strains, the half-time for the slow component decreased notably 

from the R24K and the control strains. A substantial increase in the relative amplitudes 

of the middle and slow phases as compared to the control strain components for the 

R24A and R24D strains also indicated a change in both the binding of DMBQ to the QB-

binding site as well as the inhibition of electron transport in the presence of DMBQ.
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Figure 5.11 Susceptibility of the Arg24 mutants to HL intensity and recovery under LL intensity. 

Percentage change in maximum oxygen-evolution rate was measured at each time point and is shown 

by a marker. (A) Oxygen-evolving activity was supported by 250 μM DMBQ and 1 mM K3Fe(CN)6

and (B) Oxygen-evolving activity was supported by 15 mM sodium bicarbonate. The curves are the 

averages of at least two independent biological repeats. PsbD1C+:ΔPsbD2 (purple solid line), R24A 

(orange solid line), R24D (green solid line) and R24K (blue solid line). HL intensity: 2000 μE.m-2.s-1

and LL intensity: 30 μE.m-2.s-1. 
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Addition of sodium bicarbonate along with DMBQ (Figure 5.10D), however, restored 

the decay kinetics in the R24A strain but not in the R24D strain, which continued to 

show an elevated half-time for the millisecond component as well as an accelerated 

slow phase. The relative amplitude for the slow phase also remained higher for the 

R24D strain than other strains, although to a lesser extent than what was observed 

with DMBQ alone. 

5.6.4 The sensitivity of the Arg24 strains to HL intensity 

To explore the impact of point mutations on the PS II repair process the mutant strains 

were subjected to the photodamage and recovery assay. Oxygen-evolving activity 

supported by DMBQ and potassium ferricyanide showed an appreciable decline under 

HL conditions for the R24A and the R24D strains (Figure 5.11A). The R24K strain 

showed similar characteristics to the control strain, and the reduction in oxygen-

evolving activity on HL exposure was observed to be similar for both the control and 

the R24K strains. In the R24A strain, the oxygen-evolving activity dropped to nearly 

40% in the first 15 min of HL exposure. In the R24D strain, the oxygen-evolving activity 

almost wholly diminished in the first 15 min of illumination. The recovery process was 

also observed to  be slow in the R24D strain and in the 135 min of recovery under LL; 

the oxygen-evolving activity recovered to only about 60% of the rates observed at T0. 

The control, R24A and R24K strains, however, were able to recover under LL and the 

oxygen-evolving activity was restored either entirely or   exceeded the oxygen-

evolution rates observed at T0. When assayed using sodium bicarbonate (Figure 

5.11B), all the strains were able to recover under LL, and the oxygen-evolution rates 

exceeded the initial rates. An interesting observation, however, was the drop in 

oxygen-evolving activity observed for the R24D strain under HL. In this study, a decline 

in the oxygen-evolving activity in the presence of sodium bicarbonate was not 

observed for any of the HL-sensitive strains (Chapter 3 and Chapter 4). The magnitude 

of reduction was, however, not as dramatic as seen when DMBQ was used to assay the 

oxygen-evolving activity. 
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Figure 5.12 Physiological characterisation of the control strain and the Arg26 mutants. (A) 

Photoautotrophic growth curve, results shown are the averages of three independent measurements, 

error bars are standard error, error bars smaller than the marker is not visible. (B) Whole cell 

absorption spectra normalised to 440 nm peak. (C) Low-temperature fluorescence emission spectra 

following excitation of whole cells at 440 nm, curves shown are averages of three independent 

experiments. (D) Low-temperature emission spectra following excitation of whole cells at 580 nm, 

curves shown are averages of three independent experiments. The curves presented in C and D are 

normalised to PS I emission at 725 nm. PsbD1C+:ΔPsbD2 (purple solid line); R26A (orange dashed 

line); R26D (green dashed line) and R26K (blue dashed line). Markers in panel A represent the time 

points where O.D. is measured. 

Photoautotrophic 
growth 

Whole-cell spectra 

440 nm 580 nm 
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5.7 Physiological characterisation of the Arg26 mutants 

To study the role of the Arg26 residue, a strategy similar to as used for the Arg24 

residue, was used and the Arg residue was modified to either Ala, Asp or Lys. The 

mutants so constructed were named as R26A, R26D, and R26K. To study the 

physiological impacts, same assays as used in the preceding sections were employed. 

5.7.1 Photoautotrophic growth, whole cell spectra and low-temperature 

fluorescence emission 

A change in the Arg26 residue severely hampered the photoautotrophic growth 

capabilities. Figure 5.12A shows the decline in the photoautotrophic growth of the 

R26A, R26D and R26K strains as compared to the control strain. The R26A and R26K 

strains initially grew similar to each other; however, as the assay progressed the R26K 

strain grew relatively better than the R26A strain. The R26D strain proved to be better 

than either the R26A or R26K strains, which was surprising as the reversal of charge 

would be expected to be most deleterious. The R26D strain, although better, grew with 

a significantly higher doubling time of 29 h (p<0.001) as compared to the control strain. 

The R26A and R26K strains also showed significantly higher doubling time of 36 h (p= 

0.002) and 37 h (p<0.001), respectively. Whole cell absorption spectra (Figure 5.12B), 

normalised at 440 nm showed a slight decline for the peak observed at 685 nm that 

corresponds to the chlorophyll a, for the strains, R26A, R26D, and R26K as compared 

to the control strain. The 625 nm peak albeit reduced than the control strain, was 

similar in all the Arg26 mutants. As compared to the control strain, the absorption in 
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the region between 475 nm and 520 nm corresponding to the carotenoids, showed a 

similar and substantial increase in all the three Arg26 mutant strains.

Figure 5.13 Steady-state oxygen-evolution traces for the control and Arg26 strains. In the 

presence of (A) DMBQ and K3Fe(CN)6 and (B) sodium bicarbonate. Light on and Light off 

represent the time points where the light source was switched on and off, respectively, during the 

assay. The curves are averages of at least two independent biological replicates. PsbD1C+:ΔPsbD2 

(purple solid line); R26A (orange dashed line); R26D (green dashed line) and R26K (blue dashed 

line). DMBQ: 250 μM, K3Fe(CN)6: 1 mM, and sodium bicarbonate: 15 mM. 

DMBQ+potassium 
ferricyanide 

Sodium bicarbonate 
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Figure 5.14 Room temperature variable fluorescence induction in the control and Arg26 strains. 

(A) Fluorescence induction using BMF, (B) Fluorescence induction using BMF in the presence of 

DCMU, (C) Fluorescence induction using RMF, (D) Fluorescence induction using RMF in the 

presence of DCMU. The curves are averages of at least three independent biological replicates. 

PsbD1C+:ΔPsbD2 (purple solid line); R26A (orange dashed line); R26D (green dashed line) and R26K 

(blue dashed line). Markers represent the readings at specific time points. 

BMF(-DCMU) BMF(+DCMU) 

RMF(-DCMU) RMF(+DCMU) 
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Low-temperature fluorescence emission spectra normalised to the PS I 

emission at 725 nm on the excitation of the whole cells at 440 nm (Figure 5.12C) 

showed an increase of emission at 685 nm. The 685 nm for the R26A strain exceeded 

the emission observed for the control strain, signifying a change in the PS II to PS I ratio 

in the R26A strain. The emission at 695 nm was, however, not identifiable in the R26A, 

R26D and R26K strains. The emissions at 685 nm were reduced, relative to the control 

strain, in the R26D and R26K strains. Emissions following excitation of whole cells at 

580 nm (Figure 5.12D) showed uncoupling of the PBS antenna resulting in a higher 

magnitude for the peak observed at 685 nm for the R26A, R26D and R26K strains, 

relative to the control strain. Low-temperature fluorescence emission data indicated 

the impaired PS II assembly in the Arg26 mutants, which would explain the retarded 

photoautotrophic growth capabilities observed in these mutants. 

5.7.2 Steady-state oxygen evolution 

Maximum oxygen-evolution rates presented in Table 5.3 showed a considerable 

decline in all the Arg26 mutants when oxygen-evolving activity was supported by 

DMBQ and potassium ferricyanide. As compared to the control strain, the oxygen-

evolving activity decreased by as much as 82% in the R26A mutant. In the R26D and 

R26K mutants, the oxygen-evolving activity fell by 50% and 56%, respectively. When 

supported by sodium bicarbonate, the oxygen-evolution rates for both the R26D and 

the R26K strains was enhanced as compared to the control strain, but in the R26A 

strain, the oxygen-evolving activity decreased by 37%. The oxygen-evolution traces 

with DMBQ and potassium ferricyanide (Figure 5.13A) showed reduced oxygen 

evolution in the 3 min of illumination during the assay for all the Arg26 mutants, as 

compared to the control strain. Among the point mutants, the R26D strain evolved 

maximum oxygen, followed by the R26K and the R26A strains. All the mutants showed 

a progressive decline in the oxygen-evolving activity with time, suggesting 

photoinactivation of the PS II centres in the Arg26 mutants under saturating high-

intensity light. In the presence of sodium bicarbonate (Figure 5.13B) the initial rate of 

oxygen evolution exceeded that of the control for both the R26D and the R26K strains. 

However, the magnitude of oxygen evolution was observed to be more for the control 

strain, and the saturating light conditions during the oxygen-evolution assay resulted 

in a decline in the oxygen-evolving activity for the R26D strain. The R26K strain also 
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lagged in overall oxygen evolution as compared to the control strain, even though the 

initial rate of oxygen evolution was higher in the R26K strain than the control strain. 

The R26A strain, however, lagged in oxygen evolution in both overall magnitude and 

the initial rate. An interesting observation was the progressive decline in the oxygen 

evolution in the presence of sodium bicarbonate, which has been linked to the  

 Table 5.3 Maximum oxygen-evolution rates and Fv/Fm values from the control strain and Arg26 

mutants. 

 

photoinactivation under HL intensity (section 3.2.2), and in this study was usually 

observed when using DMBQ as an electron acceptor. With the Arg26 mutants, however, 

this progressive decline was also seen with sodium bicarbonate which would suggest 

the instability of the OEC and the improper PS II assembly in the Arg26 mutants. 

5.7.3 Fluorescence induction and chlorophyll a fluorescence relaxation 

Fluorescence rise using BMF in the Arg26 mutants (Figure 5.14A) indicated the 

severe impacts of the mutation on the PS II assembly. The magnitude of Fm as compared 

to the control strain was less than 40% in all the strains. The magnitude of Fm for the 

R26D strain was nearly 32% of the control; while in the R26K and R26A strains, it was 

merely 24% and 16% as compared to the control strain. The Fv/Fm presented in Table 

5.3 showed the efficiency of assembled PS II centres to be maximum for the R26D 

strains followed by the R26K and R26A strains. In Arg26 mutants, fluorescence 

induction with DCMU (Figure 5.14B) revealed reduced PS II assembly as compared to 

the control strain. The R26D and R26K strains showed similar levels of the J inflexion  

 
Oxygen evolution (μmol (mg of chlorophyll)-1 h-1) 

Fv/Fm# 
DMBQ* Sodium bicarbonate* 

PsbD1C+:ΔPsbD2 578±67 597±8 0.91 

R26A 105±1 374±1 0.59 

R26D 288±15 755±29 0.76 

R26K 255±16 629±61 0.69 

*#The data presented are averages of two independent experiments. * standard error values are presented with the ± symbol.  Final 

concentrations of additives were; DMBQ-250 μM, potassium ferricyanide-1 mM, sodium bicarbonate-15 mM. The maximum oxygen 
evolution rates were calculated as per the process explained in section 2.2.7.4. 
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Figure 5.15 Relaxation of flash-induced chlorophyll a fluorescence in the control and Arg26 

strains. (A) With no-addition treatment, inset shows the relative variable fluorescence (B) in the 

presence of 40 μM DCMU, (C) in the presence of 250 μM DMBQ and (D) in the presence of 250 μM 

DMBQ and 15 mM sodium bicarbonate. The curves shown are the averages of at least three 

independent biological replicates. PsbD1C+:ΔPsbD2 (purple solid line); R26A (orange dashed line); 

R26D (green dashed line) and R26K (blue dashed line). 

No addition DCMU 

DMBQ DMBQ+sodium 
bicarbonate 
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point, while, the R26A strain showed the least J level among the Arg26 mutants. The 

fluorescence induction using RMF (Figure 5.14C,D) to reveal the status of PBS coupled 

energy transfer, both with and without DCMU, showed either the uncoupling of PBS 

antenna or reduced PS II assembly in the Arg26 mutants as compared to the control 

strain. In the absence of DCMU, all the Arg26 mutants showed a decline in the 

fluorescence after reaching Fm, which goes below the Fo. However, in the presence of 

DCMU, only the R26A strain showed fluorescence falling below the Fo after reaching 

Fm. 

The results of all the assays described above pointed to the reduced assembly 

of PS II on mutating the Arg26 residue of the D2 protein. However, the results do 

indicate PS II assembly can occur in the Arg26 mutants but is reduced as compared to 

the control strain. To characterise the acceptor side electron transport and the binding 

of the quinone at the QB-binding site in the assembled PS II centres of the Arg26 

mutants, chlorophyll a fluorescence relaxation assay was performed. The assembled 

PS II centres showed a similar pattern of normalised fluorescence decay with the no-

addition treatment, for all the Arg26 mutants (Figure 5.15A). A substantial decrease in 

variable fluorescence was observed on plotting variable fluorescence and comparing 

with control (inset Figure 5.15A) which suggests reduced PS II assembly in the Arg26 

mutants relative to the control strain. Despite the curve showing almost no change, 

kinetic analysis of normalised fluorescence decay revealed subtle variations between 

the point mutants and the control strain (Table 5.4). The half-time for the fast phase 

was nearly same for all the strains, except the R26D strain. The half-time for the middle 

phase was observed to be similar for all the Arg26 mutants and the control strain. In 

all the Arg26 mutants, the half-time for the slow phase was faster as compared to the 

control strain, but the relative amplitude did not change by much. In the Arg26 

mutants, the component attributed to the forward electron transfer between QA and QB 

was the major contributor to achieve fluorescence decay. The data indicated that the 

decline of photoautotrophic growth in these mutants was probably not due to the 

blockage of electron transfer or due to changes in the binding of plastoquinone at the 

QB-binding site, but possibly due to reduced PS II assembly as compared to the control 

strain. However, it is possible that the effect of a single turnover flash is not so severe 

as under steady state in which case the interpretation of fluorescence relaxation  
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Table 5.4 Forward electron transfer kinetics in the control strain and the Arg26 mutants, based on the normalised chlorophyll a fluorescence relaxation*. 

Highlighted cells indicate major changes observed between the strains. 

  Half-time(μs) A% Half-time(ms) A% Half-time(s) A% 

No addition PsbD1C+:ΔPsbD2 298 ± 5 66 ± 0.9 3.6 ± 0.4 24.3 ± 1 9.4 ± 0.8 9.5 ± 0.1 

R26A 254 ± 18 56 ± 1 3 ± 0.2 28 ± 2.6 2.0 ± 1.0 16 ± 1.9 

R26D 387 ± 19 57 ± 2.2 3 ± 0.3 33 ± 2.3 6.0 ± 2.9 10 ± 0.2 

R26K 294 ± 23 51 ± 2.8 3 ± 0.2 41 ± 3.6 2.0 ± 0.9 8 ± 0.8 

DCMU PsbD1C+:ΔPsbD2   1.3 ± 0.2 8.9 ± 0.3 0.5 ± 0.0 91.1 ± 0.3 

R26A   0.7 ± 0.1 25 ± 4.8 0.5 ± 0.0 75.0 ± 4.8 

R26D   1.6 ± 0.1 20.0 ± 1.4 0.5 ± 0.0 80.0 ± 1.4 

R26K   1.5 ± 0.2 22.0 ± 1.9 0.5 ± 0.0 78.0 ± 1.9 

DMBQ PsbD1C+:ΔPsbD2 260 ± 6 54 ± 2 9.0 ± 0.3 27 ± 1.0 7 ± 0.2 19 ± 0.4 

R26A 230 ± 55 27 ± 2.9 5.0 ± 0.8 18 ± 1.9 1 ± 0.1 54 ± 1.9 

R26D 327 ± 53 39 ± 3.0 7.0 ± 1.4 23 ± 1.8 1 ± 0.1 39 ± 3.3 

R26K 332 ± 45 44 ± 3.0 11 ± 0.5 21 ± 1.0 1 ± 0.2 35 ± 3.5 

DMBQ/Sodium 

bicarbonate 

PsbD1C+:ΔPsbD2 220 ± 3 60 ± 0.2 8.3 ± 0.8 25 ± 0.4 12.6 ± 2.1 15 ± 0.2 

R26A 276 ± 17 50 ± 1.0 6 ± 0.6 19 ± 1.0 1 ± 0.2 31 ± 1.0 

R26D 281 ± 24 56 ± 1.0 12 ± 2.9 22 ± 0.9 3 ± 0.8 22 ± 0.9 

R26K 294 ± 20 57 ± 2.0 14 ± 1.4 20 ± 0.4 3 ± 0.4 23 ± 2.7 
*The presented data are averages of the three independent experiments. Standard error values are shown after the ± symbol.  The analysis was performed on the fluorescence decay after 

exposure to single actinic flash. The curves were analysed as per two exponential (microsecond and millisecond) and one hyperbolic (seconds) components. The curves with DCMU were 

analysed as per one exponential (millisecond) and hyperbolic (seconds) components. Refer section 2.2.7.8 for details of analysis. Final concentrations of additives were; DCMU-40 μM, DMBQ-

250 μM, sodium bicarbonate-15 mM. 
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Figure 5.16 Susceptibility of the Arg26 mutants to HL intensity and recovery under LL intensity. 

Percent change in maximum oxygen-evolution rate is measured at each time point, shown by a marker. 

(A) Oxygen-evolving activity supported by using 250 μM DMBQ and 1 mM K3Fe(CN)6 and (B) 

Oxygen-evolving activity supported by 15 mM sodium bicarbonate. The curves are the averages of at 

least two independent biological repeats PsbD1C+:ΔPsbD2 (purple solid line); R26A (orange dashed 

line); R26D (green dashed line) and R26K (blue dashed line). HL intensity: 2000 μE.m-2.s-1 and LL 

intensity: 30 μE.m-2.s-1. 
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data might not be an accurate indication of the overall impact of the mutation on PS II 

activity and assembly. 

On blocking the forward electron transport using DCMU, the fluorescence 

relaxation was observed to be faster in the Arg26 mutants (Figure 5.15B). The kinetic 

analysis of the DCMU traces, however, showed the enhanced charge recombination 

(millisecond component) only in the R26A strain (Table 5.4). The half time for the slow 

component interpreted to indicate the fluorescence quenching achieved by charge 

recombination between the QA- and the S2 state of the OEC was same in all the Arg26 

mutants and the control strain. The relative amplitudes for the millisecond component 

showed an increase, which is hypothesised to be achieved by the cyclic electron 

transport within PS II, probably involving alternate quinone-binding sites and Cyt b559. 

The presence of DMBQ during the fluorescence relaxation assay (Figure 5.15C) 

inhibited the forward electron transport in all the Arg26 mutants. Kinetic analysis 

(Table 5.4), however, showed only minor changes in the half-time for the fast and the 

middle phases. The inhibition of the forward electron transport was, however, revealed 

by an accelerated half-time for the slow phase. The increase in the relative amplitude 

for the slow phase along with a decline in the relative amplitude for the fast phase also 

indicated that the charge recombination was the major pathway to achieve 

fluorescence relaxation in the Arg26 mutants. Addition of sodium bicarbonate with 

DMBQ, restored the forward electron transport (Figure 5.15D) in the Arg26 mutants, 

to a certain extent as evident from the half-times and relative amplitudes for the fast 

phase (Table 5.4). The slow phase, however, continued to be a substantial contributor 

with more than 20% of the fluorescence decay being achieved by the charge 

recombination in Arg26 mutants, as opposed to only 15% in the control strain. 

5.7.4 The sensitivity of the Arg26 mutants to HL intensity 

Although the assays above showed reduced PS II assembly in the Arg26 mutants 

than the control strain, they could grow photoautotrophically, as such; the 

photodamage and recovery assays to assess the PS II damage and repair in these 

mutants were performed. All the Arg26 mutants showed an increased rate of damage 

to PS II, as evident from the decline in the oxygen-evolution rates supported by DMBQ 

and potassium ferricyanide to assess the oxygen-evolving activity (Figure 5.16A). The  
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Figure 5.17 Physiological characterisation of the control strain and the Arg24 and Arg26 

double mutants. (A) Photoautotrophic growth curve, results shown are averages of three 

independent measurements, error bars are standard errors, error bars smaller than the marker is not 

visible. (B) Whole cell absorption spectra normalised to 440 nm peak. (C) Low-temperature 

emission spectra following excitation of whole cells at 440 nm, curves shown are averages of three 

independent experiments. (D) Low-temperature emission spectra following excitation of whole cells 

at 580 nm, curves shown are averages of three independent experiments. The curves presented in C 

and D are normalised to PS I emission at 725 nm. PsbD1C+:ΔPsbD2 (purple solid line); R24A:R26A 

(orange dash with dots line); R24D:R26D (green dash with dots line) and R24K:R26K (blue dash 

with dots line). Markers in panel A represent the time points where O.D. was measured. 

Photoautotrophic 
growth 

Whole-cell spectra 

440 nm 580 nm 
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maximum oxygen-evolution rate dropped to near zero in the first 15 min of HL 

illumination for the R26D strain. The R26A and the R26K strains were slightly more 

resistant to HL intensity as compared to the R26D strain, and the drop in the oxygen-

evolution rate was approximately 50% and 30% of the rates observed at T0, 

respectively, after first 15 min of HL illumination. All the Arg26 mutants, however, 

could not recover entirely under LL and the initial oxygen-evolution levels were not 

achieved. The assay showed not only a higher sensitivity of the Arg26 mutants to HL, 

but also the slowed repair in these mutants. However, the oxygen evolution in Arg26 

mutants was reduced as compared to the control strain on using DMBQ, as such, the 

use of DMBQ to assess photodamage and recovery in already compromised PS II 

centres could be criticised. To overcome the criticism the photodamage and recovery 

assay was performed using sodium bicarbonate to evaluate oxygen-evolving activity 

during the assay. The results of photodamage and recovery assay (Figure 5.16B) using 

sodium bicarbonate showed that the R26K strain was able to withstand the HL 

intensity, while the R26A and R26D strains were sensitive to HL. In the first 15 min, the 

oxygen evolution dropped by as much as 30% in the R26A and the R26D strains. 

Oxygen-evolving activity in the R26D strain, however, continued to decline until the HL 

was switched off at T45. The R26A strain, on the other hand, started recovering after 

the T15 time point as is evident from the Figure 5.16B. Under LL, the R26A and R26K 

strains showed complete recovery and the oxygen-evolution rates under LL exceeded 

the initial oxygen-evolution rate. The R26D strain, however, did not achieve the initial 

oxygen-evolution rate and reached only to about 90% at the end of the assay. 

5.8 Physiological characterisation of the strains with mutated Arg 

residues at positions 24 and 26  

The individual mutations of the Arg residue at positions 24 and 26 suggested a 

reduction in the number of active PS II centres that affected various aspects of the 

physiological processes as presented in the preceding sections. To assess an impact of 

these closely placed Arg residues in combination on the growth and physiology of 

Synechocystis 6803, point mutations were introduced at both of these positions to 

create double mutants. The Arg residues were mutated to either Ala, Asp or Lys, to 

make the R24A:R26A, R24D:R26D, and R24K:R26K mutants, respectively. The assays 
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to determine the impacts of these mutations were same as the ones used for studying 

the effects of the mutations in the previous sections. 

5.8.1 Photoautotrophic growth, whole cell spectra and low-temperature 

fluorescence emission 

Mutating the Arg24 and the Arg26 residues in combination caused a severe 

reduction in the photoautotrophic growth capabilities (Figure 5.17A). The R24K:R26K 

strain was the only strain among the double mutants, that grew photoautotrophically. 

The R24K:R26K strain’s growth was similar to the R26K strain, which was indicated by 

the doubling time of the cells calculated from the O.D. calculated in the first 48 hours 

of photoautotrophic growth. The doubling time of nearly 36 h (p< 0.001), was 

significantly higher than the control strain. Normalised whole cell absorption spectra 

(Figure 5.17B) of the double mutants was used to estimate the pigment composition 

and indicated an increase in the absorption for the region assigned to the carotenoids. 

The chlorophyll a peak observed at 685 nm was reduced in all the double point 

mutants. The magnitude of absorbance at the 625 nm peak was not much different 

from the control strain in all the double mutants. The PS I normalised low-temperature 

fluorescence emission upon excitation of whole cells at 440 nm (Figure 5.17C) showed 

a slightly reduced peak for emissions at both 695 and 685 nm for the R24K:R26K strain 

as compared to the control strain suggesting an altered ratio of PS II to PS I in the 

R24K:R26K strain. The R24A:R26A and the R24D:R26D strains, however, showed a 

complete absence of the 695 nm peak and the levels of emission at 685 nm exceeded 

the emissions observed for the control strain. The 685 and 695 nm emission peaks 

originate from the PS II (section 3.3.2), and both the CP43 and CP47 containing pre-

assembly complexes are capable of emitting at 685 nm (Boehm et al. 2011, Jackson et 

al. 2014). An increase in emissions observed at 685 nm could only mean an 

accumulation of either CP43- or CP47-containing assembly 
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Table 5.5 Maximum oxygen-evolution rates and Fv/Fm values from the control and Arg24 and Arg26 

double mutants. 

 

 
Oxygen evolution (μmol (mg of chlorophyll)-1 h-1) 

Fv/Fm# 
DMBQ* Sodium bicarbonate* 

PsbD1C+:ΔPsbD2 578±67 597±8 0.91 

R24A:R26A 0±0 134±2 0.51 

R24D:R26D 0±0 68±0 0.56 

R24K:R26K 194±21 604±69 0.61 

*#The data presented are averages of two independent experiments. * standard error values are presented with the ± symbol. 

Final concentrations of additives were; DMBQ-250 μM, potassium ferricyanide-1 mM sodium bicarbonate-15 mM. The 

maximum oxygen evolution rates were calculated as per the process explained in section 2.2.7.4. 

Figure 5.18 Steady-state oxygen-evolution traces for the Arg24 and Arg26 double mutants. In 

the presence of (A) DMBQ and K3Fe(CN)6 and (B) sodium bicarbonate. Light on and Light off 

represent the time points where the light source was switched on and off, respectively, during the 

assay. The curves are averages of at least two independent biological replicate. PsbD1C+:ΔPsbD2 

(purple solid line); R24A:R26A (orange dash with dots line); R24D:R26D (green dash with dots 

line) and R24K:R26K (blue dash with dots line). DMBQ: 250 μM, K3Fe(CN)6: 1 mM, and sodium 

bicarbonate: 15 mM. 

DMBQ+potassium 
ferricyanide 

Sodium bicarbonate 
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Figure 5.19 Room temperature variable fluorescence induction for the Arg24 and Arg26 double 

mutants. (A) Fluorescence induction using BMF, (B) Fluorescence induction using BMF in the 

presence of DCMU, (C) Fluorescence induction using RMF, (D) Fluorescence induction using RMF 

in the presence of DCMU. The curves are averages of at least three independent biological replicates.

PsbD1C+:ΔPsbD2 (purple solid line); R24A:R26A (orange dash with dots line); R24D:R26D (green 

dash with dots line) and R24K:R26K (blue dash with dots line). Markers represent the readings at 

specific time points. 

BMF(-DCMU) BMF(+DCMU) 

RMF(-DCMU) RMF(+DCMU) 
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intermediates or both in the R24A:R26A and the R24D:R26D strains. On excitation of 

whole cells at 580 nm (Figure 5.17D), a small increase in emissions at 650 nm and 665 

nm was observed, these emissions are assigned to the PC and APC pigments of the PBS 

(Su et al. 1992, Yu et al. 1999). Uncoupling of energy transfer between the terminal 

emitter and the core antenna due to reduced PS II assembly in the strains was probably 

causing the increased emissions. In addition to an increase in the emissions at 650 nm 

and 665 nm, the emissions at 685 nm (assigned to emissions from the terminal 

emitters of PBS) (Yu et al. 1999) showed a substantial increase for all the double 

mutants.  

5.8.2 Steady-state oxygen evolution 

 No oxygen-evolving activity was seen in the non-photoautotrophic R24A:R26A and 

R24D:R26D strains, on using DMBQ and potassium ferricyanide as electron acceptors 

(Figure 5.18A). The R24K:R26K strain evolved oxygen, but the maximum oxygen-

evolution rate, presented in Table 5.5, showed a reduction by nearly 67% as compared 

to the control strain. The overall magnitude of the oxygen evolved presented in Figure 

5.18A for the R24K:R26K strain was also observed to be reduced by 30% as compared 

to the control strain. In the presence of sodium bicarbonate, the maximum oxygen-

evolution rate (Table 5.5) for the R24K:R26K strain marginally exceeded the control 

strain. The R24A:R26A and the R24D:R26D strains, although being non-

photoautotrophic, surprisingly evolved oxygen in the presence of sodium bicarbonate 

at nearly 23% and 11%, respectively, of the rate observed for the control strain. 

However, oxygen-evolution traces (Figure 5.18B) showed an overall reduction of 

oxygen evolution for the R24K:R26K strain, as compared to the control strain.  

5.8.3 Fluorescence induction and chlorophyll a fluorescence relaxation 

Fluorescence induction using BMF for the Arg24 and Arg26 double mutants, 

showed a complete absence of a steep rise in fluorescence observed after the J inflexion 

point in the control strain (Figure 5.19A). Fv/Fm presented in Table 5.5 showed a 

decline in the PS II quantum yield by 44%, 39% and 32% for the strains R24A:R26A, 

R24D:R26D and R24K:R26K, respectively, as compared to the control strain. The levels 

of the J inflexion point also reduced to less than 20% for the R24A:R26A and the 
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Figure 5.20 Relaxation of flash-induced chlorophyll a fluorescence in the Arg24 and Arg26 

double mutants. (A) With no-addition treatment, inset shows the relative variable fluorescence

(B) in the presence of 40 μM DCMU, (C) in the presence of 250 μM DMBQ and (D) in the presence 

of 250 μM DMBQ and 15 mM sodium bicarbonate. The curves are averages of at least three 

independent biological replicate. PsbD1C+:ΔPsbD2 (purple solid line); R24A:R26A (orange dash 

with dots line); R24D:R26D (green dash with dots line) and R24K:R26K (blue dash with dots 

line). 

No addition DCMU 

DMBQ DMBQ+sodium 
bicarbonate 
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Table 5.6 Forward electron transfer kinetics in the control strain and the Arg24 and Arg26 double mutants, based on the normalised chlorophyll a 

fluorescence*. Highlighted cells indicate major changes observed between the strains. 

  Half-time(μs) A% Half-time(ms) A% Half-time(s) A% 

No addition PsbD1C+:ΔPsbD2 298 ± 5 66 ± 0.9 3.6 ± 0.4 24.3 ± 1 9.4 ± 0.8 9.5 ± 0.1 

 R24K:R26K 323 ± 38 53 ± 3 3 ± 0.3 34 ± 0.2 0.7 ± 0.1 13 ± 2.9 

DCMU PsbD1C+:ΔPsbD2   1.3 ± 0.2 8.9 ± 0.3 0.5 ± 0.0 91.1 ± 0.3 

 R24K:R26K   1.3 ± 0.2 23 ± 4.6 0.5 ± 0.0 77.0 ± 4.6 

DMBQ PsbD1C+:ΔPsbD2 260 ± 6 54 ± 2 9.0 ± 0.3 27 ± 1.0 7 ± 0.2 19 ± 0.4 

 R24K:R26K 403 ± 25 26 ± 4 11.0 ± 0.5 17 ± 1.9 0.8 ± 0.1 57 ± 6.1 

DMBQ/Bicarbonate PsbD1C+:ΔPsbD2 220 ± 3 60 ± 0.2 8.3 ± 0.8 25 ± 0.4 12.6 ± 2.1 15 ± 0.2 

 R24K:R26K 311 ± 26 53 ± 2.0 15 ± 2.4 19 ± 0.3 1.6 ± 0.3 28 ± 2.6 

*The presented data are averages of the three independent experiments. Standard error values are shown after the ± symbol.  The analysis was performed on the fluorescence decay after exposure to 
single actinic flash. The curves were analysed as per two exponential (microsecond and millisecond) and one hyperbolic (seconds) components. The curves with DCMU were analysed as per one 
exponential (millisecond) and hyperbolic (seconds) components.  Refer section 2.2.7.8 for details of analysis. Final concentrations of additives were; DCMU-40 μM, DMBQ-250 μM, sodium bicarbonate-15 
mM. 
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R24D:R26D strains, while it was about 37% for the R24K:R26K strain as compared to 

the control strain. Also, the fluorescence past the P inflexion point in the R24A:R26A 

and R24D:R26D strains fell below the initial fluorescence level resulting in negative 

fluorescence values. In the presence of DCMU (Figure 5.19B), a reduction in the J 

inflexion point by as much as 88% and 90% was observed in the R24A:R26A and the 

R24D:R26D strains, respectively, as compared to the control strain. In the R24K:R26K 

strain, the J inflexion point reduced by nearly 70% as compared to the control strain. 

The fluorescence induction assay using BMF showed almost negligible assembly in the 

Arg24 and Arg26 double mutants. Low-temperature fluorescence data showed 

uncoupling of PBS energy transfer and to explore this the fluorescence induction assay, 

using RMF was performed. The results (Figure 5.19C) showed the uncoupling of the 

PBS in the Arg24 and Arg26 double mutants, the R24K:R26K strain, was only slightly 

better than the other two strains; R24A:R26A and R24D:R26D. As seen in the Arg26 

mutants (Figure 5.14C) the fluorescence levels fell below the initial fluorescence levels. 

In the presence of DCMU (Figure 5.19D) the fluorescence induction in the R24K:R26K 

strain suggested better PS II assembly than the R24A:R26A and the R24D:R26D strains. 

The fluorescence levels falling below the initial fluorescence was observed only in the 

R24A:R26A and R24D:R26D strains.  

Although the assembly was severely impacted in the Arg24 and Arg26 double 

mutants, the R24K:R26K mutant could grow photoautotrophically, thus, to look at the 

kinetics of electron transport in the assembled centres, chlorophyll a fluorescence 

relaxation after a single actinic flash was determined for this mutant. The chlorophyll 

a fluorescence relaxation assay, both with and without DCMU, was also performed on 

the R24A:R26A and the R24D:R26D strains to support the results of fluorescence 

induction observed in the paragraph above. Results of normalised chlorophyll a 

fluorescence relaxation assays with no-addition treatment (Figure 5.20A) for the 

R24A:R26A and R24D:R26D strains were observed to be uneven. The non-normalised 

data (inset Figure 5.20A), however, showed a negligible rise in the variable 

fluorescence for the Arg24 and Arg26 double mutants. The variable fluorescence rise 

in the R24A:R26A and the R24D:R26D strains was found to be almost absent, indicating 

the absence of active PS II centres in these mutants. Normalising the data with low 

variable fluorescence was probably causing the curve to be uneven. The kinetic 
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Figure 5.21 Susceptibility of the R24K:R26K mutant to HL intensity and recovery under LL 

intensity. Percent change in maximum oxygen evolution is measured at each time point shown by a 

marker. (A) Oxygen-evolving activity measured by using 250 μM DMBQ and 1 mM K3Fe(CN)6 and 

(B) Oxygen-evolving activity was measured with 15 mM sodium bicarbonate. The curves are average 

of at least two independent biological repeats. PsbD1C+:ΔPsbD2 (purple solid line) and R24K:R26K 

(blue dash with dots line). HL intensity: 2000 μE.m-2.s-1 and LL intensity: 30 μE.m-2.s-1. 
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analysis of the chlorophyll a fluorescence relaxation was, therefore, performed only on 

the normalised fluorescence data from the R24K:R26K strain (Table 5.6). Kinetics data 

showed an increase in the half-time for the fast microsecond phase, while the half time 

for the millisecond phase was almost unchanged relative to the control strain. The half-

time for the slow phase, indicating the charge recombination was observed to be 

accelerated as compared to the control strain. A reduction in the relative amplitude of 

the fast phase and the consequent increase in the relative amplitude for the middle and 

the slow phases suggested an increase in the contribution of the intermediate and slow 

phases to quench the fluorescence in the R24K:R26K strain. In the presence of DCMU 

(Figure 5.20B), the R24K:R26K strain showed a faster fluorescence decay than the 

control strain. However, the kinetic analysis did not show any change in the half times 

for the fast and slow phases for the R24K:R26K strain. In the R24K:R26K strain, 23% 

of the fluorescence decay was, however, due to the fast phase while, the slow phase 

accounted for 77% of the total fluorescence. DMBQ when present, inhibited the 

forward electron transport in the R24K:R26K strain (Figure 5.20C) and the kinetic 

analysis interpreted that more than 50% of fluorescence decay to be achieved by 

charge recombination. Adding sodium bicarbonate along with DMBQ (Figure 5.20D), 

restored forward electron transport, but the slow phase (Table 5.6) continued to be a 

major contributor to the fluorescence decay. 

5.8.4 The sensitivity of assembled PS II centres in the R24K:R26K strain to 

HL intensity 

The photodamage and recovery assay using DMBQ and potassium ferricyanide as 

electron acceptors showed the oxygen-evolving activity to drop to less than 20% 

within first 15 min of HL exposure (Figure 5.21A). The R24K:R26K cells, however, 

could recover under LL, albeit at a slower pace than observed for the control strain, but 

failed to reach the initial oxygen-evolution rate. On using sodium bicarbonate (Figure 

5.21B) to assay oxygen evolution during the photodamage and recovery assay, a 

decline in the oxygen-evolving activity by approximately 35% was observed for the 

R24K:R26K strain as compared to the control strain. In the recovery phase, oxygen-

evolving activity was restored to 100% after about an hour of returning the cells to LL.  
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Figure 5.22 Immunodetection of PS II complexes by BN-PAGE and western blotting. (A) Proteins separated on a 4-16% gradient gel using BN-PAGE. 

And identified using antibodies raised against (B) D1, (C) D2, (D) CP43 and (E) CP47, identifies the PS II dimer, PS II monomer and RC47 pre-assembly 

complex. Some unassembled CP43-containing complexes can be seen in panel D. One μg chlorophyll a equivalent of thylakoids were loaded in each lane. 



 

176 
 

5.9 PS II assembly in the Arg24 and Arg26 mutants 

In the previous sections, the point mutations in the N-terminus region of the D2 

protein appeared to be somehow affecting the assembly of PS II and probably causing 

incorrect folding of the D2 protein, which was indicated by the results of various assays 

described above to assess the activity and assembly of PS II. To individually evaluate 

the PS II assembly, isolated thylakoids subjected to detergent assisted solubilisation 

were separated on a 4-16% gradient gel (Figure 5.22A), and western blotting was then 

applied to visualise assembled PS II complexes. Antibodies raised against the four core 

proteins, D1, D2, CP43, and CP47 were used to identify the various PS II assembly 

complexes in the mutants (Figure 5.22B-E). The western blots in the Figure 5.22 for 

the point mutants are compared to wild type, the ΔPsbD1:ΔPsbC:ΔPsbD2 strain and the 

control strain (PsbD1C+:ΔPsbD2). The absence of the D2 and CP43 proteins prevents 

PS II assembly and no assembly intermediates, containing the D1 protein were 

identified in the ΔPsbD1:ΔPsbC:ΔPsbD2 strain; similar results were previously 

reported where deletion of PsbD1:PsbC:PsbD2 caused a decline in the amount of the 

D1 protein (Komenda et al. 2004). The PS II assembly in the control strain 

(PsbD1C+:ΔPsbD2), was similar to the wild-type strain, and PS II dimer, PS II monomer 

and RC47 pre-assembly complexes were identified. In the Arg24 series of point 

mutants, only the R24K strain showed the PS II dimer, PS II monomer and RC47 pre-

assembly complexes comparable to the control strain, The R24A and R24D strains, on 

the other hand, were able to assemble PS II, but the relative amounts of PS II complexes 

were reduced. In the Arg26 series of point mutants, reduced PS II assembly was 

observed. Surprisingly, the thylakoids from the R26D mutant showed the presence of 

a PS II dimer band of a darker intensity than observed with both the R26A and the R26K 

strains. In the Arg24 and Arg26 double mutant series, only trace amounts of assembled 

PS II centres could be observed in the R24K:R26K strain. Immunoblots with an anti-

CP43 antibody, however, showed an accumulation of unassembled CP43 containing 

pre-assembly complex in all the strains including the wild type (except in 

ΔPsbD1C:ΔPsbD2, that lacks the CP43 protein), which would suggest over-

solubilisation of membranes resulting in the solubilisation of already compromised PS 

II centres in the mutants. Thus, considering the over-solubilisation to be true; non-

detection of PS II centres in some of the mutants, but not in the wild type or the 
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PsbD1C+:ΔPsbD2 strain could only mean that the mutation was causing destabilisation 

of the assembled PS II centres. However, another way to look at the results is that the 

FtsH proteases (Mann et al. 2000, Komenda et al. 2006), present in the mutant strains, 

continually degrade the improperly assembled and compromised PS II centres and 

thus, the amount of PS II complexes is reduced in the mutants. The unstable PS II 

centres could be subjected to further damage during membrane isolation, and this 

might also contribute to their not being detected by the antibodies.  

5.10 Conclusions 

Identification of interactions between the PsbX and D2 proteins led to the 

hypothesis of the PsbX protein helping the folding of the D2 protein to attain proper 

conformation in the final dimeric PS II, ensuring efficient electron transport. This 

hypothesis was explored in this chapter by mutating the two Arg residues at the 24th 

and 26th position of the D2 protein. For creating D2-specific mutations, an already 

existing PsbD mutagenesis system in the laboratory was used, wherein both copies of 

the genes encoding the D2 protein has been deleted, and the mutations are introduced 

in the psbD1 gene. Mutating the Arg24 position to Ala did not cause much change in the 

growth capabilities of the strains. The photoautotrophic growth of the R24D and R24K 

strains was slower than the control strain. Other assays to determine the physiological 

effects of the mutation, however, showed that the R24A and the R24K strains were like 

the control strain. The electron transport in the presence of DMBQ was affected in the 

R24A and the R24D strains, causing partial inhibition of electron transport that was 

reversible by the addition of sodium bicarbonate. In addition, the R24D strain exhibited 

reduced PS II assembly, as well as exhibiting increased sensitivity to HL. The HL 

sensitivity was also observed in the R24A strain. Susceptibility to HL intensity could be 

attributed to the reduced PS II assembly for the R24D strain, but not in the R24A strain, 

which exhibited similar PS II assembly as the control strain (Figure 5.22). In the 

presence of sodium bicarbonate, however, only the R24D strain exhibited increased 

susceptibility to HL. In chapter five (Figure 5.2C), the side chain of Arg24 was found to 

interact with the Asp 34 amino-acid residue of PsbX and on disrupting this interaction, 

two phenotypes observed in the ΔPsbX strain (increased sensitivity to HL and 

inhibition of electron transport in the presence of DMBQ) could be reproduced in the 
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R24A and R24D strains. Also, reversing the charge of the amino-acid residue by 

replacing Arg with Asp at the 24th position, the PS II assembly was reduced. 

Mutating the Arg26 amino-acid residue caused a reduction in active PS II 

centres. Even a charge-conserved mutation of Arg26 to Lys caused a decline in the 

photoautotrophic growth, other physiological processes associated with PS II were 

also affected in the mutants. This observation was interesting as the Arg26 amino-acid 

residue lies in a loop region (between Lys23 to Val30) extending into the cytosol and 

the only interactions identified were with the residues lying within this loop or with 

SQDG associated with PsbF. The results showed that the assembled PS II centres in the 

Arg26 mutants were similar to each other with only the R26D strain marginally better 

regarding PS II assembly as compared to other Arg26 mutants. On mutating both the 

Arg24 and the Arg26 residues to either Ala or Asp rendered the strains non-

photoautotrophic. The R24K:R26K strain was the only strain that remained capable of 

photoautotrophic growth, but the growth was stunted. If the results are considered 

holistically, a change in the Arg24 and Arg26 residues causes problems in PS II 

assembly and the absence of Arg at these positions prevents accumulation of active PS 

II. However, if the PSII assembly can progress to either the monomeric or dimeric PS II 

stage, Arg24 possibly interacts with the neighbouring PsbX to further stabilise the D2 

protein and correctly acquire the optimum conformation for the efficient electron 

transport. 
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6 Conclusions, discussion and future directions 

This study aimed at exploring the roles of the proteins; PsbT, PsbM, PsbX, and 

PsbY associating with the CP47 pre-assembly complex. Both PsbT and PsbM are 

present at the monomer-monomer interface in the final dimeric PS II. PsbX and PsbY, 

are at the periphery of the dimeric PS II, lying close to the α- (PsbE) and β- (PsbF) 

subunits of Cyt b559 in cyanobacteria (Koua et al. 2013, Suga et al. 2015). However, PsbY 

is not found in all the crystal structures and has been proposed to be lost during 

crystallisation process in cyanobacteria (Umena et al. 2011), plants (Wei et al. 2016) 

or red algae (Ago et al. 2016). Thus, it has been speculated that PsbY binds weakly to 

PS II. The position of PsbX, on the other hand, is similar in cyanobacteria (Umena et al. 

2011, Suga et al. 2015), plants (Wei et al. 2016) and red algae (Ago et al. 2016). Lack of 

data on the roles of PsbX and PsbY in Synechocystis 6803 had been the primary motive 

behind this study. To assess the physiological significance of the proteins PsbM, PsbT, 

PsbX and PsbY, corresponding strains lacking these proteins were created and studied 

using physiological and biochemical assays designed to reveal the differences in PS II 

assembly, PS II repair and electron transport from the wild-type strain (chapters 3 and 

4). The possibility of an interaction between PsbM and PsbY was explored by the 

creation of a double mutant lacking both PsbM and PsbY (chapter 3). Identification of 

possible interactions between the PsbX and D2 proteins led to the exploration of one 

of these interactions in chapter 5, by creating point mutants in the D2 protein. 

Conclusions drawn based on the study are presented in the ensuing sections, and 

possible additions to the understanding of the current model for PS II assembly and PS 

II repair are discussed in this chapter. 

6.1 Salient findings of this project 

6.1.1 Revisiting the roles of PsbM and PsbT in Synechocystis 6803 

Strains lacking PsbM and PsbT in Synechocystis 6803 had previously been 

created and characterised in the lab (Bentley et al. 2008); however, in subsequent 

years, the strains used in the study showed a second mutation in the ChlH subunit of 

Mg-chelatase (Morris et al. 2014, Crawford et al. 2016). This second mutation has been 
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shown to impact chlorophyll availability in specific mutants, thus causing additional 

impairment of PS II activity in the mutants (Crawford et al. 2016). In this study, both 

strains were constructed in the wild-type background lacking the ChlH subunit 

mutation, leading to variation in the results from previously published work, especially 

for the ΔPsbM strain. The main variation observed in this study from Bentley et al. 

(2008), was the lack of sensitivity of the ΔPsbM strain towards HL on using DMBQ and 

potassium ferricyanide to assess the influence of HL on oxygen-evolving 

activity(Figure 3.12A). The ΔPsbT strain, however, showed similar results as observed 

by Bentley et al. (2008) and exhibited sensitivity to HL along with slowed electron 

transport between QA and QB as observed in the previous work (Fagerlund et al. 2013) 

(Figures 3.2, 3.4). Both the strains, ΔPsbM and ΔPsbT, showed a probable altered 

binding of quinone at the QB-binding site (Tables 3.2, 3.5). Interestingly, the presence 

of sodium bicarbonate with DMBQ partially restored the forward electron transport 

but did not change the fluorescence relaxation kinetics interpreted to indicate altered 

QB-binding site in the ΔPsbM cells (Table 3.5). The DMBQ titration assay also suggested 

altered electron transport in the presence of DMBQ in the ΔPsbM and ΔPsbT strains. 

Both the strains showed reduced values for the IC50 of DMBQ as compared to the wild-

type strain (Figures 3.5, 3.15). The DCMU-independent oxygen evolution also revealed 

the likely alterations in the QB-binding site. The ΔPsbM and ΔPsbT strains evolved 

oxygen when DCMU was present with DCBQ and potassium ferricyanide but not with 

DMBQ and potassium ferricyanide (Figures 3.3D-E, 3.10C-D, Table 3.3). The magnitude 

of oxygen-evolving activity supported by DCBQ and potassium ferricyanide in the 

presence of DCMU was observed to be most in the ΔPsbT mutant. In addition to 

affecting the electron transport, the mutations affected the PS II assembly process in 

the ΔPsbM and the ΔPsbT strains and caused accumulation of a putative CP43-

containing PS II assembly intermediate (Figure 3.9 and Figure 4.9). However, the PS II 

dimers could assemble to a similar level, as observed for the wild-type strain, in the 

ΔPsbM strain (Figure 3.9). Removing PsbT, on the other hand, caused a reduction in 

the PS II dimers and a second band just below the PS II dimer (PS II dimer doublet) was 

observed with antibodies raised against the D1, D2 and CP47 proteins but not so 

prominently with CP43 (Figure 4.9). The ΔPsbM strain was also found to be sensitive 

to the presence of sodium formate (Figure 3.13E and Table 3.5), which was reversible 

on the addition of sodium bicarbonate. 
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6.1.2 Role of PsbY in Synechocystis 6803 

Similar to previous studies (Meetam et al. 1999, Neufeld et al. 2004), the ΔPsbY 

strain showed only small changes in phenotype. The growth and other physiological 

characterisation revealed the similarity between the ΔPsbY and the wild-type strains. 

Previous studies with a ΔPsbY strain in Synechocystis 6803, showed that the growth of 

ΔPsbY strain was affected in the absence of calcium and chloride ions (Neufeld et al. 

2004). However, both calcium and chloride ions are an integral part of the OEC (Yocum 

2008, Guskov et al. 2009), as such the absence of both could be predicted to be 

deleterious to the growth of the oxygen-evolving organisms, more so in the mutants. 

As such, in the current study, a complete BG-11 medium was used to elucidate the role 

of PsbY in Synechocystis 6803. The current study revealed that the ΔPsbY strain had 

slightly impaired photoautotrophic growth and oxygen-evolving capacity as compared 

to the wild-type strain (Table 3.4 and Figure 3.10A,B). The ΔPsbY strain showed a 

reduction, as compared to wild type, in the oxygen-evolving activity when supported 

by either DMBQ or DCBQ. The oxygen-evolving activity supported by sodium 

bicarbonate was also reduced in the ΔPsbY strain (Table 3.4). The presence of sodium 

formate during oxygen-evolution assays reduced the oxygen-evolving capacity of the 

ΔPsbY strain to a similar extent as the ΔPsbM strain (Table 3.4). The ΔPsbY strain also 

showed a possible alteration in the oxidation state of the plastoquinone pool (Figure 

3.7C). The presence of sodium bicarbonate with sodium formate was unable to restore 

the increase in the half-time observed for the millisecond component and a faster slow 

component in the ΔPsbY strain as compared to wild type (Table 3.5). The inability of 

sodium bicarbonate to completely restore the fluorescence relaxation in the presence 

of sodium formate suggested a probable increase in the susceptibility of PS II centres 

to sodium formate in the ΔPsbY strain. Fluorescence relaxation assay also revealed a 

possible shift in the redox equilibrium towards QA-QB state in the presence of DMBQ for 

the ΔPsbY strain (Table 3.5). The fluorescence relaxation following multiple actinic 

flashes revealed an apparent inhibition of the forward electron transport and altered 

binding of quinone at the QB-binding site (Figure 3.14) in the ΔPsbY strain. BN-PAGE 

and western blotting revealed a possible reduction in the number of PS II dimers in the 

PsbY-lacking strains (Figure 3.9). 
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6.1.3 Role of PsbX in Synechocystis 6803 

Previous studies (section 1.4.5.5) on a ΔPsbX strain in Synechocystis 6803 (Funk 

2000) and an antisense-PsbX plant in Arabidopsis thaliana (García-Cerdán et al. 2009) 

suggested the requirement of PsbX for amassing functionally active PS II. The strains 

lacking PsbX have also been speculated to be light sensitive, due to the growth defects 

of PsbX-lacking mutant under low CO2 conditions (Katoh and Ikeuchi 2001) and 

enhanced psbX mRNA level under HL (Hihara et al. 2001), but the evidence to the 

supposition is lacking, and previous study (Funk 2000) failed to demonstrate the HL 

sensitivity in the ΔPsbX strain in Synechocystis 6803. In the current study, the ΔPsbX 

strain exhibited sensitivity to HL intensity when oxygen evolution was assessed using 

DMBQ and potassium ferricyanide (Figure 4.10A). This sensitivity to HL was, however, 

not observed in the presence of sodium bicarbonate (Figure 4.10B). The ΔPsbX strain, 

like the PsbT- and the PsbM-lacking strains, showed higher oxygen-evolving activity 

than the wild-type strain in the presence of DCMU along with DCBQ and potassium 

ferricyanide (Figure 4.4C and Table 4.1). The ΔPsbX strain evolved almost no oxygen 

when sodium formate was present with DMBQ and potassium ferricyanide (Figure 

4.4A); however, on adding sodium bicarbonate to the reaction, the sodium formate 

effect was reversed (Figure 4.4B). The sensitivity of the ΔPsbX strain to sodium formate 

was also indicated by the fluorescence relaxation assay (Figure 4.7A). Chlorophyll a 

fluorescence induction indicated blocked electron transport between QA and QB 

(Figure 4.5B). This blocked electron transport was confirmed in the chlorophyll a 

fluorescence relaxation assays (Table 4.2). Kinetic analysis of the fluorescence 

relaxation affirmed the blocked electron transport indicated by an increase in the 

decay half-time for the microsecond and millisecond components. The decay half-time 

for the slow phase also suggested a potential shift in the redox equilibrium towards the 

state QA-QB (Table 4.2 and Figures 4.6A). The results of fluorescence relaxation in the 

presence of DMBQ strengthened speculations of altered electron transport and 

probable changes in the binding properties of artificial quinone in the ΔPsbX strain. 

The presence of DMBQ almost wholly inhibited forward electron transport in the 

ΔPsbX strain (Table 4.2 and Figure 4.6C). The DMBQ titration assay also revealed a 

reduction in the IC50 of DMBQ for the ΔPsbX strain as compared to the wild-type strain 

(Figure 4.8) suggesting a tighter binding of DMBQ in the ΔPsbX strain. Based on BN-
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PAGE and western blotting and the relative levels of variable fluorescence in the 

presence of DCMU, it is likely that the PS II assembly is not affected by removing PsbX 

(Figure 4.9). Also, no accumulation of PS II intermediate assembly complexes observed 

in the ΔPsbX strain suggests that removing PsbX does not cause destabilisation of PS II 

centres.  

Results of western blotting performed with photodamaged cells revealed the 

enhanced susceptibility of PS II dimers to HL in the ΔPsbX strain relative to the wild-

type strain (Figures 4.12C). Results of the pulse-chase experiment (section 4.5) on HL 

exposed cells revealed that the process of PS II repair was not just the selective removal 

of the D1 protein but was coupled with the de novo PS II assembly, to maintain the PS 

II activity under HL intensity. 2D-PAGE of the complexes separated by BN-PAGE 

showed de novo assembly involving core proteins of the PS II complex during the PS II 

repair process (Figures 4.14,15). An exciting feature of the PS II repair process in the 

ΔPsbX strain revealed by the pulse-chase experiment was the accelerated de novo 

protein synthesis of the PS II core proteins as compared to the wild-type strain (Figure 

4.13B). Another feature which appeared prominently in both the wild type and the 

ΔPsbX strain was the co-migration of the NdhH protein with the PS II subunits (Figure 

4.15,16). This co-migration of NdhH protein and PS II complex, was particularly 

exciting as the NdhH is a subunit of the NAD(P)H dehydrogenase. Although, the 

interactions between PS I and NAD(P)H dehydrogenase (cyclic electron transport) has 

been previously reported (Darie et al. 2006, Peng et al. 2008). The co-migration of 

NdhH protein with PS II might suggest an interaction between the subunits of NAD(P)H 

and PS II complex. Inspection of the PS II crystal structure from T. vulcanus (PDB:4UB6) 

revealed interactions between the D2 protein and PsbX (section 5.3), which would fit 

with the probable accelerated damage to the D2 protein observed in the ΔPsbX strain 

(section 4.5), as PsbX might be stabilising the D2 protein in the final dimeric PS II. 

6.1.4 Role of conserved Arg residues of the D2 protein 

Out of many residues of PsbX interacting with the D2 protein, a single 

interaction (involving the Asp34 of PsbX and Arg24 of D2) was explored by mutating 

the Arg24 and Arg26 residues of the D2 protein (chapter 5). The deletion of psbD2 in 

the control strain revealed that the psbD2 gene might be required to maintain the 
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necessary levels of the D2 protein to support the required levels of active PS II centres 

during HL exposure, which was evident from the differences in oxygen-evolving 

activity observed for the wild type (Figure 3.4A) and the PsbD1C+:ΔPsbD2 control 

strain (Figure 5.11A) on HL exposure. However, other physiological processes related 

to PS II activity suggested the two strains to be not so different between the wild-type 

and PsbD1C+:ΔPsbD2 strains (Tables 4.2,5.2). Assessing the PS II assembly using the 

BN-PAGE and western blotting revealed that the amount of D1, CP43 and CP47 proteins 

were similar in the PsbD1C+:ΔPsbD2 strain and the wild-type strain (Figure 5.22B,D 

and E). On using the anti-D2 antibody, however, the PS II monomer and RC47 pre-

assembly complex were visibly reduced in the PsbD1C+:ΔPsbD2 strain as compared to 

the wild-type strain (Figure 5.22C). Therefore, it is possible that the control strain has 

less D2 protein as compared to the wild-type strain, which gives rise to the slightly 

enhanced sensitivity to HL intensity witnessed in the control strain. 

The results on mutating the Arg residues of the D2 protein indicated a change 

in the PS II assembly probably due to the altered incorporation of the D2 protein in the 

thylakoid membrane. The assembled PS II centres in the R24A and R24D mutants, 

however, exhibited a phenotype that was comparable to the phenotype observed for 

the ΔPsbX strain. The photodamage and recovery assay revealed that the oxygen-

evolving activity when supported by DMBQ/potassium ferricyanide in the R24A and 

the R24D strains was sensitive to HL exposure (Figure 5.13). The charge-conserved 

mutation (R24K) showed a phenotype similar to the control strain (PsbD1C+:ΔPsbD2). 

Also, the R24D strain showed a possible reduction in the number of PS II centres 

(Figures 5.7D, 5.9B,D). However, the strain could grow photoautotrophically, and the 

growth rate was observed to be similar to the R24K strain (Figure 5.7A). The strains, 

R24A and R24D, showed delayed fluorescence relaxation in the presence of DMBQ 

(Figure 5.10C), a feature quite prominently observed in the ΔPsbX strain.  

The mutations of the Arg26 residue caused a severe reduction in the 

photoautotrophic growth, irrespective of the amino acid used to replace the Arg amino-

acid residue (Figure 5.12A and 5.22). That the assembly of PS II was affected on 

mutating the Arg26 residue was evident from the results of the biochemical 

characterisation of the R26A, the R26D and R26K strains (Figures 5.12B-D, 5.13A, 5.14 

and 5.22). An impressive result was the enhanced initial oxygen evolution observed for 
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the R26D and the R26K strains in the presence of sodium bicarbonate as compared to 

the control strain (Figure 5.13B). The assembled PS II centres in the Arg26 mutants 

were observed to be sensitive to HL intensity (Figure 5.16A). A surprising result with 

the Arg26 mutants, however, was the decline in oxygen-evolving activity, on exposure 

to HL intensity when supported by sodium bicarbonate (Figure 5.16B). The oxygen-

evolving activity when supported by sodium bicarbonate, was more than the control 

strain for all the Arg24 mutants, the R26D, R26K, and R24K:R26K mutants (Figures 5.8, 

5.13, 5.18 and Tables 5.1, 5.3, 5.5). A possible explanation to enhanced oxygen 

evolution by mutants might be that the compromised nature of PS II centres in the 

mutants could have possibly resulted in a reduction of the chlorophyll a concentration 

on a per cell basis. Since oxygen-evolving activity is measured based on the relative 

content of chlorophyll a; it is possible that more cells per mL were added for the assay 

causing an enhanced oxygen evolution when supported by sodium bicarbonate. 

On mutating the Arg24 and Arg26 residues, only the charge-conserved 

mutations in the R24K:R26K double mutant resulted in a photoautotrophic strain 

(Figure 5.17A). The assembled PS II centres in the R24K:R26K strain, were found to be 

sensitive to HL (Figure 5.21). The kinetic analysis of the fluorescence relaxation with 

DCMU for the R24K:R26K strain, showed an increase in the relative amplitude of the 

millisecond phase possibly indicating utilisation of alternate charge recombination 

pathways for fluorescence quenching (Table 5.6 and Figure 5.20B).  

A common observation made for all the Arg24 and Arg26 mutants was the 

increase of absorption in the region assigned to carotenoid absorbance in the whole 

cell absorption spectra except for the R24A strain. As mentioned in section 1.4.1.1, the 

carotenoids are responsible for dissipating excess energy and photoprotection, an 

increase of carotenoids in these strains could further hint at the compromised status 

of PS II. 

6.2 Discussion 

The results presented in this thesis indicated some features that were common 

in all the mutants studied. 
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 The mutants exhibited a faster millisecond component of the chlorophyll 

a fluorescence relaxation in the presence of DCMU.  

 The HL sensitive strains did not exhibit the HL sensitivity if sodium 

bicarbonate supported the oxygen-evolving activity on HL exposure, 

except in the case of the R24D strain and all the Arg26 mutants. 

 All LMW mutants showed enhanced oxygen-evolving activity in the 

presence of DCMU when supported by DCMU. 

In the following sections, an effort has been made to explain the results based 

on the currently suggested model of PS II assembly, PS II repair and the PS II crystal 

structure. 

6.2.1 Role of Cyt b559 and cyclic electron transport within PS II  

The observation that forward electron transport was affected in the ΔPsbM, 

ΔPsbT and ΔPsbX strains could be explained by considering the location (in case of 

PsbM and PsbT) and interactions with other PS II proteins (in case of PsbX; Figures 5.2-

6) inferred from the current high-resolution X-ray-derived crystal structure of PS II 

(Suga et al. 2015). In the ΔPsbY strain, however, the obvious question was how a 

protein that is so far away from the QA and QB sites, might be affecting the electron 

transport process? The answer may lie in either the interactions of PsbY with PsbE (α-

subunit of Cyt b559) identified by Müh and Zouni (2016) or the possible role of PsbY in 

protecting the heme iron of Cyt b559 (Sugiura et al. 2015). Sydow et al. (2016) have 

concluded that removing PsbY might be causing increased accessibility of the heme 

iron to the reductants thus causing a change in the potential of Cyt b559. The change in 

the potential of Cyt b559 in the PsbY-lacking strain might be affecting the oxidation state 

of QA causing destabilisation of the bicarbonate ligand as proposed by Brinkert et al. 

(2016), perturbing the forward electron transport in the ΔPsbY strain. 

Although the charge recombination pathways involve electron transfer 

between terminal electron acceptor (QA) and electron donor side (P680), the exact 

pathway is unknown and has been speculated to be either directly between P680+ and 

QA- or indirectly involving PHO (Rappaport et al. 2002). In either case, the ultimate sink 

for the electron has been proposed to be the S2 state of the OEC (Cser and Vass 2007). 
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However, discrepancies exist in assigning the pathway giving rise to the millisecond 

component of the fluorescence relaxation observed in the presence of DCMU. As 

suggested by Cser and Vass (2007), it seems possible that the incomplete inhibition of 

the electron transport by DCMU could be responsible for the fast fluorescence 

quenching observed with DCMU. However, removal of Mn by hydroxylamine in the 

presence of DCMU causes the flash-induced fluorescence yield to remain almost 

constant (Vass et al. 1999). It could thus be hypothesised that both the fast and slow 

components of fluorescence decay in the presence of DCMU is achieved by charge 

recombination with the S2 state of the OEC. In this thesis, the millisecond component 

in the presence of DCMU was observed to be faster for the mutants. It is thus 

hypothesised that the compromised status of PS II in the PS II mutants opens alternate 

pathways like cyclic electron transport within PS II (reviewed by Shinopoulos and 

Brudvig, 2012) involving Cyt b559. The ensuing paragraphs explain the putative cyclic 

electron transport within PS II and the possible role of Cyt b559 in the mutants. 

The enhanced millisecond component in the presence of DCMU, hypothesised 

to be due to the cyclic electron transport within PS II in the mutants could be supported 

using one of the PS II crystal structures (Guskov et al. 2009) and the existence of 

alternate quinone-binding sites QC (Kaminskaya et al. 2007b) or QD (Kaminskaya and 

Shuvalov 2013). As mentioned in chapter 1 (section 1.4.3), two quinones QA and QB are 

found in PS II and all type II reaction centres (Cardona et al. 2012). However, evidence 

for a third plastoquinone (QC) was presented by Kaminskaya et al. (2007a), which was 

suggested to influence the potential of Cyt b559 (Kaminskaya et al. 2007b). The PS II 

crystal structure at 2.9 Å from T. elongatus later showed the presence of QC bound near 

Cyt b559, and inhabited one of the proposed quinone diffusion channels, identified by 

computational analysis of the PS II crystal structure (Guskov et al. 2009). However, the 

QC was not detected in other high-resolution structures from cyanobacteria (Umena et 

al. 2011, Suga et al. 2015) or in spinach (Wei et al. 2016) making the presence of QC 

arguable. Moreover, the actual QC site has been proposed to be different from the QC 

site identified in the PS II crystal structure (Müh and Zouni 2016). The binding of 

plastoquinone at the QC site and its role in redox reactions of the oxygenic 

photosynthesis is, therefore, still debated. Recent study using coarse grain molecular 

dynamics (CGMD) simulations on the PS II crystal structure data from Umena et al. 
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(2011), hypothesised that the QC molecule identified in the crystal structure from 

Guskov et al. (2009) was probably a transiting plastoquinone molecule trapped in the 

diffusion channel during the crystallisation process, or it represented a quinone 

binding site (Van Eerden et al. 2017). 

Cyt b559 primarily exists in three different forms categorised by redox potential 

(Müh and Zouni 2016). The potential of Cyt b559 has been found to vary between -150 

mV to 450 mV in chloroplasts of higher plants and isolated thylakoid membranes (Müh 

and Zouni 2016). In Synechocystis 6803, however, only one form (+170 mV) of Cyt b559 

has been found in PS II enriched membrane preparation at pH 7.5 (Ortega et al. 1994). 

The Cyt b559 is also known to accept electrons from reduced plastoquinone 

(plastoquinol) in its oxidised high potential form (Whitmarsh and Cramer 1978). As 

observed in PsbY-lacking Arabidopsis thaliana (Sydow et al. 2016) membrane 

preparation, it is possible that the potential of Cyt b559 changes in the Synechocystis 

6803 mutants used in this study. Cyt b559 has been proposed to keep the PS II acceptor 

side oxidised when forward electron flow is blocked (Bondarava et al. 2003). Also, the 

midpoint potential of QA/QA- couple was observed to increase in Spinach (untreated 

samples: -80 mV, DCMU treated samples -23 mV) in the presence of PS II-specific 

inhibitor DCMU (Krieger-Liszkay and Rutherford 1998). Combined influence of a 

change in the midpoint potential of QA/QA- couple in the presence of DCMU and 

potential of Cyt b559 in mutants, could potentially open alternate pathways of charge 

recombination in mutants. An interesting observation that further strengthens the 

cyclic electron transport within PS II is the presence of putative diffusion channel on 

either side of the Cyt b559 subunits (Figure 8.4 in Müh and Zouni 2016). Constant 

illumination leads to the formation of the oxidative P680+ molecule (reviewed in Debus, 

1992), an accumulation of the P680+ due to the impairment of electron transport from 

OEC, could potentially result in oxidising other PS II subunits leading to donor-side 

photoinhibition (Vass 2012). Under these conditions, proposals of Cyt b559 donating an  
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Figure 6.1 Schematic diagram of the putative cyclic electron transport within PS II and the 

probable sites for the DCBQ to accept electrons in the presence of DCMU. Solid arrows show the 

electron path. Dashed arrows show the occupancy or release of respective molecules at the QB-binding 

site. Brown arrows show the forward electron transport after its release from P680. Orange arrows show 

the transfer of electron between OEC and P680. Red arrows represent the putative cyclic electron 

transport within PS II involving alternate quinone-binding sites and Cyt b559. Blue arrows represent the 

electron pathway for charge recombination between QA and S2 state of the OEC. Presence of DCMU 

blocks the electron transport causing the electron to be stuck at QA. For fluorescence quenching in the 

presence of DCMU, the electron may utilise either the faster putative cyclic electron transport within 

PS II or the slow charge recombination pathway. Grey arrows represent the probable pathways available 

for the transfer of electron to DCBQ in the presence of DCMU. PHO: Pheophytin, OEC: Oxygen-

evolving complex, YZ: Redox active tyrosine residue of the D1 protein, QA: Primary quinone, QB:

Secondary quinone, QC/QD: Alternate quinone binding sites, P680: Reaction centre chlorophyll, CarD2: 

β-carotene of D2, ChlD2: Accessory chlorophyll a molecule of the D2 protein, Cyt b559: Cytochrome 

b559, PQ: Plastoquinone, PQH2: Plastoquinol, DCBQ: 2,6-dichloro-1,4-benzoquinone, DCMU: 3-(3,4-

dichlorophenyl)-1,1-dimethylurea. 

Removal of PsbX 
and PsbY proteins 
might be affecting 
the potential of Cyt 
b559 

Removal of PsbM 
delays binding/release 
of PQ causing a delay 
in electron transport 
between QA and QB 
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electron to P680+ and thus protecting the PS II from donor-side photoinhibition has been 

put forward (Barber and De Las Rivas 1993). The process involving redox-active 

tyrosine of D2 (YD), β-carotene and chlorophyll that associate with the D2 protein has 

been reviewed by Shinopoulos and Brudvig (2012). The oxidised form of Cyt b559 can 

then accept electrons from plastoquinone pool giving rise to a potential cyclic electron 

transport within PS II. The enhanced oxygen evolution with DCBQ and potassium 

ferricyanide, in the presence of DCMU, on the removal of proteins PsbM, PsbT and PsbX, 

could also be explained if Cyt b559 and the proposed cyclic electron transport within PS 

II is included in the picture. DCMU blocks forward electron transport by occupying the 

QB-binding site, thus probably making the Cyt b559 accept electrons from QA- and most 

likely passes it on to the P680+ through the β-carotene which is situated near to the Cyt 

b559 and ultimately to the Mn of the OEC (summarised in Figure 6.1). 

In the mutants lacking the LMW proteins (PsbM, PsbT, PsbX, and PsbY), it could be 

hypothesised that the compromised nature of the PS II centres in the mutants alters 

the forward electron transport and the potential of Cyt b559, which might result in 

enhanced cyclic electron transport within PS II. Enhanced oxygen evolution in the 

presence of DCMU on using DCBQ and potassium ferricyanide in the mutants, but not 

with DMBQ and potassium ferricyanide; however, does indicate that acceptance of 

electrons by DCBQ is not limited to the QB-binding site, and it can probably accept 

electrons directly from QA-. Another way of explaining this phenomenon could be that 

the DCBQ can accept electrons by occupying the alternate quinone-binding sites (QC or 

QD) and accepting electrons from Cyt b559, which is already reduced due to blockage of 

the forward electron transport in the mutants (Figure 6.1). 

6.2.2 Loss of HL sensitivity in the presence of sodium bicarbonate 

Assessment of oxygen-evolving activity on cells exposed to HL intensity using 

sodium bicarbonate did not show any reduction in oxygen-evolving activity as 

compared to the oxygen-evolving activity supported by DMBQ (Figures 3.12,4.10-

11,6.9,6.14 and 6.19). The ability of sodium bicarbonate to support oxygen-evolving 

activity in the photodamaged cells has been observed in previous studies as well 

(Nixon et al. 1995, Luo et al. 2014). The results of western blotting of photodamaged 

cells and pulse-chase experiments performed on the ΔPsbX cells in this study might 



 

192 
 

explain this observation. The western blotting indicated a possible accumulation of the 

PS II monomers in the ΔPsbX strain (Figure 4.12) along with enhanced damage to the 

PS II dimer, in the ΔPsbX cells exposed to HL intensity. In the wild-type cells, however, 

the ratio of PS II dimers and PS II monomers appeared to be constant under HL and LL 

(Figure 4.12). Pulse radiolabelling also showed similar results and the majority of label 

associated with the PS II monomer in the ΔPsbX cells (Figures 4.13-15). In the wild-

type cells, the PS II dimer and PS II monomer seemed nearly equal (Figures 4.13,14). 

These observations would suggest that the dimerisation of PS II monomer is slower in 

the ΔPsbX strain than in the wild-type cells. The oxygen-evolving activity in the 

presence of sodium bicarbonate, however, remained nearly constant throughout the 

photodamage and recovery assay. A simple inference drawn from this observation 

could be that in the presence of sodium bicarbonate, PS II monomers (or an increased 

fraction of PS II monomers) also participate in oxygen evolution. The preferential 

binding of DMBQ at the QB-binding site is, however, probably restricted to the PS II 

dimers and the synthetic quinone is unable to gain electrons from the PS II monomers. 

However, the oxygen evolution results of the ΔPsbM:ΔPsbT double mutant (Bentley et 

al. 2008), where western blotting could detect only PS II monomers, might suggest the 

above-proposed hypothesis to be incorrect. In the current study, the western blotting 

showed destabilisation of PS II centres in both the ΔPsbM and ΔPsbT mutants (Figures 

3.9 and 4.9). As such it could be argued that deletion of both PsbM and PsbT in the 

study by Bentley et al. (2008) might be causing the destabilisation of PS II dimers to 

the extent that the detergent treatment is solubilising them to PS II monomers. A 

different approach, however, to explain the effect of sodium bicarbonate in 

photodamaged cells might be the observation of loose binding of the bicarbonate 

ligand to the non-heme iron when QA- is present (Brinkert et al. 2016). Under HL, the 

PS II monomer might have a loosely attached bicarbonate ligand and thus, cannot 

participate in the oxygen-evolution process when supported by DMBQ, but in the 

presence of sodium bicarbonate, the binding of bicarbonate to the non-heme iron in PS 

II monomer might be restored facilitating the observed oxygen evolution. The latter 

seems to be a more plausible explanation, as the photodamage and recovery with 

DMBQ and sodium bicarbonate did not show the photodamage in the ΔPsbX strain 

(Figure 4.11A). The de novo synthesis of PS II-associated proteins under HL (Figure 

4.14), however, prompts to redraw the PS II assembly and PS II repair pathways  
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Figure 6.2 Biogenesis and repair pathways of PS II. The results of the pulse-chase experiment performed with the wild type and the ΔPsbX strains in the 

current study prompted to present the PS II assembly and PS II repair processes to as one overlapping process and not as isolated processes temporally 

differentiated. Eaton-Rye (unpublished). 
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presented in Figures 1.5,6 as a synchronous process ascertaining the continued PS II 

activity under HL (Figure 6.2). 

6.2.3 Co-migration of NdhH with the proteins of PS II complex 

In section 4.5 the pulse-chase experiment showed an apparent association of 

the NdhH (a subunit of NAD(P)H plastoquinone oxidoreductase) protein with a 

complex that in 2D-PAGE showed the presence of D1, D2 and CP47 (Figure 4.14,15). 

NAD(P)H plastoquinone oxidoreductase in cyanobacteria and plastids (homologous to 

NADH-ubiquinone oxidoreductase in mitochondria) participates in the cyclic electron 

transport involving PS I (Mi et al. 1995, Kubicki et al. 1996). In Arabidopsis, an 

association of NAD(P)H plastoquinone oxidoreductase with PS I, forming a super-

complex has been reported (Peng et al. 2008). The probable association of the PS II 

complex with NAD(P)H plastoquinone oxidoreductase observed in the current study is 

a novel observation. The result of the pulse-chase experiment in the current study 

suggest that NdhH or other subunits of NAD(P)H plastoquinone oxidoreductase might 

be associating to form an intermediate during the PS II repair process, probably to 

stabilise the modified RC47 (RC47 lacking the D1 protein). The previous attempt to 

create a NdhH deletion mutant in Synechocystis 6803 was lethal and completely 

segregated deletion mutant could not be isolated (Pieulle et al. 2000). In Arabidopsis, it 

also has been reported that absence of CyanoP homologue, PPL2 (PsbP-like protein2) 

affects the assembly of NADPH dehydrogenase (Ishihara et al. 2007). Under stress 

conditions like HL or addition of phytohormone strigolactone, an increase in the 

expression of NdhH has been reported along with the complexes participating in 

photosynthetic electron transport (Mayzlish-Gati et al. 2010, Chen et al. 2016). 

Considering above-reported studies and the presence of the NdhH protein at the 

membrane and cytosol interface in Synechocystis 6803 (Prommeenate et al. 2004) it 

seems plausible that the NdhH might form a short-lived complex with PS II under HL 

conditions. NdhH-containing complex has also been reported to accept electrons from 

ferredoxin and interact with plastoquinone (He et al. 2015), making it possible to 

hypothesise a possible interaction between the PS II intermediate and subunit/s of 

NAD(P)H plastoquinone oxidoreductase. However, this hypothesis needs further 

evidence, as the migration of protein in the native gels could be an artefact arising due 

to mobility pattern of complexes in gel or thylakoid isolation procedures. Also, other 
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extrinsic members of the NAD(P)H dehydrogenase complex like NdhJ and NdhK could 

not be identified in the autoradiogram, making it more difficult to ascertain an 

interaction between NAD(P)H dehydrogenase complex and PS II. 

6.2.4 Role of N-terminus Arg residues of the D2 protein in PS II assembly 

The point mutants created in this study revealed the role of the Arg24 and 

Arg26 residues of the D2 protein in PS II assembly. A surprising result was the lack of 

PS II assembly observed for all the Arg26 point mutants. The result was surprising as 

the charge-conserved mutation (R26K) could be hypothesised to be similar to the 

native D2 protein. The complete lack of PS II assembly in the R24A:R26A and 

R24D:R26D strains, showed the additive impact of the mutations on the PS II assembly 

process. The obvious questions that then arise are; how do these Arg residues influence 

PS II assembly, and why does a charge-conserved mutation cause a decline in PS II 

assembly?  

The currently proposed model for PS II assembly shows the initial biogenesis to 

be localised in an intermediate membrane subfraction called the PratA-defined 

membrane (PDM) subfraction (Nickelsen et al. 2011, Rengstl et al. 2011). The PratA 

protein has been suggested to interact with the precursor-D1 in Synechocystis 6803 

(Klinkert et al. 2004), and also to coordinate and bring together the precursor-D1 and 

D2 pre-assembly complexes (Nickelsen et al. 2011). The early PS II assembly steps 

might serve as a clue to answer the first question in the paragraph above, and it seems 

possible that PratA or some yet unknown PS II assembly factor interacts with the D2 

protein at the N-terminus to coordinate the early steps of PS II assembly. Disruption of 

this interaction by mutating the Arg residues caused the PS II assembly to stop at an 

early stage. Due to a decline in the D1 protein in the absence of the D2 protein 

(Komenda et al. 2004), it was hypothesised that the assembly of the D2 pre-assembly 

complex takes place before the attachment of D1 pre-assembly complex to form the 

initial reaction centre complex. A plausible explanation for the data obtained in this 

thesis is that the inadequate number of D2 pre-assembly complexes in the Arg24 and 

Arg26 mutants is stalling the accumulation of PS II complexes.  
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Arginine-rich cell-penetrating peptides have been shown to permeabilise 

membranes, facilitating the entry of proteins into the membrane (Schmidt et al. 2010, 

Li et al. 2013). It thus seems possible that the Arg amino-acid residues at the N-

terminus of the D2 protein dictate the D2 protein’s entry into the membrane during the 

initial PS II assembly processes. The properties of Arg and Lys amino-acid residues 

within a membrane indicates why the charge-conserved mutation is probably causing 

a decline in the PS II assembly. Arginine residues have been suggested to interact more 

profoundly with the membrane interface as compared to Lys residues (Li et al. 2013, 

Wu et al. 2013), and the feasibility of Arg residues maintaining their protonated state 

within the membrane has been suggested (Yoo and Cui 2008). The discussion makes it 

feasible to explain the results of an Arg to Lys mutation, and it could be hypothesised 

that on mutating the Arg residue to Lys, the incorporation of the D2 protein in the 

thylakoid membrane was unstable causing a decline in the PS II centres. 

6.3 Conclusions and future directions 

This project has investigated the physiological roles of LMW proteins PsbM, 

PsbT, PsbX and PsbY. Possible interactions between PsbX and the D2 protein were also 

explored by creating point mutations in the D2 protein. The PsbM and PsbT subunits 

of PS II, present at the monomer-monomer interface (Guskov et al. 2009, Umena et al. 

2011, Suga et al. 2015) indicate their role in stabilising the PS II dimer. The deletion of 

PsbM or PsbT in this study, revealed a destabilisation of the PS II dimer causing an 

accumulation of a CP43 containing subunit. Such destabilisation or stalled assembly of 

PS II in the absence of PsbM or PsbT has been previously reported in Synechocystis 

6803 (Bentley et al. 2008). The ΔPsbT strain in this study gave similar results to the 

previous study (Bentley et al. 2008); however, the HL sensitivity in the ΔPsbM strain, 

previously observed by Bentley et al. (2008) was not observed in the current study, 

and the ΔPsbM strain showed a similar phenotype as the PsbM-lacking strain from T. 

vulcanus (Uto et al. 2017). Removing PsbY showed an altered electron transport and 

increased sensitivity to sodium formate addition as compared to the wild-type strain; 

however, the observed changes did not cause any major change in the phenotype of 

ΔPsbY from wild type. Removal of PsbY in a PsbM-lacking strain created additional 

changes, causing sensitivity to HL that required protein synthesis for recovery. 
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Removing PsbX hampered the PS II repair process causing sensitivity to HL in the 

ΔPsbX strain. In addition, the ΔPsbX strain was found to be sensitive to sodium formate 

addition, affecting the oxygen-evolving activity in this strain. Removal of PsbX also 

caused changes in assembled PS II centres leading to the inhibition of electron 

transport in the presence of DMBQ. However, removing PsbX did not appear to cause 

any change in the PS II assembly process. Using sodium bicarbonate in assays to assess 

the light-induced damage in the ΔPsbT, ΔPsbM:ΔPsbY and ΔPsbX strains did not reveal 

the HL sensitivity. BN-PAGE and 2D-PAGE of photodamaged samples suggested 

probable slow dimerisation of the PS II monomer and likely accelerated damage to the 

D2 protein in the ΔPsbX strain as compared to wild type. However, it is possible that 

the photodamaged PS II dimers are prone to solubilisation by the detergent used 

during membrane solubilisation. The probable co-migration of NdhH complex with the 

PS II complex is also an avenue to be explored in future and strategies to perform bulk 

isolation of this putative complex could give new insights into the dynamic 

environment of the thylakoid membrane. 

Titration with DMBQ revealed a change in the binding of DMBQ at the QB-

binding site for the knockout mutants as compared to the wild type, which would 

suggest a conformational change in the assembled PS II centres of the knockout strains 

constructed in this study. The crystal structure of PsbM-lacking PS II dimer from T. 

elongatus did show a change in the QB-binding site (Uto et al. 2017). The structural 

analysis of the assembled PS II centres lacking the LMW proteins in this study might 

further elucidate the role of LMW proteins in PS II activity. Structural analysis coupled 

with the impact of knocking out LMW proteins on the transcription of PS II-associated 

genes could give further insights into the assembly of PS II. An interesting experiment 

might be to study the oxidation state of plastoquinone pool in the ΔPsbY strain, to get 

an answer to the faster rise of fluorescence between the J and I inflexion points 

witnessed in the PsbY-lacking strain (Figure 3.7C). 

The Arg24 series of mutants created in this study strengthened the possible 

interaction of the D2 protein with PsbX that was identified by the analysis of the PS II 

crystal structure from T. vulcanus (PDB:4UB6) using PyMOL. Also, the Arg24 and Arg26 

series of mutants revealed a vital role for the Arg residues present on the N-terminus 

of D2 protein in PS II assembly. The biochemical and physiological assays showed 
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stalled PS II assembly and the apparent conformational changes in the assembled PS II 

complex due to the mutations. Visualisation of thylakoid membrane-associated protein 

complexes using BN-PAGE and western blotting, however, failed to reveal any 

previously unknown PS II assembly complex stalled at the early stages of PS II 

assembly, which could be because of the FtsH proteases degrading the unassembled 

early PS II pre-complexes. Therefore, it might be worthwhile to create FtsH2 deletion 

mutants in the R24D strain or the Arg26 series of mutants, which might help in 

concentrating the unassembled PS II pre-complexes. Isolating and identifying subunit 

composition of these potential unassembled pre-assembly PS II complexes may give 

further insight into the process of PS II assembly. Such a strategy to elevate the levels 

of unassembled PS II complexes has been adopted in the past (Komenda et al. 2006, 

Boehm et al. 2011). It might also be fruitful to explore the interactions between the 

PsbX and D2 proteins by mutating PsbX residues identified in this study and further 

elucidate the role of the PsbX protein in PS II. 
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Appendix I 

R script for low-temperature fluorescence data analysis (440 nm) 

#Read list of .csv files in directory 
filenames<-list.files(pattern='*.csv', ignore.case=TRUE) 
filenames 
Number_Rows=203 ## Data from 579 to 780 nm 
Raw_Array=matrix(nrow=Number_Rows,ncol=1) 
for(i in 1:203)  
Raw_Array[i,1]=i+598 
Baseline_Corrected_Array<-Raw_Array 
PSI_Normalised_Array<-Raw_Array 
#Open each file and add data (column 3) to matrix 
for (i in filenames) 
{Raw_Data<-read.csv(i, header=FALSE, sep=",", 
                     col.names=c("Wavelength", "UnUsedColumn", 
                                 gsub(".csv", "", i, ignore.case=TRUE), "UnUsedColumn")) 
  Sample_Data<-as.matrix(Raw_Data[,3]) 
  Raw_Array<-cbind(Raw_Array, Sample_Data)  #Add this sample column to end of 
array} 
filenames  #Debugging 
Raw_Array  #Debugging 
Number_Of_Samples<-dim(Raw_Array)-1 
#plot(Raw_Array[,1],Raw_Array[,2], type="l") 
x<-Raw_Array[,1]-500  #Remove 500 nm from wavelength - keeps parameters of 
similar magnitude 
y<-Raw_Array[,3]*100 #Multiply fluorescence by 100 - keeps parameters of similar 
magnitude 
y 
x 
#Formula for each emission peak -Gaussian, not necessarily the best approximation - 
should be asymetric 
Calculated_Curve<-function(Wavelength,a,b,c) 
{ 
a*exp((-(Wavelength-b+500)^2)/(2*c^2)) 
} 
#Formula for the baseline -> power function - for lack of a better alternative? 
Calculated_Baseline<-function(Wavelength,a,b,c){ 
 # a*exp((-b/1000)*Wavelength)+c 
  a*10*Wavelength^(-b/10)+c 
} 
#Total simulated observed (calculated) fluorescence 
Simulated_Spectra<-
function(Wavelength,b1,b2,b3,pa1,pb1,pc1,pa2,pb2,pc2,pa3,pb3,pc3,pa4,pb4,pc4,pa5
,pb5,pc5,pa6,pb6,pc6){ 
  Calculated_Baseline(Wavelength,b1,b2,b3)+ 
    Calculated_Curve(Wavelength,pa1,pb1,pc1)+ 
    Calculated_Curve(Wavelength,pa2,pb2,pc2)+ 
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    Calculated_Curve(Wavelength,pa3,pb3,pc3)+ 
    Calculated_Curve(Wavelength,pa4,pb4,pc4)+ 
    Calculated_Curve(Wavelength,pa5,pb5,pc5)+ 
    Calculated_Curve(Wavelength,pa6,pb6,pc6) 
} 
#Ballpark starting values, plus upper and lower - only used for "Port" algorithum 
Start_params<-(list(b1=500,b2=10,b3=-5, 
                   pa1=50,pb1=727,pc1=10, 
                   pa2=25,pb2=685,pc2=5, 
                   pa3=15,pb3=695,pc3=4, 
                   pa4=5,pb4=645,pc4=5, 
                   pa5=5,pb5=665,pc5=5, 
                   pa6=5,pb6=760,pc6=5)) 
Upper_params<-(list(ub1=1000,ub2=100,ub3=30, 
                   ua1=80,ub1=730,uc1=25, 
                   ua2=50,ub2=688,uc2=7, 
                   ua3=50,ub3=698,uc3=10, 
                   ua4=10,ub4=655,uc4=10, 
                   ua5=10,ub5=670,uc5=20, 
                   ua6=20,ub6=780,uc6=50)) 
Lower_params<-(list(lb1=100,lb2=5,lb3=-25, 
                   la1=5,lb1=720,lc1=2, 
                   la2=5,lb2=682,lc2=3, 
                   la3=5,lb3=692,lc3=3, 
                   la4=1,lb4=640,lc4=2, 
                   la5=1,lb5=660,lc5=2, 
                   la6=1,lb6=750,lc6=2)) 
#lines(x,Calculated_Baseline(x,Start_params[[1]],Start_params[[2]],Start_params[[3]]
),col="green") 
#for (p in 1:6){ 
#  
lines(x,Calculated_Curve(x,Start_params[[p*3+1]],Start_params[[p*3+2]],Start_param
s[[p*3+3]]),col="red") 
#} 
Data_To_Fit <- data.frame(x = x, y = y) 
#Plot the data on a graph to start with 
#plot(Data_To_Fit$y ~ Data_To_Fit$x, main = "Fitted data", type = "l", 
#     xlim=c(100, 300), ylim=c(0, 100)) 
###Data fitting section 
Fit_Data<-function(y,Sample_Number){ 
#plot(x,y, type="l") 
# Change data to a data frame 
Data_To_Fit <- data.frame(x = x, y = y) 
#Debugging - print the data series 
#str(Data_To_Fit) 
Model_Spectra <- nls(y ~ Simulated_Spectra(x, b1, b2,b3, 
                                     pa1, pb1, pc1,  
                                     pa2, pb2, pc2,  
                                     pa3, pb3, pc3,  
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                                     pa4, pb4, pc4, 
                                     pa5, pb5, pc5, 
                                     pa6, pb6, pc6), 
            data = Data_To_Fit, start = Start_params, trace = T, 
            algorithm="port", 
            upper=Upper_params, 
            lower=Lower_params, 
            control=nls.control(maxiter = 5000, tol = 1e-04, minFactor = 1/1000, 
            printEval = FALSE, warnOnly = TRUE) ) 
summary(Model_Spectra) 
 plot(Data_To_Fit$y ~ Data_To_Fit$x, main = filenames[Sample_Number], type = "l", 
      xlim=c(100, 300), ylim=c(0, 100)) 
#Extract fitted values 
Fit_Parameters<-coef(Model_Spectra) 
#Draw the baseline on the graph 
lines(x,Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Paramet
ers["b3"]),col="green") 
#Draw each individual peak on the graph 
for (p in 1:6){ 
lines(x,Calculated_Curve(x,Fit_Parameters[p*3+1],Fit_Parameters[p*3+2],Fit_Parame
ters[p*3+3]),col="red") 
} 
#Draw simulated spectra on graph 
lines(x,  fitted(Model_Spectra), lty = 1, col = "magenta") 
lines(x, y-
(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b
3"])), lty = 2, col = "black") 
Fit_Parameters 
Baseline_Corrected_Spectrum<-(y-
(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b
3"]))) 
Baseline_Corrected_Spectrum 
} 
#Fit an individual spectrum 
Fit_Data(Raw_Array[,3]*100,1) 
#Fit all csv files - 1st column is the wavelength data 
for (d in 2:(Number_Of_Samples[2]+1)){ 
  Model<-Fit_Data(Raw_Array[,d]*100,d-1) 
Baseline_Corrected_Array<-cbind(Baseline_Corrected_Array, Model) 
PSI_Normalised_Array<-cbind(PSI_Normalised_Array, 
Model/mean(Model[127:131])) 
colnames(PSI_Normalised_Array)[d] <-  sub(".csv", "", filenames[d-1], 
ignore.case=TRUE)     
colnames(Baseline_Corrected_Array)[d] <- sub(".csv", "", filenames[d-1], 
ignore.case=TRUE)  
} 
Baseline_Corrected_Array 
PSI_Normalised_Array 
dir.create("Output", showWarnings = TRUE, recursive = FALSE) 
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write.csv(Baseline_Corrected_Array, "Output/Baseline_Corrected.csv", 
row.names=FALSE) 
write.csv(PSI_Normalised_Array, "Output/PSI_Normalised_Array.csv", 
row.names=FALSE) 
rm(list =ls()) 

 

R script for low-temperature fluorescence data analysis (580 nm) 

#Read list of .csv files in directory 
filenames<-list.files(pattern='*.csv', ignore.case=TRUE) 
filenames 
Number_Rows=183 
#Create matrix with first row as wavelength 
Raw_Array=matrix(nrow=Number_Rows,ncol=1) 
for(i in 1:Number_Rows)  
  Raw_Array[i,1]=i+598 
Baseline_Corrected_Array<-Raw_Array 
PSI_Normalised_Array<-Raw_Array 
#Open each file and add data (column 3) to matrix 
for (i in filenames){ 
  Raw_Data<-read.csv(i, header=FALSE, sep=",", 
                     col.names=c("Wavelength", "UnUsedColumn", 
                                 gsub(".csv", "", i, ignore.case=TRUE), "UnUsedColumn")) 
  Sample_Data<-as.matrix(Raw_Data[,3]) 
  Raw_Array<-cbind(Raw_Array, Sample_Data)  #Add this sample column to end of 
array 
} 
filenames  #Debugging 
filenames<-gsub("580","",filenames) 
Raw_Array  #Debugging 
Number_Of_Samples<-dim(Raw_Array)-1 
#plot(Raw_Array[,1],Raw_Array[,2], type="l") 
x<-Raw_Array[,1]-550  #Remove 500 nm from wavelength - keeps parameters of 
similar magnitude 
y<-Raw_Array[,3]*100 #Multiply fluorescence by 100 - keeps parameters of similar 
magnitude 
y 
x 
#Formula for each emission peak -Gaussian, not necessarily the best approximation - 
should be asymetric 
Calculated_Curve<-function(Wavelength,a,b,c){ 
  a*exp((-(Wavelength-b+550)^2)/(2*c^2)) 
} 
#Formula for the baseline -> power function - for lack of a better alternative? 
Calculated_Baseline<-function(Wavelength,a,b,c){ 
 # a*exp((-b/1000)*Wavelength)+c 
  a*1000*Wavelength^(-b/10)+c 
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} 
#Total simulated observed (calculated) fluorescence 
Simulated_Spectra<-
function(Wavelength,b1,b2,b3,pa1,pb1,pc1,pa2,pb2,pc2,pa3,pb3,pc3,pa4,pb4,pc4,pa5
,pb5,pc5,pa6,pb6,pc6,pa7,pb7,pc7){ 
  Calculated_Baseline(Wavelength,b1,b2,b3)+ 
    Calculated_Curve(Wavelength,pa1,pb1,pc1)+ 
    Calculated_Curve(Wavelength,pa2,pb2,pc2)+ 
    Calculated_Curve(Wavelength,pa3,pb3,pc3)+ 
    Calculated_Curve(Wavelength,pa4,pb4,pc4)+ 
    Calculated_Curve(Wavelength,pa5,pb5,pc5)+ 
    Calculated_Curve(Wavelength,pa6,pb6,pc6)+ 
    Calculated_Curve(Wavelength,pa7,pb7,pc7) 
} 
#Ballpark starting values, plus upper and lower - only used for "Port" algorithum 
Start_params<-(list(b1=125,b2=20,b3=-2, 
                   pa1=5,pb1=617,pc1=3, 
                   pa2=40,pb2=650,pc2=5, 
                   pa3=50,pb3=665,pc3=5, 
                   pa4=50,pb4=685,pc4=5, 
                   pa5=50,pb5=695,pc5=5, 
                   pa6=25,pb6=727,pc6=10, 
                   pa7=5,pb7=755,pc7=10)) 
Upper_params<-(list(ub1=1000,ub2=100,ub3=30, 
                   ua1=25,ub1=620,uc1=7, 
                   ua2=80,ub2=655,uc2=7, 
                   ua3=80,ub3=670,uc3=10, 
                   ua4=80,ub4=688,uc4=8, 
                   ua5=80,ub5=698,uc5=8, 
                   ua6=50,ub6=735,uc6=50, 
                   ua7=20,ub7=770,uc7=50)) 
Lower_params<-(list(lb1=100,lb2=5,lb3=-25, 
                   la1=2,lb1=612,lc1=2, 
                   la2=20,lb2=645,lc2=3, 
                   la3=20,lb3=660,lc3=3, 
                   la4=20,lb4=680,lc4=1, 
                   la5=20,lb5=690,lc5=2, 
                   la6=5,lb6=723,lc6=2, 
                   la7=3,lb7=735,lc7=2)) 
#lines(x,Calculated_Baseline(x,Start_params[[1]],Start_params[[2]],Start_params[[3]]
),col="green") 
#for (p in 1:6){ 
#  
lines(x,Calculated_Curve(x,Start_params[[p*3+1]],Start_params[[p*3+2]],Start_param
s[[p*3+3]]),col="red") 
#} 
Data_To_Fit <- data.frame(x = x, y = y) 
#Plot the data on a graph to start with 
#plot(Data_To_Fit$y ~ Data_To_Fit$x, main = "Fitted data", type = "l", 
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#     xlim=c(100, 300), ylim=c(0, 100)) 
###Data fitting section 
Fit_Data<-function(y,Sample_Number){ 
#plot(x,y, type="l") 
# Change data to a data frame 
Data_To_Fit <- data.frame(x = x, y = y) 
#Debugging - print the data series 
#str(Data_To_Fit) 
#Actual data fitting call 
Model_Spectra <- nls(y ~ Simulated_Spectra(x, b1, b2,b3, 
                                     pa1, pb1, pc1,  
                                     pa2, pb2, pc2,  
                                     pa3, pb3, pc3,  
                                     pa4, pb4, pc4, 
                                     pa5, pb5, pc5, 
                                     pa6, pb6, pc6, 
                                     pa7, pb7, pc7), 
            data = Data_To_Fit, start = Start_params, trace = T, 
            algorithm="port", 
            upper=Upper_params, 
            lower=Lower_params, 
            control=nls.control(maxiter = 5000, tol = 1e-04, minFactor = 1/1000, 
            printEval = FALSE, warnOnly = TRUE) ) 
#print out some info 
summary(Model_Spectra) 
plot(Data_To_Fit$y ~ Data_To_Fit$x, main = filenames[Sample_Number], type = "l", 
      xlim=c(50, 250), ylim=c(0, 100)) 
#Extract fitted values 
Fit_Parameters<-coef(Model_Spectra) 
#Draw the baseline on the graph 
lines(x,Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Paramet
ers["b3"]),col="green") 
#Draw each individual peak on the graph 
for (p in 1:7){ 
lines(x,Calculated_Curve(x,Fit_Parameters[p*3+1],Fit_Parameters[p*3+2],Fit_Parame
ters[p*3+3]),col="red") 
} 
#Draw simulated spectra on graph 
lines(x,  fitted(Model_Spectra), lty = 1, col = "magenta") 
lines(x, y-
(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b
3"])), lty = 2, col = "black") 
Fit_Parameters 
Baseline_Corrected_Spectrum<-(y-
(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b
3"]))) 
Baseline_Corrected_Spectrum 
} 
#Fit an individual spectrum 
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#Fit_Data(Raw_Array[,12]*100,1) 
#Fit all csv files - 1st column is the wavelength data 
for (d in 2:(Number_Of_Samples[2]+1)){ 
  Model<-Fit_Data(Raw_Array[,d]*100,d-1) 
  #Add data column to end of baseline + normalised data arrays 
  Baseline_Corrected_Array<-cbind(Baseline_Corrected_Array, Model) 
  PSI_Normalised_Array<-cbind(PSI_Normalised_Array, 
Model/mean(Model[127:131])) 
  #Add columns (sample) labels to the first row 
  colnames(Baseline_Corrected_Array)[d] <-  sub(".csv", "", filenames[d-1], 
ignore.case=TRUE) 
  colnames(PSI_Normalised_Array)[d] <-  sub(".csv", "", filenames[d-1], 
ignore.case=TRUE) 
  } 
Baseline_Corrected_Array 
PSI_Normalised_Array 
dir.create("Output", showWarnings = TRUE, recursive = FALSE) 
write.csv(Baseline_Corrected_Array, "Output/Baseline_Corrected.csv", 
row.names=FALSE) 
write.csv(PSI_Normalised_Array, "Output/PSI_Normalised_Array.csv", 
row.names=FALSE) 
rm(list =ls()) 

 

Fluorescence Induction 

MeasuringFlash=3us 
MeasurDelay=2us 
ActinicFlash=0us 
AuxDuration=10.1s     ; Act. light interval 
PreFlash=0us             ; PreFlash 
include default1.inc               ; Include standard options, don't remove it ! 
include detector.inc 
M_Voltage=90Num         ; Measur.light voltage 
F_Voltage=0 
A_Voltage=50Num          ; Act. light voltage 
;********************************************************************* 
<init>=>FastMode(0),Gain1(100) 
Fo=<200us,400us..800us>            ; Define Fo measurment 
ab=<10us,20us..40us>       
a=<50us,75us..150us>       
b=<200us,250us..500us>       
c=<600us,700us..1000us> 
d=<1.5ms,2ms..5ms> 
e=<6ms,7ms..10ms> 
f=<12.5ms,15ms..50ms> 
g=<60ms,70ms..250ms> 
h=<275ms,300ms..500ms> 
i=<600ms,700ms..1500ms> 
j=<1.75s,2s..5s> 
k=<5.5s,6s..10s> 
Timepoints=ab|a|b|c|d|e|f|g|h|i|j|k 
Light=1ms                             ; Actinic Flash 
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Measure=Light+Timepoints       ; Reoxidation Kinetics 
Fo|Measure=>mfm1 
<Light>=>A1 

 

Fluorescence relaxation 

; QA- Reoxidation - generated by wizard 
; Version MS 2.1.0.1 
MeasuringFlash=3us 
MeasurDelay=2us 
ActinicFlash=30us 
AuxDuration=ActinicFlash 
PreFlash=0us 
 include default1.inc      ; include standard options, don't remove it !  
include detector.inc 
M_Voltage=90Num 
F_Voltage=100Num 
A_Voltage=F_Voltage 
;********************************************************************* 
; PRE-DEFINED PARAMETERS 
<init>=>FastMode(0),Gain1(100) 
; TIMING DEFINITION 
Fo=<200us,400us..800us>            ; Define Fo measurment 
a=<50us,75us..150us>       
b=<200us,250us..500us>       
c=<600us,700us..1000us> 
d=<1.5ms,2ms..5ms> 
e=<6ms,7ms..10ms> 
f=<15ms,20ms..50ms> 
g=<60ms,70ms..100ms> 
h=<125ms,150ms..500ms> 
i=<600ms,700ms..1500ms> 
j=<1.75s,2s..5s> 
k=<5.5s,6s..60s> 
Timepoints=a|b|c|d|e|f|g|h|i|j|k 
Flash1=1000ms                             ; Actinic Flash 
f2=800ms 
f3=600ms 
f4=400ms 
f5=200ms 
Measure=Flash1+Timepoints       ; Reoxidation Kinetics 
Measure2=Measure+15us 
Fo2=Fo+15us 
Fo|Measure=>mfm1 
Fo2|Measure2=>m1 
<Flash1>=>F1                        ; Actinic Flash 
<Flash1>=>A1 
;<f2>=>F1                        ; Actinic Flash 
;<f2>=>A1 
;<f3>=>F1                        ; Actinic Flash 
;<f3>=>A1 
;<f4>=>F1                        ; Actinic Flash 
;<f4>=>A1 
;<f5>=>F1                        ; Actinic Flash 
;<f5>=>A1 
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Appendix II 

Journal Article published from the research conducted in this thesis 
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Appendix III 

Figures representing the results of three independent repeats to 

assist the variation encountered across repeats. 

  

Figure AIII.1 Raw data of three biological repeats for the wild type and ΔPsbT presented on linear scale and log 

scale. 
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Figure AIII.2 Raw data of three biological repeats for the low-temperature fluorescence emission spectra measured 

on excitation with either 440 nm (chlorophyll a) or 580 nm (phycobilisome) 
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Figure AIII.3 Three individual traces showing variation in oxygen-evolving activity of wild type and ΔPsbT 

across biological repeats. The oxygen-evolving activity was measured with DMBQ, DCBQ and sodium 

bicarbonate 
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Figure AIII.4 Biological repeat of the BN-PAGE and western blotting showing 

an accumulation of a CP43-containing assembly complex in PsbM-lacking 

strains. The reduction in the PS II dimer signal in PsbY-lacking strains could also 

be seen. In addition, the PsbM-lacking strains also show an accumulation of 

RC47 
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Figure AIII.5 Residuals of the curve-fitting performed on the fluorescence relaxation data for no-addition 

treatment. The Chi2 value for wild type in this instance of curve fitting is 0.007 and for ΔPsbT is 0.05. which 

would suggest that the curve fitting is satisfactory, however the residual show a decreasing trend for wild 

type and show a drift for the region ascribed to hyperbolic component for the ΔPsbT. The lack of a 

randomised distribution of points around the 0 would suggest that the model used for curve-fitting is over 

simplistic to describe the actual electron transport events taking place during fluorescence decay 
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